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Development/Plasticity/Repair

Aminoglycoside-Induced Phosphatidylserine
Externalization in Sensory Hair Cells Is Regionally
Restricted, Rapid, and Reversible

Richard J. Goodyear,'* Jonathan E. Gale,>** Kishani M. Ranatunga,' Corné J. Kros,' and Guy P. Richardson'
1School of Life Sciences, University of Sussex, Brighton BN1 9QG, United Kingdom, and 2UCL Ear Institute and *Department of Physiology, University
College London, London WC1X 8EE, United Kingdom

The aminophospholipid phosphatidylserine (PS) is normally restricted to the inner leaflet of the plasma membrane. During certain
cellular processes, including apoptosis, PS translocates to the outer leaflet and can be labeled with externally applied annexin V, a
calcium-dependent PS-binding protein. In mouse cochlear cultures, annexin V labeling reveals that the aminoglycoside antibiotic neo-
mycin induces rapid PS externalization, specifically on the apical surface of hair cells. PS externalization is observed within ~75 s of
neomycin perfusion, first on the hair bundle and then on membrane blebs forming around the apical surface. Whole-cell capacitance also
increases significantly within minutes of neomycin application, indicating that blebbing is accompanied by membrane addition to the
hair cell surface. PS externalization and membrane blebbing can, nonetheless, occur independently. Pretreating hair cells with calcium
chelators, a procedure that blocks mechanotransduction, or overexpressing a phosphatidylinositol 4,5-biphosphate (PIP2)-binding
pleckstrin homology domain, can reduce neomycin-induced PS externalization, suggesting that neomycin enters hair cells via transduc-
tion channels, clusters PIP2, and thereby activates lipid scrambling. The effects of short-term neomycin treatment are reversible. After
neomycin washout, PS is no longer detected on the apical surface, apical membrane blebs disappear, and surface-bound annexin V is
internalized, distributing throughout the supranuclear cytoplasm of the hair cell. Hair cells can therefore repair, and recover from,
neomycin-induced surface damage. Hair cells lacking myosin VI, a minus-end directed actin-based motor implicated in endocytosis, can
also recover from brief neomycin treatment. Internalized annexin V, however, remains below the apical surface, thereby pinpointing a

critical role for myosin VI in the transport of endocytosed material away from the periphery of the hair cell.
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Introduction

Sensory hair cells of the inner ear are polarized epithelial cells.
They have an apical mechanosensory hair bundle that is com-
posed of numerous actin-packed stereocilia and, in all organs but
the mature cochlea, a single kinocilium. The maintenance of hair
bundle structure is critical for normal hearing and balance (for
review, see Frolenkov et al., 2004; Petit, 2006), and recent studies
have shown that components of the stereocilia and their en-
sheathing plasma membranes undergo continual turnover and
renewal (Schneider et al., 2002; Grati et al., 2006).

In the early-postnatal mouse cochlea and bullfrog saccule,
numerous coated pits are associated with the apical membrane of
hair cells, and smooth vesicles of varying diameter are abundant
in the cytoplasm surrounding the cuticular plate, a dense cy-
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toskeletal meshwork that lies just below the hair bundle (Forge
and Richardson, 1993; Hasson et al., 1997; Kachar et al., 1997).
When explants of the early-postnatal mouse cochlea are exposed
to the ototoxic aminoglycoside antibiotic neomycin, numerous
blebs form on the apical surface of each hair cell (Richardson and
Russell, 1991). Many of these blebs are filled with whorls of mem-
brane that is atypical: it is devoid of intramembrane particles and
cholesterol-free, and fractures in a manner that is suggestive of a
high content of unsaturated phospholipid in fluid phase (Forge
and Richardson, 1993). Neomycin-induced blebs were suggested
to result from an imbalance in the rates of membrane export to,
and retrieval from, the apical membrane of the hair cell (Richard-
son and Russell, 1991; Forge and Richardson, 1993).

In the acutely isolated guinea pig organ of Corti, large lipid
bubbles form at the apex of hair cells as a consequence of sodium
loading. Furthermore, phosphatidylserine (PS), an aminophos-
pholipid that is normally restricted to the inner face of the plasma
membrane, can be detected in the outer leaflet of the apical mem-
brane of the hair cells in these preparations with fluorescent an-
nexin V, a calcium-dependent PS-binding protein. Although PS
becomes exposed on the outer surface of most cells during cell
death, these hair cells from the mature guinea pig inner ear do not
show other signs of apoptosis (Shi et al., 2005).
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In untreated mouse cochlear cultures, PS cannot be detected
in the outer leaflet of the apical membrane of the hair cell with
annexin V. Neomycin treatment, however, causes rapid PS exter-
nalization, first on the hair bundle and then on blebs that form
around the perimeter of the apex of the hair cell. Bleb formation
correlates with a large increase in whole-cell capacitance, indicat-
ing neomycin also causes an increase in the area of the plasma
membrane of the hair cell. Hair cells can recover from limited,
neomycin-induced damage: bleb formation is reversible, PS
asymmetry is restored, and surface-bound annexin V is internal-
ized after neomycin washout. Recovery from neomycin-induced
damage also occurs in hair cells that lack myosin VI, a molecular
motor previously implicated in several aspects of endocytosis in
polarized epithelial cells (Hasson, 2003; Buss et al., 2004). The
trafficking of internalized annexin V within the hair cells of my-
osin VI-deficient mice is, however, found to be impaired.

Materials and Methods

Preparation of cochlear cultures. Cochlear cultures were prepared from
wild-type CD-1 mice and Snell’s waltzer (myosin VI mutant) mice as
described previously (Russell and Richardson, 1987). Briefly, cochleae
were obtained from 1- to 3-d-old pups and grown on collagen-coated
round glass coverslips for 1-2 d at 37°C in Maximow slide assemblies
using a medium containing 93% DMEM/F12, 7% fetal bovine serum,
and 10 ug - ml ~ ! ampicillin. Cochlear coils were divided into apical and
basal segments during dissection and each coverslip that was set up con-
tained two apical and two basal cochlear coils. Snell’s waltzer pups were
obtained from breeding pairs composed of homozygous males and het-
erozygous females and the resultant cultures were phenotyped on the
basis of hair bundle morphology before use.

Live cell imaging. Coverslips with adherent cochlear cultures were
transferred from the Maximow slide assemblies into a glass-bottom, Per-
spex slide chamber and 0.5 ml of HEPES-buffered (10 mm), pH 7.2,
HBSS (HBHBSS) was added. The slide chamber was mounted on the
stage of a Zeiss AxioPlan II or a Zeiss LSM 510 Meta confocal microscope
and cells were viewed with Nomarski interference contrast optics using a
63X water-immersion objective, numerical aperture (NA) 0.95.

To study PS externalization, Alexa Fluor 488 annexin V (Invitrogen)
was added to a dilution of 1:100 or 1:50, and the cells were imaged before
and after the addition of neomycin, usually to a final concentration of 1
mM. For non-confocal analysis, cells were imaged in one of the basal-coil
cochlear cultures before the addition of neomycin (or compound to be
tested), and in each of the cochlear coils at fixed time points after addition
of neomycin, usually collecting interference contrast and fluorescence
images at 5, 10, and 15 min time points for the first basal coil; 6, 11, and
16 min for the second basal coil; 7, 12, and 17 min for the first apical coil;
and 8, 13, and 18 min for the second apical coil. Exposure to illumination
was kept to a minimum during the experiment and restricted to the times
necessary to focus and capture the images. Images were taken from fields
in the middle region of each coil with a Spot RT slider digital camera
using fixed exposure times for the fluorescent images (usually 2 or 3 s)
and stored on a computer. When compounds were tested for their ability
to block neomycin-induced PS externalization, they were added to the
cultures for 20 min before the addition of neomycin and were present
throughout the experiment. The following compounds were tested for
their ability to elicit PS externalization and/or to block neomycin-induced PS
externalization: the adenylate cyclase inhibitor 9-(tetrahydro-2-furanyl)-
9H-purin-6-amine (SQ22536), the phosphatidylinositol-3 (PI-3) kinase in-
hibitor 2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4-one (LY294002)
(Calbiochem), the membrane transport inhibitor brefeldin A, the Na ™ K™
ATPase inhibitor ouabain, the calcium ionophores ionomycin and
5-methylamino-2-[[(2S,3R,5R,8S,9S)-3,5,9-trimethyl-2-[1-ox0-1(1 H-
pyrrol-2-yl)propan-2-yl]-1,7-dioxaspiro[5.5]undecan-8-ylJmethyl|benzo-
xazole-4-carboxylic acid (A23187), poly-L-lysine, and the adenylate cyclase
agonists forskolin and 6-acetyl-7-deacetylforskolin. Other compounds
tested for their ability to elicit PS externalization were spermine, poly-L-
lysine, cisplatin, and the aminoglycoside antibiotics gentamicin and dihy-
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drostreptomycin (unless stated otherwise, chemicals were from Sigma-
Aldrich). To test the effects of calcium chelation on PS externalization,
cultures were incubated at room temperature in nominally Ca**-free HB-
HBSS containing 5 mm EGTA for 15 min, washed three times in HBHBSS,
incubated for an additional 45 min in HBHBSS, and then exposed to neo-
mycin in the presence of Alexa Fluor 488 annexin V as described above.

For live confocal analysis, cells were imaged using either a Zeiss LSM
510 Meta Axioskop upright confocal microscope and a 63X water-
immersion objective (NA, 1.0) or with a Nipkow spinning disk scanhead
(Ultraview ERS; PerkinElmer) attached to a Zeiss Axiovert 200 inverted
microscope maintained in an incubation chamber (Solent Scientific).
For the latter, the 488 nm line of a Kr—Ar laser (Melles Griot) was used to
excite Alexa Fluor 488 and a piezo-actuator (Piezosystem Jena) used to
control the Z position of the objective lens. Epifluorescence images were
collected through an LP 505 nm filter onto an Orca-ER cooled CCD
camera (Hamamatsu) using 20 or 63 X objectives. The incubator main-
tained the preparation at 37°C.

Images were acquired with the LSM 510 Meta using the 488 and 633
nm laser lines to excite Alexa Fluor 488 and Alexa Fluor 647 annexin V,
respectively. Because of the broad emission spectrum of FM1-43, sepa-
ration of green fluorescence protein (GFP) from FM1-43 fluorescence
and Alexa Fluor 647 from FM1-43 florescence was required. This was
obtained by the acquisition of lambda stacks (multichannel emission
acquisition using the Zeiss Meta system) to obtain the spectral profile of
the fluorescence signals to which the linear unmixing algorithms in the
LSM software (Zeiss) were applied. Alternatively, the images were ex-
tracted from the appropriate peak emission channel (10 nm bandwidth)
(e.g., 570 nm for FM1-43 and 667 nm for Alexa Fluor 647). For live
confocal imaging, laser intensities were kept to the minimum required to
obtain an image to minimize photobleaching and phototoxicity.

Calcium imaging. Wide-field calcium imaging was performed as de-
scribed previously (Gale et al., 2004). Briefly, fura-2 (6 um) was loaded
into cochlear cultures using the AM ester form. The dye was excited at
340 and 380 nm using a monochromator-based imaging system coupled
to a cooled CCD camera under software control (Andor Imaging). For
confocal calcium imaging, Oregon Green BAPTA-488 (12 um) was
loaded into cultures using the AM ester form and the dye was excited
using the 488 nm line of the Zeiss LSM 510 Meta Axioskop upright
confocal microscope. Applications of 20 mm Ca®*, 100 um ATP, and 10
uM ionomycin were made via local perfusion with a micropipette, and
confocal optical slices were acquired at intervals of ~2 s.

Capacitance recordings. Cochlear cultures were continually perfused
with the following extracellular recording solution (in mwm): 135 NaCl,
5.8 KCl, 1.3 CaCl,, 0.9 MgCl,, 0.7 NaH,PO,, 5.6 p-glucose, 10 HEPES-
NaOH, 2 sodium pyruvate, amino acids and vitamins for Eagle’s MEM
added from concentrates (Invitrogen), pH 7.48 and 308 mOsm - kg ~'. A
small tear was made in the epithelium with a suction pipette (tip diame-
ter, ~5 um) to expose the basolateral surface of the cell for access with the
patch pipette.

The whole-cell capacitance was derived from the transient response of
the membrane current stepped from a holding potential of —84 mV
(including the liquid junction potential of =4 mV) to —94 mV for 5 ms.
Currents were recorded from third row outer hair cells in either the basal
part of apical coils or the basal coils using the whole-cell patch-clamp
technique. The intracellular solution consisted of the following (in mm):
131 KCl, 3 MgCl,, 1 EGTA-KOH, 5 Na,ATP, 10 sodium phosphocre-
atine, 5 HEPES-KOH, pH 7.28 and 295 mOsm * kgfl. Data were sam-
pled at 100 kHz and low-pass filtered at 20 kHz. A 100 mm neomycin
stock was made up daily in extracellular solution. Neomycin (1 mm) was
extracellularly superfused from a gravity-fed multibarrelled pipette po-
sitioned close to the preparation.

Immunogold electron microscopy. Cochlear cultures were transferred
into 35-mm-diameter plastic Petri dishes, 1.0 ml of HBHBSS was added,
and Alexa Fluor 488 annexin V was added to a dilution of 1:100. Neomy-
cin (from a stock solution of 100 mm) was added to a final concentration
of 1 mM, and the cultures were incubated for an additional 10 min. As a
control, an equal volume of saline was added. After a brief wash with 3 ml
of HBHBSS, cultures were fixed in 4% paraformaldehyde in 0.1 M sodium
phosphate buffer for 1 h, washed three times with PBS, preblocked in
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Figure 1.

outer hair cells.

10% heat-inactivated horse serum in TBS for 1 h, and incubated over-
night in preblock solution containing rabbit anti-Alexa Fluor 488 IgG at
a dilution of 1:100. Samples were washed five times with TBS, incubated
for an additional 2 h in 5 nm gold-conjugated goat anti-rabbit IgG di-
luted 1:10 in TBS/HS containing 0.05% Tween 20 and 1 mm EDTA,
washed in TBS, and refixed in 2.5% glutaraldehyde followed by osmium
tetroxide. Samples were finally dehydrated in ethanol, imbedded in
Epon, and sectioned at a thickness of 100 nm. Sections were stained with
uranyl acetate and lead citrate and viewed with a Hitachi 7100 micro-
scope operating at 100 kV. Images were captured with a Gatan Ultrascan
1000 CCD camera.

Scanning electron microscopy. Cultures were fixed in 2.5% glutaralde-
hyde in 0.1 M sodium cacodylate, pH 7.2, for 1 h, washed three times in
0.1 M sodium cacodylate buffer, postfixed in 1% osmium tetroxide in 0.1
M sodium cacodylate buffer for 1 h, washed two times in cacodylate
buffer, once briefly in water, dehydrated through a series of ascending
concentrations of ethanol and critical point dried from liquid CO,. Dried
cultures were mounted on aluminum stubs with double-sided sticky
tape, sputter coated with gold, and viewed with a Leica Leo S420 scanning
electron microscope operating at 20 kV.

Biolistic transfection of cochlear cultures. Hair cells in cochlear cultures
were transfected with a mammalian expression vector containing the
N-terminal pleckstrin homology domain of phospholipase C81 ligated in
frame with enhanced green fluorescent protein (EGFP) using a Helios
gene gun as described previously (Phillips et al., 2006). After 20 h, trans-
fected cultures were transferred to 35-mm-diameter plastic Petri dishes
with 1.0 ml of HBHBSS, incubated for 5 min in Alexa Fluor 647 annexin
V at a dilution of 1:100, treated with 1 mm neomycin for 10 min, washed
once briefly with HBHBSS, and fixed for 1 h in 4% paraformaldehyde in
0.1 M sodium phosphate buffer, pH 7.4. After fixation, cultures were
washed three times in PBS, preblocked and permeabilized in TBS/HS
with 0.1% Triton X-100, and labeled with rabbit anti-GFP followed by
FITC swine anti-rabbit and Texas Red phalloidin. Stained cultures were
viewed with a LSM510 confocal microscope using a 100X, NA 1.4, oil-
immersion lens.

Recovery protocols. To study the internalization of bound annexin V or
recovery from neomycin-induced damage, cultures were washed once in
HBHBSS, exposed to 1 mM neomycin in the presence or absence of Alexa
Fluor 488 annexin V in HBHBSS for periods ranging from 5 to 30 min at
ambient temperature, washed twice in HBHBSS and allowed to recover
in culture medium (see above) at 37°C for up to 24 h, or maintained in
HBHBSS at room temperature for periods of up to 2 h. Cultures were
then washed with HBHBSS and labeled with annexin V (if not previously

+10 min 1 mM of Neomycin

Annexin V labels the hair cell apical surface after neomycin treatment. a—f, Wide-field fluorescence micrographs of
basal-coil cochlear cultures. Culture in a- cwas incubated in saline containing Alexa Fluor 488 annexin V for 30 min (a), 35 min (),
and 40 min (c). Culture in d—f was incubated in saline containing Alexa Fluor 488 annexin V for 30 min (d). Neomycin was then
added to a concentration of 1 mm, and images were taken 5 min (e) and 10 min (f) later. Note the hair bundle labeling at 5 min
afterneomycin addition (e), and strong staining around the perimeter of the hair cell apex by 10 min (f). 1, Inner hair cell row; 01,
02,and 03, outer hair cellrows 1,2, and 3, respectively. Scale bar: (in ) a—f, 20 m. The insetsin eand fare 2 X zooms of selected
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labeled) for confocal microscopy, or fixed for
electron microscopy as described above.
Unless stated otherwise, experiments were
performed at ambient temperature (usually 22—
24°C). Statistical comparisons were made by
the paired Student’s two-tailed ¢ test. Means =
SEM are reported in text and figures. All proce-
dures involving animals were performed ac-
cording to Home Office regulations and with
approval of the local ethical committee.

Results

Neomycin induces the externalization
of phosphatidylserine

Labeling with fluorescent annexin V was
used to detect the presence of PS in the
external leaflet of the plasma membrane.
In cochlear cultures that had been incu-
bated in saline containing fluorescent
annexin V for periods of up to 40 min,
cell surface labeling was not observed
(Fig. la—c). Shortly after the addition of
1 mM neomycin, however, labeling was
seen of the hair bundles and in punctae
located around the perimeter of the apical
surface of the hair cell (Fig. 1d—f).
Neomycin-induced annexin V labeling was evident in both inner
and outer hair cells (Fig. 1f). It was not detected on hair cells from
the apical end of cochlear cultures prepared from 1-d-old mice,
but the degree to which labeling extended from the basal to the
apical end of the cochlea increased as the developmental age of
the animals used for making the cultures increased, presumably
as a consequence of hair cell maturation. With cultures prepared
from 3-d-old mice, annexin V labeling was observed in response
to neomycin treatment even in the most apically located hair cells
(data not shown). The response to neomycin was time and dose
dependent (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material).

To determine whether PS externalization was an effect com-
mon to all aminoglycoside antibiotics, gentamicin and dihydro-
streptomycin were also tested. At a concentration of 1 mm, both
compounds caused annexin V labeling in a manner similar to
that observed with neomycin (supplemental Fig. 24,b, available at
www.jneurosci.org as supplemental material). Spermine and
poly-L-lysine cause bleb formation in hair cells of cochlear cul-
tures (Kotecha and Richardson, 1994). Spermine at concentra-
tions ranging from 0.5 to 10 mm did not elicit labeling, whereas
poly-L-lysine at concentrations of 2 and 20 uM elicited the forma-
tion of a small number of large, annexin V-stained blebs on each
hair cell (supplemental Fig. 2¢,d, available at www.jneurosci.org
as supplemental material). Brief exposure to the ototoxic anti-
cancer drug cisplatin at a concentration of 1 mm did not cause
annexin V labeling (supplemental Fig. 2e, available at www.
jneurosci.org as supplemental material).

Neomycin-induced PS externalization is restricted to the
apical membrane of the hair cells

Cultures were exposed to neomycin in the presence of Alexa
Fluor 488 annexin V, fixed, and double labeled with Texas Red
phalloidin to demarcate cell junctions. Confocal microscopy in-
dicated that the annexin V labeling was restricted to the apical
surface and not present on the basolateral membranes of the hair
cells (Fig. 2a,b) (see also Fig. 8¢, Z projections). Although
neomycin-induced annexin V labeling was restricted to the apical
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Figure2.  AnnexinV labeling is restricted to the apical surface of the hair cell. a, b, Confocal images of hair cells from a culture that had been exposed to neomycin in the presence of Alexa Fluor
488 annexin V (green) for 10 min, fixed, and then double-labeled with phalloidin (red). Confocal images were taken at a level just above (a, @’) and just below (b, b') the tight adherens junction.
The arrowhead indicates the hair bundle, and the arrow points to the labeling at the perimeter of the hair cell apex. Scale bar: (in b) a, b, 5 m. ¢—f, Wide-field fluorescence (c—f) and Nomarski
interference contrast (¢—f') images focused on the apical (c, e) and basolateral (d, f) surfaces of a cochlear culture in which the basolateral surfaces of the outer row of outer hair cells had been
exposed by making an incision through the surface of the epithelium before the addition of Alexa Fluor 488 annexin V. Images were captured before (¢, d) and 3 min after (e, f) the addition of 1 mm
neomycin. The incision resulted in the labeling of one hair cell (arrow) before the neomycin treatment (c). The addition of 1 mm neomycin resulted in the rapid labeling of the apical surface of all the
hair cells (e). Labeling of the exposed basolateral surfaces was not observed after addition of neomycin (f). The short arrows in eand findicate the apical (e, e”) and basolateral surfaces (f, f') of three
adjacent outer hair cells. Scale bar: (in f) ¢-f, 20 um. g, h, Immunogold labeling of annexin V after 10 min neomycin treatment. Gold particles are associated with the surface of peripheral membrane
blebs (g, h, short arrows) and with the membranes of stereocilia (g, long arrows). The large membrane-filled bleb associated with the hair bundle (arrowhead) is only sparsely labeled. Scale bars,
200 nm.

surface of the sensory hair cells, limited access of the protein to the
basolateral surface of the hair cell could have prevented labeling.
Therefore, an incision was made along the lateral edge of the organ of
Corti with a broken micropipette to expose the basolateral surfaces
of the outer hair cells, and the bulk of the cell debris was removed by
gentle perfusion. The adherent membranes of damaged cells were
labeled immediately on exposure to annexin V (Fig. 2¢,d), as were

the apical surfaces of occasional hair cells, presumably those that had
been damaged as a result of making the incision. After the addition of
1 mM neomycin, annexin V labeling was observed on the apical
membranes of all the hair cells but not on the exposed basolateral
surfaces (Fig. 2e,f). Neomycin therefore specifically induces annexin
V labeling on the apical surface of the sensory hair cells, and not on
their basolateral membranes.
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Time after neomycin (s)

Time course of annexin V binding in response to perfusion of neomycin. a, Confocal images captured at intervals (in seconds) after the onset of local perfusion with 1 mm neomycin.

Labeling is first seen on the hair bundle, within 75 s of neomycin application. Pericuticular membrane staining is first detectable ~150 s after the onset of neomycin application. Scale bar, 5 m.
b, Diagram of the organ of Corti indicating the region (gray box) that was analyzed. ¢, Time course of the change in fluorescence intensity (obtained by subtraction of the preapplication fluorescence
signal, f) from regions of interest centered on the hair bundle (blue) and the perimeter of the apical surface of the hair cell (red). The fluorescence signal from the hair bundle reaches a steady level
at ~250s, whereas the signal in the perimeter region continues to increase. Data are mean == SEM from six cells. Data are representative of four separate experiments. d, Normalized fluorescence
signal measured from the hair bundle (circles) and the apical perimeter (triangles) of hair cells A (green symbols) and B (blue symbols) indicated by the arrows in a.

Immunogold labeling with antibodies to Alexa Fluor 488 was
used to study the distribution of fluorescent annexin V on
neomycin-treated hair cells at the ultrastructural level (Fig. 2g,h).
The peripheral punctae observed by fluorescence microscopy
corresponded to cell surface blebs, which contained cytoplasm,
vesicles, and large empty vacuoles. Labeling of the stereociliary
membrane was also observed, but many hair bundle-associated
blebs were not labeled (Fig. 2g).

Neomycin induced PS externalization is rapid

Real-time confocal imaging was used to ascertain the time course
of neomycin-induced annexin V labeling of hair cells (Fig. 3).
Typically within ~75 s of the onset of the perfusion of 1 mm
neomycin from a micropipette directed at the organ of Corti, a
fluorescent signal was detected in the hair bundles of most outer
hair cells. Within an additional ~75 s, a fluorescent signal was
detected at the periphery of the apical surface of the hair cells (Fig.
3a,¢,d). As neomycin superfusion continued, the signal in the hair
bundle reached a plateau, and that from the periphery of the hair
cell apex continued to increase (Fig. 3a,c,d). Although the appear-
ance of annexin V labeling was delayed in some cells, the lag
between the fluorescence signal appearing in the hair bundle and
in the apical periphery remained approximately constant at 75—
100 s (Fig. 34, cells A and B).

Neomycin causes a rapid increase in whole-cell capacitance

Whole-cell capacitance was monitored to determine whether
neomycin-induced blebbing at the apical membrane surface and
PS externalization occur concomitantly with an increase in the
surface area of plasma membrane of the hair cell. Measurements
were made under control conditions and during superfusion by 1
mM neomycin on the same outer hair cell (Fig. 4a). After ~2 min
(146 = 33 s) of neomycin exposure, the whole-cell capacitance
had increased from 6.4 * 0.6 to 9.6 = 0.9 pF (n = 8 cells; p <

0.01). The whole-cell capacitance did not change significantly
after ~2 min under control conditions: 6.8 + 1.0 to 7.0 £ 1.1 pF
(n = 4 cells).

PS externalization and bleb formation is not blocked by
1Y294002, SQ22536, or brefeldin A

The externalization of PS around the periphery of the apical sur-
face occurs on the surface of blebs that form simultaneously in
response to neomycin treatment. Bleb formation in adult guinea
pig hair cells is associated with sodium influx, and can be reduced
by blocking cAMP synthesis, inhibition of PI-3 kinase, or block-
ade of intracellular vesicle transport (Shi et al., 2007). The ade-
nylate cyclase inhibitor SQ22536 (0.5 mm), the PI-3 kinase inhib-
itor LY294002 (10 uMm), and the vesicle transport inhibitor
brefeldin A (50 uM) did not elicit annexin V labeling before neo-
mycin exposure (Fig. 4c—e), nor did they inhibit neomycin-
induced PS externalization or blebbing in mouse cochlear cul-
tures (Fig. 4c'—e’). The adenylate cyclase agonists, forskolin and
acetyl forskolin, did not stimulate PS externalization (data not
shown). Ouabain, an inhibitor of the Na *K * ATPase that should
elevate intracellular sodium, caused a decrease in the rate of PS
externalization (Fig. 4f,¢) and a reduction in the extent to which
labeling extended into more apical cochlear locations (data not
shown).

Pretreatment with EGTA blocks PS externalization

The styryl dye FM1-43 and aminoglycoside antibiotics are both
thought to enter hair cells via their apically located mechano-
transducer channels (Gale et al., 2001; Meyers et al., 2003; Mar-
cottietal., 2005). Live dual-channel confocal imaging of hair cells
simultaneously exposed to FM1-43 and neomycin in the pres-
ence of Alexa Fluor 647-conjugated annexin V showed that PS
externalization followed shortly after FM1-43 dye loading (sup-
plemental Movie 1, available at www.jneurosci.org as supple-



9944 - J. Neurosci., October 1, 2008 - 28(40):9939-9952

a 0.0
-0.54

-1.0-

I (nA)

-1.5-

-2.04

DMSO Control

SQ25536

LY294002

<
=
o
2

<
0

Control for Ouabain

Figure 4. Neomycin-induced changes in whole-cell capacitance and effects of $Q225536,
1Y294002, brefeldin A, and ouabain. a, Transient capacitative currents (note timescale on x-axis) in
response to a 10 mV hyperpolarizing voltage step (applied at t = 0 ms) from a holding potential of
—84 mV for a representative outer hair cell in control conditions before (black line) and after (gray
line) ~2min exposure to 1 mmneomycin. Traces are averaged from 10 repetitions of the voltage step.
Whole-cell capacitance was calculated from the charge transfer during the voltage step, obtained by
numerically integrating the area within the current transient. The measured whole-cell capacitances
for these traces are 6.3 == 0.2 pF (control) and 13 == 1 pF (neomycin exposure). b— g, Fluorescence
images of basal-coil cochlear cultures that were incubated in the presence of Alexa Fluor 488 annexin
V for 30 min in 0.1% DMSO (b), 0.5 mm SQ225536 (c), 10 pum LY294002 (d), 50 pum brefeldin A (e),
control solution (f), or 34 m ouabain (g), before the addition of 1 mm neomycin. Images were
captured 1 min before (b—g) and 10 min after (b~ g') the addition of neomycin. Scale bar: (in g)
b—-g,20 pum.
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mental material). FM1-43 dye loading into hair cells can be
blocked by pretreating cochlear cultures with calcium chelators
(Galeetal.,, 2001), a procedure that disrupts the tips links that are
thought to gate the mechanotransducer channel of the hair cell
(Assad et al., 1991). Preexposure to calcium chelators can also
block neomycin-induced membrane blebbing in the hair cells of
apical-coil cochlear cultures, but not in all the hair cells of basal-
coil cultures (Gale et al., 2001). After exposure to EGTA and
return to saline containing normal levels of extracellular Ca’",
neomycin-induced PS externalization and blebbing were no
longer observed in apical-coil cultures (Fig. 5a,b). In basal-coil
cultures, a proportion (38.9 £ 2.9% for middle of basal coil; n =
4 areas counted, 255 cells total) of the calcium chelator-treated
cells externalized PS in response to neomycin treatment (Fig.

5¢,d).

Phosphatidylinositol 4,5-biphosphate-reporter expression
reduces PS externalization

Neomycin is known to interact with phosphatidylinositol 4,5-
biphosphate (PIP2) (Schacht, 1976, 1978, 1979; Jiang et al., 2006)
and can, like Ca*", cause lipid scrambling in erythrocyte ghosts.
Neomycin and Ca®" can both cluster PIP2, and the PIP2-binding
pleckstrin homology (PH) domain of phospholipase Co1
(PLC81) has been shown to block Ca**-induced lipid scram-
bling in erythrocyte ghosts (Bucki et al., 2000). Neomycin-
induced PS externalization was therefore examined in hair cells
that were overexpressing the PH domain of PLCS1 tagged with
EGFP (PLC81-PH-EGEFP).

In untreated cultures, PLC81-PH-EGFP revealed a uniform
distribution of PIP2 at the apex of the hair cells: both the hair
bundle and the surrounding apical membrane were labeled (Fig.
5e). In the majority of hair cells expressing the PLC81-PH-EGFP
(82%; 21 of 24 cells, 16 of 21 cells; n = 2 experiments), PS exter-
nalization in response to neomycin treatment was either not ob-
served or much reduced (Fig. 5f). Cells expressing PLC51-PH-
EGFP loaded normally with FM 1-43 (Fig. 5f). Although a general
trend was observed for cells expressing high levels of PLC81-PH-
EGFP not to externalize PS, it should be noted that a failure to
externalize PS in response to neomycin was also observed (1) in
some cells expressing low levels of the PLC61-PH-EGFP con-
struct, (2) in a proportion of cells expressing either high or low
levels of an EGFP-tagged y-actin construct (34%; 12 of 33 cells, 8
of 25 cells; n = 2 experiments), and (3) in a number of nontrans-
fected cells in these gene-gun transfected cultures. The failure of
some PH-domain expressing hair cells to externalize PS in re-
sponse to neomycin treatment was therefore likely to be attribut-
able, in part, to the biolistic transfection procedure.

In the minority of PLC81-PH-EGFP-expressing cells that did
externalize PS in response to neomycin treatment, labeling of the
apical plasma membrane became distinctly patchy (Fig. 5g).
Many regions that were not labeled by PLC81-PH-EGFP (i.e.,
without PIP2 in the inner leaflet) were stained by annexin V (i.e.,
had PS in their external leaflet), and some patches were observed
that were not labeled with either PLC81-PH-EGFP or annexin V
(Fig. 5¢). In cells that had been treated with neomycin in the
presence of both annexin V and FM1-43, much of the FM1-43
partitioned into membrane blebs that were not sites of PS exter-
nalization (Fig. 5h). These observations indicate that much of the
membrane that labels with annexin V after neomycin exposure is
atypical.
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Figure5. Effectsof calcium chelation and PH domain expression. a— d, Wide-field images of
apical (a, b) and basal (¢, d) coil cochlear cultures that were incubated in saline (a, ¢) or saline
containing 5 mm EGTA for 15 min, washed, incubated in saline for 45 min, and then exposed to
1mumneomycinin the presence of Alexa Fluor 488 annexin V. Images were captured 10 min after
the addition of neomycin. Scale bar: (ind) a— d, 20 um. e, Confocal images of a pair of outer hair
cells from a saline-treated (15 min) control culture that was fixed and double labeled with Texas
Red-conjugated phalloidin. The cell on the right was transfected with PLCS1-PH-EGFP. Scale
bar, 5 m. , Live confocal images showing two PLCS1-PH-EGFP transfected hair cells in a
cochlear culture that had been exposed to T mmneomycin and 3 m FM1-43 in the presence of
Alexa Fluor 647 annexin V. The cell on the left (arrow) expresses a high level of PLCSTPH domain
and that on the right (arrowhead) is expressing at a lower level. The cell on the right has
responded to neomycin with PS externalization, whereas that on the left has not. Both cells bleb
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Effects of calcium ionophores, ATP, and high

extracellular calcium

PS externalization in a variety of cell types can be caused by acti-
vation ofa Ca®"-dependent lipid scramblase (Bevers etal., 1999).
Neomycin caused a small transient increase in intracellular cal-
cium (Ca*",) in hair cells (Fig. 6a,b). This response was abolished
in nominally calcium-free saline (data not shown), indicating
that it requires Ca** influx and that extracellular Ca*" is the
source of the signal. Neomycin-induced membrane blebbing
was, however, observed in calcium-free saline (Fig. 6¢), and al-
though annexin V labeling was not seen (because the binding of
annexin V to PS is calcium dependent), after neomycin washout
and the addition of annexin V in the presence of calcium, labeling
of the blebs and the hair bundles was observed (Fig. 6d), indicat-
ing that PS externalization had occurred in calcium-free saline.
The simplest explanation is therefore that PS externalization is
not attributable to neomycin-induced Ca*" entry per se, but
neomycin may, like Ca®", be able to cluster PIP2 and activate a
scramblase. Attempts were therefore made to elevate intracellular
free Ca”>* and thereby stimulate PS externalization in hair cells in
the absence of neomycin.

The calcium ionophore, ionomycin, failed to elicit PS exter-
nalization in hair cells (Fig. 6e), although it did cause the rapid
externalization of PS in Hensen’s cells, a cell type that lies along
the lateral edge of the organ of Corti (Fig. 6f). A similar effect (i.e.,
PS externalization in Hensen’s cell but not in hair cells) was also
observed with the calcium ionophore A23187 (data not shown).
ATP-sensitive purinoreceptors are widely expressed in the co-
chlea, on both hair and supporting cells, and their activation by
ATP should lead to an increase in Ca**; (Ashmore and Ohmori,
1990; Dulon et al., 1993; Chen and Bobbin, 1998; Housley et al.,
1999; Jérlebark et al., 2000; Lagostena and Mammano, 2001; Gale
et al., 2004; Piazza et al., 2007; Lahne and Gale, 2008). ATP, at
concentrations ranging from 0.1 to 1.0 mwm, did not cause PS
externalization in hair cells, Hensen’s cells, or other supporting
cells within and surrounding the organ of Corti (Fig. 6g).

Although PS externalization could not be elicited in cochlear
hair cells with either ionomycin or ATP, the addition of 20 mm
CaCl, to the bath solution did cause the rapid labeling of hair
bundles with annexin V (Fig. 6h). This response was only ob-
served with cultures that had been maintained for 2 d or longer in
vitro, and not in 1-d-old cultures, and was primarily observed in
the basal-coil cultures. Annexin V labeling in 2-d-old basal-coil
cultures could not be elicited by the addition of either 20 mm
MgCl, (Fig. 67) or 30 mm NaCl (data not shown), indicating that
the response observed with 20 mm CaCl, was Ca**-specific and
not attributable simply to a divalent ion effect or hyperosmotic
shock. Annexin V labeling in response to high extracellular Ca**
did not occur in Hensen’s cells. In hair cells, it occurred predom-
inantly on the hair bundles and, unlike the response to neomycin
(Fig. 6j), was not accompanied by bleb formation (Fig. 6k-m),

<«

and load with FM1-43. Scale bar, 10 m. g, Confocal image of a pair of outer hair cells that were
treated with 1 mm neomycin (15 min) in the presence of Alexa Fluor 647 annexin V, fixed, and
double labeled with Alexa Fluor 350-conjugated phalloidin. The cell on the left expresses
PLC&1-PH-EGFP. PS externalization mainly occurs in areas that are not labeled by PLCS1-PH-
EGFP (arrows), and patches are observed that are not a labeled by either marker (arrowhead).
Scalebar, 5 um. h, Live confocalimage from a culture that had been exposed to neomycinin the
presence of Alexa Fluor 647 annexin V followed by the application of FM1-43. Note how the
FM1-43 often partitions within membrane blebs (arrowheads) that are not labeled by annexin
V (arrows). Image was obtained by spectral analysis of the fluorescence emission using the Zeiss
Meta detector. Scale bar, 5 um.
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Effects of calcium on PS externalization. a, Sequence of images showing changes in Ca™", in hair cells in response to the application of 1 mm neomycin. From left to right, the panels

show the changes in fura-2 ratio (wide-field imaging) at the times indicated during brief exposure (40 s) to 1 mmneomycin. Times after application, and color scaling for ratio changes are indicated.
The asterisk indicates a spontaneous Ca™ event occurring in the greater epithelial ridge (Tritsch et al., 2007). b, Graph showing the change in fura-2 ratio in hair cells and Hensen’s cells after
application of 1 mm neomycin. Data are the averages from five cells of the recording in @ and are representative of at least three different experiments. ¢, d, Fluorescence (c, d) and Nomarski
interference contrast (¢’, d”) images of a basal-coil cochlear culture that was incubated in T mmneomycin in nominally calcium-free saline (CFS) for 20 min in the presence of Alexa Fluor 488 annexin
V (¢, ¢’). After washout of both compounds, Alexa Fluor 488 annexin V was added in normal, calcium-containing saline and the culture was imaged after 10 min (d, d"). Blebs that formed in the
absence of calcium, label with annexin V in the presence of calcium. e, f, Fluorescence (e, f) and Nomarski interference contrast (e’, f') images of a basal-coil cochlear culture incubated in 5 pum
ionomycin in the presence of Alexa Fluor 488 annexin V for 5 min. The image in e s focused on the apical surfaces of the outer hair cells (01, 02, 03, outer hair cells in rows 1,2, and 3, respectively),
and theimage in fis focused on the surfaces of the Hensen's cells (H). g—j, Fluorescence images of 2-d-old basal-coil cochlear cultures incubated for 10 min in Alexa Fluor 488 annexin Vin saline with
either 250 pum ATP (g), an additional 20 mu CaCl, (h), an additional 20 mm MgCl, (4), or T mmneomycin (j). k—m, Scanning electron micrographs of 2-d-old basal-coil cochlear cultures incubated for

15 min in saline (k), 20 mu Cadl, (1), or 1 mm neomycin (m). Scale bars: (in j) ¢—j, 20 um; (in m) k-m, 5 pm.

providing evidence that blebbing and PS externalization can be
independent events.

Calcium imaging was used to determine the extent to which the
application of high extracellular Ca®", ionomycin, and ATP affected
Ca’",. Non-confocal fura-2 imaging indicated that the addition of
20 mm Ca*" to 2-d-old basal-coil cultures caused a small but signif-
icant Ca** increase in hair cells, with minimal changes occurring in
Hensen’s cells and other surrounding cells (Fig. 7a,b,d). lonomycin,
in contrast, caused a large Ca*™; increase in Hensen’s cells that was
accompanied by a smaller increase in the hair cell region (Fig. 7¢,d).
The increase in the hair cell region seen with ionomyin under wide-
field, non-confocal imaging conditions was larger than that seen
with high extracellular Ca**. Confocal Ca*"; imaging with Oregon
Green BAPTA-488 of cultures examined before and after ionomycin
treatment revealed that the Ca*" signal seen after ionomycin was
derived from the Deiters’ cells that surround and lie beneath the hair

cells (Fig. 7e). Confocal Ca**; imaging with Oregon Green BAPTA-
488 was also used to examine and compare the responses of hair cells
and Hensen’s cells to the sequential application of high extracellular
Ca*", ATP, and ionomycin in the same culture (Fig. 7f). During the
application of high extracellular Ca**, a small increase in Ca*"; was
observed in the hair cells, but not in Hensen’s cells. The application
0f 100 um ATP resulted in a larger increase in Ca**, in both hair cells
and Hensen’s cells, as did perfusion with 10 uM ionomycin. Al-
though Ca*™; levels recovered in hair cells during perfusion with
either high Ca**, ATP, or ionomycin, and also in Hensen’s cells
during ATP application, Ca*"; levels in Hensen’s cells remained
elevated and, after a brief period, continued to increase during iono-
mycin exposure. The differential behavior of hair cells and Hensen’s
cells observed in response to ionomycin may be accounted for by a
much higher Ca** buffering capacity or Ca** extrusion rate in hair
cells.



Goodyear et al. @ Phosphatidylserine Externalization in Hair Cells

b ~Hensen's cells C 300 Hensen's cells
25+ .
~ Hair cells ~ Hair cells
20 mM Ca?* 250 - 5 uM ionomycin
20

AFura Ratio (%)
AFura Ratio (%)
&
o

0 25 50 75 100
d Time (s)
M Hair cells Hensen's cells
25 1 - 250
E 20 - ELL
°
e 157 - 150
s
L 10 - - 100
<
s
= 57 l ] - 50
0 - 0
20mM Ca?*  ionomycin
- Hensen's cell . .
f ~ Hair cell 100 uM ATP 10 pM ionomycin
20 mM Ca?*

40 s

Figure7. (a®",responses to application of high extracellular Ca** orionomycin. a, Sequence of images showing changes in
Ca*,in hair cells in response to application of 20 mu Ca™* . Left panel, Fura 380 nm signal showing the cellular structure in the
cochlear culture. The remaining panels show the changes in fura-2 ratio resulting from 20 mm Ca** application. Times after
application, and color scaling for ratio changes are indicated. The asterisk indicates a spontaneous Ca>* event occurring in the
greater epithelial ridge (Tritsch etal., 2007). b, Data pooled from four different experiments showing the change in fura-2 ratio in
hair cells and Hensen'’s cells after bath application of 20mm Ca ™. ¢, Data showing the fura-2 changes in Hensen’s cells and the hair
cell region after bath application of 5 umionomycin. d, Quantification of the maximum change in Ca® " after exposure to 20 mw
Ca2™ (left) or 10 mionomycin (right). Dark bars, Hair cells (left) and for ionomycin, hair cell region (right); gray bars, Hensen’s
cells for both. e, Confocal imaging of changes in Ca*, observed using Oregon Green BAPTA-488 before and after treatment with
5 wm ionomycin. Single confocal images at a focal plane above the nucleus of the hair cells are shown with the corresponding
orthogonal projection below. lonomycin causes a strong increase in the Ca* in the Hensen’s cells (arrowhead) and the Deiters’
cells (arrows), whereas the hair cells (asterisk) show little or no response. f, Traces from a confocal imaging series using Oregon
Green BAPTA-488. The traces represent the responses of single outer hair cells and single Hensen’s cells to local, sequential pipette
application of 20 mm Ca%™, 100 um ATP, and 10 m ionomycin with intervals of ~5 min (asterisk) between each application
(traces are representative of four separate experiments). Scale bars: a, 50 m; e, 10 m. Pooled data shown are mean == SEM.
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PS—annexin V complexes are rapidly
internalized at 37°C

When cochlear cultures were treated with
neomycin for 15 min, washed, and then
exposed to fluorescent annexin V, labeling
of the apical membrane was readily de-
tected (data not shown). If cultures were
exposed to neomycin for 15 min, washed,
and then incubated in medium at either 20
or 37°C for 2 h before the addition of flu-
orescent annexin V, labeling of the apical
surface was still observed in cultures that
had been incubated at 20°C but was sub-
stantially reduced in those that had been
incubated at 37°C (Fig. 8a,b). This indi-
cated that, at 37°C, PS was either flipping
back into the inner leaflet, or that the
membrane with externalized PS was being
removed, either by internalization or
shedding from the cell surface. To distin-
guish between these possibilities, cochlear
cultures were exposed to neomycin for 5
min in the presence of fluorescent annexin
V, washed to remove both compounds,
and incubated at either 20 or 37°C for up
to 2 h. They were fixed at different time
points after neomycin exposure, labeled
with Texas Red phalloidin, and then ex-
amined by confocal microscopy. Immedi-
ately after neomycin treatment, annexin V
labeling was restricted to the apical surface
of the hair cells (Fig. 8¢). After 30 min re-
covery at 37°C, a proportion of the fluores-
cent label became distributed in a punctate
manner throughout the apical cytoplasm
of the hair cell, in the region lying between
the nucleus and the cuticular plate (Fig.
8d). Intracellular label extended deeper
within the cells by 60 min of recovery at
37°C (Fig. 8e) and surface labeling was
substantially reduced after 2 h (Fig. 8f).
Triple labeling with 4',6'-diamidino-2-
phenylindole (DAPI) revealed that almost
all the internalized label remained within
the supranuclear apical cytoplasm and was
not transported to the basal, synaptic pole
of the hair cell (Fig. 8f). Internalization of
the label failed to occur at all when the
labeled cultures were incubated for 2 h at
20°C (Fig. 8g). These observations sug-
gested that membrane containing the ex-
ternalized PS with bound annexin V was
being removed from the apical surface via
an endocytotic process. To determine
whether any membrane shedding was also
occurring during the recovery, time-lapse
analysis was performed over the 2 h recov-
ery period using spinning-disc confocal
microscopy. No discernable shedding of
the fluorescent signal into the medium
above the apical surface could be detected
using this approach, revealing that the ma-
jority and possibly all the membrane with
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Figure8. Neomycin-induced PS externalization is reversible. a, b, Fluorescence (a, b) and Nomarski interference contrast (a’, b") images of basal-coil cochlear cultures that were incubated in
1 mmneomycin for 15 min, washed in saline, and then incubated for 2 h at either 20°C(a, @) or 37°C (b, b') before the addition of Alexa 488 annexin V. Images were captured 5 min after the addition
of annexin V. ¢~ g, Orthogonal Z-projections of confocal image stacks of organs of Corti that, after neomycin-induced Alexa Fluor 488 annexin V labeling (green), had been allowed to recover for 0
min (c), 30 min (d), 60 min (e), or 120 min at 37°C(f), and 120 min at 20°C (g) before fixation and labeling with phalloidin (red). At 30 min, label is seen within the hair cells, and by 120 min labeling
isno longer seen on the hair cell surface. Additional staining with DAPI (f) reveals that labeling with annexin V is located between the nucleus and the apical membrane. Internalization is not seen
after 120 min recovery at 20°C(g). ¢— g show phalloidin labeling; ¢~ g" show Alexa Fluor 488 annexin V labeling; ¢~ g” are the merges. |, Inner hair cell; 01, 02, 03, outer hair cells in rows 1,2, and

3, respectively. Scale bars: (in b, g) a- g, 20 m.

externalized PS was being reabsorbed or internalized by the hair
cells (supplemental Movie 2, available at www.jneurosci.org as
supplemental material).

Hair cells recover from neomycin-induced damage
Neomycin-treated cochlear cultures were examined by scanning
(Fig. 9a—f) and transmission electron microscopy (Fig. 9¢—j) to
determine whether the loss of annexin V from the apical surface
and its internalization correlated with a loss of membrane blebs.
Cultures were treated with saline or I mm neomycin (in the ab-
sence of annexin V) for 5 or 30 min at ambient temperature,
washed with saline to remove the neomycin, and incubated in
medium at 37°C for 2 h before fixation. After 5 min of neomycin
treatment, small membrane blebs were primarily located on the
periphery of the apical surface of the hair cell (Fig. 9b,¢). After 30
min of neomycin treatment, membrane blebs were also found
associated with the hair bundles (Fig. 9¢). After the 2 h post-
neomycin recovery period, the hair cells that had been treated
with neomycin for 5 min exhibited almost complete recovery and
were indistinguishable from those of saline-treated controls (Fig.
9e,i). The hair cells that had been treated with neomycin for 30
min also exhibited a substantial degree of repair after 2 h of re-
covery at 37°C (Fig. 9f)).

To determine whether hair cells could survive for longer pe-
riods after neomycin exposure, cultures were treated with saline
or 1 mMm neomycin for 30 min at 20°C, washed, and then either
fixed immediately or incubated for 24 h at 37°C in complete
medium before fixation. Scanning electron microscopy revealed
the neomycin-treated hair cells could repair the damage sus-
tained and survive for an additional 24 h (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

Myosin VI mutant hair cells recover from neomycin damage
but exhibit a defect in the transport of apical surface-derived
vesicles

Myosin VI, the only known minus end-directed actin-based myosin
motor, has been implicated in many aspects of apical endocytosis in
polarized epithelial cells (for review, see Hasson, 2003; Buss et al.,
2004). Mutations in myosin VI cause hair bundle defects in the
Snell’s waltzer (Sv) mouse and deafness in humans (Avraham et al.,
1995; Melchionda et al., 2001). Hair cells in cochlear cultures pre-
pared from homozygous Snell’s waltzer mice load, although less well
than controls, after brief exposure to FM1-43, suggesting transduc-
tion is functional (data not shown). In response to neomycin treat-
ment, almost all the hair cells in cochlear cultures prepared from
homozygous Sv/Sv mice externalized PS in response to neomycin
treatment (Fig. 10a). Also, after neomycin washout and 2 h incuba-
tion at 37°C, almost all hair cells were able to recover and internalize
the annexin V (Fig. 100), as described above for cultures from wild-
type animals (Fig. 8). Scanning electron microscopy confirmed that
bleb formation occurred in homozygous Sv/Sv hair cells in response
to neomycin treatment, and that the mutant hair cells can, like those
in wild-type mice (Fig. 9), recover from limited exposure to neomy-
cin (Fig. 10c—f). Confocal analysis, however, revealed that, although
the fluorescent annexin V was internalized after recovery from neo-
mycin treatment, most of it remained located at the very apical pole
of the homozygous Sv/Sv hair cells and did not distribute through-
out the supranuclear cytoplasm as it did in hair cells from heterozy-
gous +/Sv mice (Fig. 10g,h).

Discussion
The behavior of hair cells in cultures of the early-postnatal mouse
cochlea differs from that described for hair cells in acutely iso-
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Scanning electron microscopic and transmission electron microscopic analysis of recovery from neomycin-induced
damage. Scanning (a—f) and transmission (g—j) electron micrographs of cochlear cultures that were incubated in saline for 5 min
(a, d) or 1 mmneomycin for 5 min (b, e, g, i) or 30 min (¢, f, h, j), and then either fixed immediately (a— ¢, g, h) or allowed to recover
at 37°Cfor 2 h after neomycin washout (d—f, i, j) before fixation. Neomycin-induced blebs seen after 5 min (b, g) and 30 min (c,
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stream of sodium loading in the guinea pig
hair cells, hence explaining why the inhib-
itors that are effective in the guinea pig are
not in the mouse. Hair cells in cochlear
cultures may also become slowly loaded
with sodium with time in vitro, and this
may explain why high extracellular cal-
cium only elicited PS externalization in
cultures that had been maintained for >1
d in vitro.

Neomycin entry through the transducer
channel elicits PS externalization
Aminoglycoside antibiotics are permeant
blockers of the mechanotransducer chan-
nel of the hair cells (Gale et al., 2001; Mar-
cotti et al., 2005), a channel that is local-
ized toward the tips of the stereocilia
(Hudspeth, 1982; Jaramillo and Hud-
speth, 1991; Denk et al., 1995; Lumpkin
and Hudspeth, 1995). Neomycin entry
through this channel may activate PS ex-
ternalization, first in the hair bundle and
then around the perimeter of the apical
membrane of the hair cell. The block of
neomycin-induced PS externalization af-
ter calcium chelation, a procedure that
cleaves tip links and blocks transduction
(Assad et al., 1991), is consistent with this
hypothesis, as is the short delay between
the time at which PS appears on the hair
bundle and the time at which it appears
around the perimeter of the apical mem-
brane of the hair cell. Furthermore, the de-
crease in neomycin-induced PS external-
ization caused by ouabain may be
attributable to a reduction in the trans-
membrane potential and a decrease in the
electrochemical gradient driving neomy-
cin through the mechanotransducer
channel.

h) of neomycin treatment (b, ¢, arrowheads) are mostly no longer visible 2 h after neomycin washout (e, i, f, j). Scale bars: (in f)

a—f,5 um; g—j, 200 nm.

lated strips of the guinea pig organ of Corti (Shi et al., 2005, 2007).
Apical PS exposure and membrane blebbing occur spontane-
ously in guinea pig hair cells, are promoted by sodium loading
and cAMP, and can be blocked by inhibitors of adenylate cyclase
or PI-3 kinase, or by brefeldin A. In the mouse, PS exposure and
blebbing do not occur spontaneously and cannot be elicited by
the adenylate cyclase agonist, forskolin, or by ouabain, an agent
likely to cause sodium loading. They can be elicited by brief ex-
posure to neomycin, but neomycin-induced PS externalization
and blebbing in the mouse cannot be blocked by the reagents that
prevent their spontaneous occurrence in the guinea pig. Some of
these differences could be attributable to differences in the devel-
opmental ages of the tissues. Endolymphatic levels of Na™ are
high during early development (Anniko and Wréblewski, 1981,
1986) relative to those in the adult (Bosher and Warren, 1978),
and the hair cells in early-postnatal mouse cochlear cultures may
be better able to tolerate exposure to Na *. Neomycin may also
directly activate processes in mouse hair cells that occur down-

Neomycin may activate a

lipid scramblase

Neomycin-induced, apical PS externaliza-
tion in mouse cochlear hair cells could be attributable to a num-
ber of different mechanisms. These include activation of lipid
scrambling, inhibition of the aminophospholipid translocase (a
flippase) or stimulation of a phospholipid transporter (a flop-
pase). The whole-cell capacitance measurements reveal neomy-
cin induces exocytosis, and the fusion of cytoplasmic vesicles with
the apical membrane may account for some of the PS external-
ization that is seen around the perimeter of the apex of the hair
cell. Blebbing and PS externalization can, however, occur inde-
pendently and neomycin-induced PS externalization first occurs
on the surface of the stereocilia, within which membrane vesicles
are not present. In the absence of specific reagents, floppase acti-
vation and/or flippase inhibition cannot be currently excluded as
possible mechanisms for neomycin-induced PS externalization.
Flippase inhibition would, however, cause a relatively slow accu-
mulation of PS in the outer leaflet (Zwaal et al., 2005), and the
rate at which PS appears on the cell surface suggests scramblase
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Figure 10.  Recovery from neomycin-induced damage in Myo6 mutants. a, b, Fluorescence
(a, b) and Nomarski interference contrast (a’, b") micrographs of basal-coil cochlear cultures
from homozygous Sv/Sv mice that were incubated in T mm neomycin for 15 min, washed in
saline, and then incubated in Alexa Fluor 488 annexin V immediately (a, a’) or aftera 2 h
recovery period at 37°C (b, b"). Images were captured 10 min after the addition of annexin V.
Scale bar: (in b) a, b, 20 m. ¢—f, Scanning electron micrographs of basal-coil cochlear cultures
from homozygous Sv/Sv mice that were incubated in saline (c, €) or 1 mmneomycin (d, f) for 15
min, and then fixed immediately (c, d) or allowed to recover for 2 h at 37°Chefore fixation (e, f).
Scale bar: (in f) ¢-f, 5 wm. g, h, Confocal Z-projections of hair cells in basal-coil cochlear
cultures from heterozygous +/5v (g) and homozygous Sv/Sv (h) mice that had been exposed to
1 mum neomycin in the presence of Alexa Fluor 488 annexin V for 15 min, followed by washout
and recovery at 37°Cfor 2 h. The arrows indicate inner hair cells, and the arrowheads indicate
outer hair cells. Scale bar: (in h) g, h, 10 m.

activation as a more likely cause for neomycin-induced PS exter-
nalization, at least in the hair bundle.

The erythrocyte lipid scramblase is activated by high levels of
intracellular calcium (10-100 um) (Woon etal., 1999). It can also
be activated by neomycin, poly-L-lysine, or spermine in the ab-
sence of Ca”*, and its activation by Ca*" can be blocked by the
PIP2-specific PH domain of PLC81 (Bucki et al., 2000), indicat-
ing that PIP2 clustering by Ca** or poly-basic compounds may
drive scrambling. Lipid scrambling is very rapid, and, in platelets,
a complete loss of phospholipid asymmetry can occur within 90s
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(Williamson et al., 1995). PS externalization in mouse hair cells
can be induced by neomycin and poly-L-lysine, occurs rapidly (is
detectable within 75 s), and is reduced in cells overexpressing the
PH domain of PLCS81. Ca®" is a permeant blocker of the mech-
anotransducer channel of the hair cell (Crawford et al., 1991;
Lumpkin and Hudspeth, 1995; Lumpkin et al., 1997; Ricci and
Fettiplace, 1998), and high levels of extracellular Ca*" elicit an-
nexin V labeling in cochlear cultures that have been maintained
for >1 d in vitro. Although these findings are consistent with
neomycin activating lipid scrambling, PS exposure in hair cells
could not be elicited by spermine, and both ATP and ionomycin
stimulated significant rises in hair cell Ca*"; without causing PS
externalization. Although this latter observation argues against
the existence of a Ca®"-activated scramblase in the apical mem-
brane of the hair cell, Ca**, levels in response to ATP or ionomy-
cin may never reach the high micromolar levels required for
scramblase activation and the effects of high extracellular Ca**
may be attributable, in part, to additional interactions with the
extracellular face of the membrane. Neomycin and poly-L-lysine
may also, to varying extents, interact with the extracellular sur-
face of the hair cells to promote scrambling. Such extracellular
interactions may partially explain why not all hair cells are pro-
tected from neomycin by pretreatment with calcium chelators.

PS externalization may activate supporting cells

In many cell types, PS externalization is an early event in apopto-
sis. It can occur within an hour of activating the extrinsic cell
death pathway (Martin et al., 1995) and acts as an “eat-me” signal
for engulfment by macrophages (Balasubramanian and Schroit,
2003; Zwaal et al., 2005). In vitro studies of aminoglycoside-
induced hair cell death in chick utricle cultures revealed an in-
crease in Ca®"; and phosphorylation of c-Jun ~3 h after onset of
neomycin treatment, the release of cytochrome ¢ and caspase-3
activation by ~12 h, and DNA fragmentation by ~18 h (Matsui
etal., 2004). The apical exposure of PS described here may there-
fore be one of the earliest events occurring during neomycin-
induced hair cell death. Whether apical PS externalization occurs
in vivo during neomycin treatment remains to be demonstrated.
It seems unlikely that it could act as a recognition signal for mac-
rophage engulfment because these cells are not resident in the
endolymphatic compartment and have not been reported in this
location under pathological conditions. With time, neomycin
may reach sufficiently high levels in the cytoplasm to stimulate PS
exposure on the basolateral membrane of the hair cells and the
subsequent recognition of the dying hair cell by macrophages. In
many hair cell epithelia, aminoglycosides can initially cause the
selective severing of the apical pole of the hair cell by the support-
ing cells, cells that have a phagocytic role and engulf much of the
debris resulting from hair cell death (Baird et al., 2000; Forge and
Li, 2000; Gale et al., 2002). Many of the neomycin-induced hair
cell blebs come into contact with microvilli on the surface of
adjacent supporting cells (Fig. 2¢), and PS on the surface of these
blebs could act as a signal to activate the supporting cells.

Hair cells can repair neomycin-induced damage

This study also reveals that hair cells have a considerable capacity
to repair, and recover from, aminoglycoside-induced apical-
surface damage. After brief neomycin treatment and a short re-
covery period, PS is no longer detected on the apical surface,
apical-membrane blebs disappear, and surface-bound annexin V
is internalized, distributing throughout the supranuclear cyto-
plasm of the hair cell. No evidence was found for the shedding of
membrane blebs, and internalization was temperature depen-
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dent, consistent with it resulting from endocytosis (Weigel and
Oka, 1981; Faghihi Shirazi et al., 1982; Tomoda et al., 1989).
Large numbers of coated pits are present over much of the apical,
nonstereociliary surface of the hair cells in mouse cochlear cul-
tures (Forge and Richardson, 1993), indicating that the subcellu-
lar machinery required for endocytosis is present. Surprisingly,
although myosin VI has been suggested to play many roles in
endocytosis (Hasson, 2003; Buss et al., 2004), especially in polar-
ized epithelial cells (Buss et al., 2001), annexin V internalization
and repair from neomycin damage were found to occur in the
Snell’s waltzer mutant, a mouse that lacks any myosin VI mRNA
(Avraham etal., 1995). Although repair from neomycin-induced
cell surface damage was observed in the hair cells of homozygous
Snell’s waltzer mice, particles containing internalized fluorescent
annexin V remained within a zone close to the apical membrane
of the hair cells and did not distribute throughout the supranu-
clear cytoplasm, as they did in the hair cells of heterozygous or
wild-type mice. Myosin VI is therefore not required for the re-
moval of neomycin-induced blebs from the apical surface, but it
is required for the transport of apically endocytosed material
away from the apical pole of the hair cell. This is consistent with
previous studies in cell lines that have shown myosin VI trans-
ports newly uncoated endocytotic vesicles from the periphery
toward the nucleus (Aschenbrenner et al., 2003), and provides
the first evidence that myosin VI plays a similar role in the hair
cell, a cell type that is critically dependent on this myosin for its
survival.
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