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ABSTRACT

Aminoglycoside antibiotics (AGs) are severely ototoxic. AGs
cause degeneration of outer hair cells (OHCs), leading to profound
and irreversible hearing loss. The underlying mechanisms are not
fully understood. OHC survival critically depends on a specific K™
conductance (/i) mediated by KCNQ4 (Kv7.4) channels. Dys-
function or genetic ablation of KCNQ4 results in OHC degenera-
tion and deafness in mouse and humans. As a common hallmark
of all KCNQ isoforms, channel activity requires phos-
phatidylinositol(4,5)bisphosphate [PI(4,5)P,]. Because AGs are
known to reduce PI(4,5)P, availability by sequestration, inhibition
of KCNQ4 may be involved in the action of AGs on OHCs. Using
whole-cell patch-clamp recordings from rat OHCs, we found that
intracellularly applied AGs inhibit /. . The inhibition results from
PI(4,5)P, depletion indicated by fluorescence imaging of cellular

Pl(4,5)P, and the dependence of inhibition on PI(4,5)P, availability
and on PI(4,5)P,, affinity of recombinant KCNQ channels. Likewise,
extracellularly applied AGs inhibited /i , and caused substantial
depolarization of OHCs, after rapid accumulation in OHCs via a
hair cell-specific apical entry pathway. The potency for PI(4,5)P,
sequestration, strength of /i , inhibition, and resulting depolariza-
tion correlated with the known ototoxic potential of the different
AGs. Thus, the inhibition of /., via Pl(4,5)P, depletion and the
resulting depolarization may contribute to AG-induced OHC de-
generation. The KCNQ channel openers retigabine and zinc pyri-
thione rescued KCNQ4/I, ,, activity from AG-induced inhibition.
Pharmacological enhancement of KCNQ4 may thus offer a pro-
tective strategy against AG-induced ototoxicity and possibly other
ototoxic insults.

Introduction

Aminoglycoside antibiotics (AGs) are highly efficient in the
treatment of infections caused by Gram-negative bacteria,
but clinical use is restricted by severe ototoxic side effects
(Forge and Schacht, 2000; Rybak and Ramkumar, 2007). The
hearing loss induced by clinical doses of AGs results from
degeneration of OHCs and is therefore profound and irre-
versible. Inner hair cells (IHCs) show little vulnerability to
AGs, and susceptibility of OHCs shows a marked cochlear
base-to-apex gradient. Basal, high-frequency OHCs are most
sensitive, which leads to initial high-frequency hearing loss
that proceeds to lower frequencies with continued adminis-
tration of AGs (Fausti et al., 1984). AG-induced ablation of
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OHCs is also widely used to study hair cell regeneration in
animal models. However, the underlying mechanisms are not
fully understood, and the basis of the differential suscepti-
bility of hair cells remains elusive.

Hair cell damage occurs after the uptake of AGs from the
endolymph via endocytosis or mechanoelectrical transduction
(MET) channels (Hashino and Shero, 1995; Marcotti et al.,
2005). After entry, AGs seem to initiate multiple pathways,
leading to necrotic or apoptotic cell death. These pathways may
involve caspase-dependent and -independent signals (Jiang et
al., 2006a), formation of reactive oxygen species (Rybak and
Ramkumar, 2007), mitochondrial dysfunction (Dehne et al.,
2002), and disruption of phosphoinositide homeostasis (Jiang et
al., 2006b; Goodyear et al., 2008). In addition, it is known that
AGs interact with phosphoinositides via strong electrostatic
interactions and can thereby functionally deplete these phos-
pholipids (Gabev et al., 1989).

OHC function is directly linked to phosphoinositide metab-
olism, because the major K™ current of OHCs, I ,, is medi-
ated by KCNQ4 (Kv7.4) channels (Kubisch et al., 1999;
Kharkovets et al., 2000, 2006). Activity of all KCNQ isoforms,

ABBREVIATIONS: AG, aminoglycoside antibiotic; OHC, outer hair cell; IHC, inner hair cell; PI(4,5)P,, phosphatidylinositol(4,5)bisphosphate; TR,
Texas Red fluorescent dye; NTR, neomycin Texas Red conjugate; GTTR, gentamicin Texas Red conjugate; MET, mechanoelectrical transduction;
GFP, green fluorescent protein; TIRF, total internal reflection; CHO, Chinese hamster ovary; ZnP, zinc pyrithione; XE991, 10,10-bis(4-pyridinyl-

methyl)-9(10H)-anthracenone dihydrochloride.
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including KCNQ4, essentially depends on PI(4,5)P,, (Li et al.,
2005; Suh et al., 2006). Strikingly, Ix /KCNQ4 activity is
essential for OHC survival. Pharmacological block and ge-
netic ablation of KCNQ4 result in OHC degeneration and
hearing loss (Nouvian et al., 2003; Kharkovets et al., 2006).
Remarkably, this degeneration totally resembles AG-induced
outer hair cell loss, starting at the cochlear basis and pro-
ceeding to the apex. Mutations of KCNQ4 underlie the hu-
man hereditary deafness, DFNA2, further highlighting the
importance of KCNQ4 for hair cell maintenance (Kubisch et
al., 1999; Kharkovets et al., 2000).

Bringing together the knowledge on KCNQ channel regu-
lation, interaction of AGs with phosphoinositides, and depen-
dence of OHC survival on KCNQ4 leads to the idea that It ,,
may be a primary molecular target of ototoxic AGs. Given the
important implications for the etiology of AG-induced hair
cell loss, we analyzed the effect of AGs on OHC currents and
recombinant KCNQ4. We find that both are inhibited by
intracellular AGs. Imaging of PI(4,5)P, concentrations, ex-
perimental manipulation of PI(4,5)P,, levels, and differential
responses of KCNQ isoforms with different P1(4,5)P, affini-
ties indicate that this inhibition results from depletion of free
PI(4,5)P,. Moreover, entry of AGs into OHCs through stereo-
ciliary MET channels is sufficient to substantially block I ,,
and to depolarize the hair cell. Thus, inhibition of I ,, may
contribute to AG ototoxicity.

Materials and Methods

Acute Organ of Corti Preparation. Animals were kept accord-
ing to German law and institutional guidelines at the Philipps Uni-
versity (Marburg, Germany). Apical cochlear turns of Wistar rats
(12—20 days after birth) were isolated as described previously (Oliver
et al., 2000). The preparation was placed in a recording chamber and
continuously perfused with standard extracellular solution contain-
ing 144 mM NaCl, 5.8 mM KCl, 1.3 mM CaCl,, 0.9 mM MgCl,, 0.7
mM NaH,PO,, 10 mM HEPES, and 5.6 mM D-glucose, pH 7.4 (ad-
justed with NaOH), 305 to 310 mOsmol/kg. Experiments were per-
formed within 3 h after the preparation.

Cell Culture and Transfection. Chinese hamster ovary (CHO)
cells were platted on glass coverslips and transfected with jetPEI
(Polyplus Transfection, Illkirch, France). The following expression
vectors were used: pEGFP-C1-KCNQ4 (NM_004700.2); pBK-
CMV-KCNQ3 (NM_004519.2) (plus pEGFP for identification of
transfected cells); and pEGFP-C1-tubby-Cterm (NP_068685.1,
amino acids 243-505) pRFP-C1-PI(4)P-5 kinase (NM_008846.1). Ex-
periments were performed 24 to 48 h after transfection.

Electrophysiological Recordings from OHCs and CHO
Cells. Whole-cell recordings were done with an Axopatch 200B am-
plifier (Molecular Devices, Sunnyvale, CA) in voltage-clamp or cur-
rent-clamp mode. Data were sampled with an ITC-18 interface
(HEKA, Lambrecht/Pfalz, Germany) controlled by PatchMaster soft-
ware (HEKA). Currents were low pass-filtered at 2 kHz and sampled
at 5 kHz. Patch pipettes were pulled from quartz glass to an open
pipette resistance of 1.5 to 3 M() when filled with intracellular
solution containing 185 mM KCl, 2.41 mM CaCl,, (free Ca®*, 0.1 uM),
3.5 mM MgCl,, 5 mM HEPES, 5 mM EGTA, and 2.5 mM Na,ATP,
pH 7.3 (adjusted with KOH), 290 to 295 mOsmol/kg. In some exper-
iments, neomycin trisulfate, kanamycin disulfate, G418 (Geneticin)
disulfate, or poly(D-lysine) hydrobromide (molecular weight, 1000—
4000) (all from Sigma-Aldrich, Munich, Germany) was added to the
intracellular solution at the concentrations indicated under Results.
Series resistance (Rg) was less than 10 M(), and Rg compensation
(80-90%) was applied. For perforated patch-clamp experiments, pi-
pettes were pulled from borosilicate glass to an open pipette resis-

tance of 1.5 to 3 M(). Pipettes were tip-filled with standard intracel-
lular solution and then back-filled with the same solution containing
120 pg/ml Nystatin (Sigma-Aldrich). Rq was less than 22 MQ, and Rg
compensation (75%—-80%) was applied.

Experiments were performed on OHCs of the third row. Access
to the basolateral membrane was achieved by gently removing
adjacent supporting cells with a suction pipette. Only OHCs with
visually intact stereocilia and a membrane potential more nega-
tive than —69 mV were used. Neomycin trisulfate, kanamycin
disulfate, 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone di-
hydrochloride (XE991), zinc-pyrithione (all purchased from Sig-
ma-Aldrich), and retigabine (kindly provided by Neurosearch,
Ballerup, Denmark) were added to the extracellular solution at
the concentrations indicated under Results and applied locally via
a glass capillary. All experiments were performed at room tem-
perature. Membrane potentials shown are not corrected for liquid
junction potential (—4 mV).

Total Internal Reflection Imaging. Total internal reflection
(TIRF) microscopy was performed as described previously
(Halaszovich et al., 2009). In brief, experiments were performed
using a BX51WI upright microscope (Olympus, Hamburg, Germany)
equipped with a TIRF condensor (numerical aperture of 1.45; Olympus)
and a 488 nm laser (20 mW; Picarro, Sunnyvale, CA). Fluorescence
was imaged by a LUMPlanFI/IR 40X/0.8 water immersion objective
(Olympus). Fluorescence was acquired with an IMAGO-QE cooled
charge-coupled device camera controlled by TILLvisION software
(TILL Photonics, Grifelfing, Germany). CHO cells transiently ex-
pressing Tubby-Cterm-GFP (Santagata et al., 2001; Halaszovich et
al., 2009) were simultaneously imaged and voltage-clamped. Exper-
iments were included for analysis when the access resistance was
less than 5 M(Q) to ensure consistent and rapid dialysis of AGs. F/F,
traces were calculated from the background-corrected TIRF signal
(F) and initial fluorescence intensity (¥), averaged over the footprint
of the patch-clamped cell excluding cell margins to avoid movement
artifacts.

Aminoglycoside Labeling and Confocal Microscopy. Gen-
tamicin and neomycin (both from Sigma-Aldrich) were conjugated
with Texas Red (TR) according to published protocols (Sandoval et
al., 1998). In brief, gentamicin sulfate or neomycin trisulfate (both
50 mg/ml in 100 mM K,COj, pH 8.5) were agitated with Texas
Red-X succinimidyl ester (TR; Invitrogen, Carlsbad, CA) at a
molar ratio of 330:1 for 36 h at 4°C (final AG concentration, 50
mM; final TR, concentration 0.150 mM). As a control, TR was
diluted in 100 mM K,COg, pH 8.5, and processed accordingly. The
obtained gentamicin-Texas Red (GTTR) and neomycin-Texas Red
(NTR) conjugates were diluted (1:50) to final concentrations of 1
mM with standard extracellular solution. Control TR solution was
diluted accordingly to obtain equal concentrations of the fluores-
cent dye in control experiments (1:50). For some experiments,
NTR was diluted in extracellular solution containing 144 mM KCl,
5.8 mM NaCl, 1.3 mM CacCl,, 0.9 mM MgCl,, 0.7 mM NaH,PO,, 10
mM HEPES, and 5.6 mM D-glucose, pH 7.4 (adjusted with NaOH),
305 to 310 mOsmol/kg.

Confocal live-cell imaging was performed with an upright LSM
710 Axio Examiner.Z1 microscope equipped with a W Plan/Apochro-
mat 20%/1.0 DIC M27 75-mm water immersion objective (Carl Zeiss
GmbH, Jena, Germany). Texas Red was excited at 561 nm with a
diode-pumped solid-state laser (Carl Zeiss), and fluorescence
emission was sampled at 565 to 609 nm. All preparations were
imaged with the same laser power and gain settings. Fluorescence
was averaged from regions of interest at various levels of OHCs,
background-corrected, and is presented normalized to the initial
background fluorescence F, at the beginning of an experiment.

Data Analysis and Statistics. Electrophysiological data were
analyzed using PatchMaster (HEKA) and IGOR Pro (Wavemetrics,
Lake Oswego, OR). Recombinant KCNQ current amplitudes were
derived from monoexponential fits to current activation at 0 mV. I ,,
was activated at a holding potential of —60 mV, and the current was
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quantified as the XE991-sensitive tail current amplitude from this
holding potential at —130 mV and corrected for leak current remain-
ing after channel deactivation. Different voltage protocols were used
for recombinant KCNQ4 and I ,, to account for the large difference
in their activation voltage ranges (Kubisch et al., 1999; Marcotti and
Kros, 1999).

Fluorescence time series were analyzed using TILLvisION (TILL
Photonics), Zen 2009 (Carl Zeiss), Imaged (http://rsbweb.nih.gov/ij/),
and Igor Pro (Wavemetrics).

Statistical analysis was performed with (paired) ¢ test, and signif-
icance was assigned at P = 0.05. Data are presented as mean *
S.E.M., with n representing the number of independent experiments
(individual cells).

Results

Inhibition of Ik, and KCNQ4 by Intracellular Ami-
noglycosides. Because hair cell degeneration occurs after
the entrance and cytoplasmic accumulation of AGs (Hiel et
al., 1993; Hashino and Shero, 1995), we first analyzed the
effects of intracellular AGs on Ik, by introducing AGs
through the patch pipette. I , current amplitude was mea-
sured as the deactivating tail current at —130 mV sensitive
to the KCNQ channel blocker XE991 (Fig. 1A), showing that
the used voltage protocol is qualified to monitor the KCNQ
conductance in OHCs.

After the establishment of the whole-cell configuration,
KCNQ4-mediated currents rapidly decreased by approxi-
mately 60% of initial amplitude, when the prototypical AG,
neomycin (1 mM) was included in the pipette solution (Fig. 1,
B and C). In contrast, only minor channel rundown was

Inhibition of the Hair Cell Current I, ,, by Aminoglycosides 53

observed in the absence of neomycin (Fig. 1D). These results
indicate the inhibition of I ,, by neomycin entering the cell.
As shown in Fig. 1F, patching OHCs with various neomycin
concentrations yielded dose-dependent inhibition of Iy ,, with
a half-blocking concentration of 0.59 mM. XE991-insensitive
K™ currents in OHCs that are not carried by KCNQ channels
were not affected by neomycin (Supplemental Fig. S1).

Other AG antibiotics were also tested for their effect on
I ,,. Both G418 (an AG that is similar in structure to genta-
micin) and kanamycin inhibited Iy ,,, albeit with lower po-
tency than neomycin (35 and 30% at 1 mM, respectively; Fig.
1, E and G). Poly(p-lysine) (200 wg/ml), another polycationic
molecule, which is structurally unrelated to AGs, strongly
inhibited I, when applied via the pipette (Fig. 1G). In
contrast, ampicillin, a structurally unrelated antibiotic that
lacks net positive charge, had no effect on I ,,. These findings
suggest that the polycationic nature of AGs is essential for
the inhibiting effect on I ,,. The rapid time course of inhibi-
tion suggested an immediate action of AGs on the channels
rather than involvement of intracellular signaling pathways
that have been implicated in AG action.

We therefore examined the interaction of AGs with
KCNQ4 in a simple recombinant system. Whole-cell voltage-
clamp experiments were done on CHO cells heterologously
expressing KCNQ4. The introduction of neomycin via the
patch pipette robustly inhibited KCNQ4 currents (Fig. 2, B
and E). Sensitivity toward neomycin was somewhat higher
than observed in hair cells, yielding a half-inhibiting concen-
tration of 0.13 mM (Fig. 2D). Similar to native Iy ,, G418,
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60 mV z T T T Fig. 1. Intracellular aminoglycoside antibiotics inhibit Iy ,.
-130 mvV 100 200 300 A, Iy ,, measured from rat OHCs as the deactivating in-
time (s) ward tail current upon hyperpolarization (voltage com-
mand as indicated). Complete block by application of
) ) XE991 identifies this current as being carried by KCNQ
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lishment of whole-cell configuration in the absence (black)
and presence (red) of neomycin in the pipette solution.
Traces are representative recordings obtained from two
different OHCs. Currents are presented normalized to the
amplitude immediately after patch rupture (I,). C, D, and
E, representative currents immediately (black) and 10 min
after (colored) patch rupture obtained with pipette solu-
tions containing neomycin (C), no aminoglycosides (control;
D) or kanamycin (E). Scale bars apply to A, C, D, and E. F,
dose-dependent inhibition of Iy ,, by intracellular neomycin
measured as in C. Continuous line shows a fit with the Hill
equation, yielding an IC;, of 0.59 mM and a Hill coefficient
of 1.3. G, steady-state inhibition of I, by various antibi-
otics and polycations. Neo, neomycin; Gen, G418; Kana,
kanamycin; poly-K, poly(D-lysine); Amp, ampicillin. Num-
bers of experiments are indicated. #*; P = 0.01; ##%, P <
0.001.
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kanamycin, and poly(D-lysine) also inhibited recombinant
KCNQ4, whereas ampicillin was ineffective (Fig. 2E). The
order of sensitivities toward these polycations was the same
obtained from hair cells, suggesting the same mechanism of
inhibition for I ,, and recombinant KCNQ4.
Aminoglycosides Interfere with the Availability of
PI(4,5)P, to Channels. It is well established that neomycin
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Fig. 2. Inhibition of recombinant KCNQ4 channels by intracellular ami-
noglycosides. A, representative whole-cell currents recorded from a CHO
cell transiently expressing homomeric KCNQ4 channels, immediately
(top trace) and 10 min after establishment of whole-cell configuration.
Voltage protocol was performed as indicated in inset. B and C, recordings
as in A with neomycin (B) or kanamycin (C) included in the patch pipette
solution. Steady-state currents after dialysis of aminoglycosides into the
cell are indicated in color. D, dose-dependent inhibition of KCNQ4 by
intracellular neomycin measured as in B. Steady-state currents were
normalized to current amplitude immediately after patch rupture (Z,) for
each cell. Fit of the Hill equation to the data set (continuous line) yields
IC4, of 0.13 mM and Hill coefficient of 1.8. E, summarized steady-state
inhibition of KCNQ4 by the various antibiotics and polycations indicated.
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and poly(p-lysine) bind PI(4,5)P,, via electrostatic interaction
with the anionic head groups (Gabev et al., 1989), thereby
effectively chelating these lipids. Because activity of all
KCNQ channels requires binding of PI(4,5)P,, inhibition of
Iy ,, may result from reduced availability of PI(4,5)P, to the
channels. Indeed, sequestration by polycations has been used
previously to define the role of phosphoinositides in the reg-
ulation of ion channels (Oliver et al., 2004; Suh and Hille,
2007).

To address the involvement of PI(4,5)P, in AG-induced
inhibition of I ,/KCNQ4, we first examined the ability of
AGs to effectively deplete free P1(4,5)P, under our experi-
mental conditions. To this end, we used a genetically encoded
sensor for PI(4,5)P,, the GFP-fused C terminus of the tubby
protein (tubby-Cterm) (Santagata et al., 2001; Halaszovich et
al., 2009). The degree of binding of this protein domain to the
plasma membrane is a direct measure for the concentration of
free PI(4,5)P,. We measured membrane association of Tubby-
Cterm using total internal reflection (TIRF) microscopy as de-
scribed previously (Halaszovich et al., 2009). In brief, TIRF was
used to selectively excite GFP bound to the plasma membrane,
such that the obtained fluorescence signal directly reported the
amount of membrane-associated PI(4,5)P, sensor and thus the
concentration of free PI(4,5)P,. As before, cells were dialyzed
with either neomycin or kanamycin via a patch pipette (1 mM
each). Upon the introduction of neomycin into the cell, the TIRF
signal rapidly decreased to 26% of the initial signal amplitude,
reporting full dislocation of Tubby from the membrane
(Halaszovich et al., 2009) and thus depletion of free P1(4,5)P,
(Fig. 3, A and B). In contrast, without neomycin in the pipette
(control, Fig. 3, A and B) only an initial minor reduction of
membrane fluorescence was observed, probably because of
washout and bleaching of the fluorescent probe upon rupture of
the membrane patch. Kanamycin also reduced free PI(4,5)P,
concentration (to 70%), as indicated by a decrease of membrane
fluorescence exceeding control recordings (Fig. 3, A and B).

However, the change of the TIRF signal and thus reduction
of PI(4,5)P, concentration was significantly smaller than
that observed with the same concentration of neomycin (Fig.

Fig. 3. Aminoglycosides decrease free PI(4,5)P, in
sesese the plasma membrane. A, combined TIRF imaging
ok and patch-clamp experiments on CHO cells trans-
fected with the PI(4,5)P, sensor domain Tubby-
Cterm. Fluorescence intensity (TIRF F/F) signifies
the degree of membrane association of the sensor,
and is shown normalized to signal intensity (F,)
before establishing whole-cell configuration (patch
rupture). Note that inclusion of neomycin and kana-
mycin in the patch pipette displaced the PI(4,5)P,
sensor from the membrane. Representative TIRF
images of Tubby-Cterm are shown at three time
points with neomycin applied via the patch pipette
(inset; scale bar, 20 um). B, averaged relative
changes in TIRF signals upon introduction of ami-
noglycosides into CHO cells. C, coexpression of a
constitutively active PI(4)P-5 kinase significantly
500 l‘i'yl Neo  attenuated neomycin-induced KCNQ4 current inhi-
1.0 bition in CHO cells. Voltage-clamp experiments
0.8 were performed as in Fig. 2. D and E, differential
inhibition of homomeric KCNQ4 and KCNQ3 chan-
nels by aminoglycosides. D, whole-cell currents dur-
ing introduction of 500 uM neomycin through the
patch pipette were measured and normalized as in
0.0 Fig. 2. E, steady-state inhibition of KCNQ4, charac-
§ § terized by low PI(4,5)P, affinity, is significantly
&9

~

S & o
s £
§ ¢ <
O

stronger than inhibition of KCNQ3, exhibiting high
PI(4,5)P, affinity. #*; P < 0.01; #+x, P < 0.001.
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3B). Thus, the efficacy of both AGs for shielding PI1(4,5)P,
corresponds to the potency of KCNQ4 channel inhibition,
consistent with the idea that inhibition results from deple-
tion of PI(4,5)P.,.

If so, the degree of channel inhibition by AGs should de-
pend on the PI(4,5)P, concentration in the plasma mem-
brane. We therefore increased PI(4,5)P, levels in CHO cells
by coexpression of a PI(4)P-5 kinase (e.g., Li et al., 2005; Suh
and Hille, 2007). In these cells, the degree of KCNQ4 current
inhibition by neomycin (100 uM) was significantly reduced
compared with control cells (Fig. 3C).

The different KCNQ channel subtypes show marked dif-
ferences in their apparent P1(4,5)P, binding affinities. Thus,
homomeric KCNQ3 channels display a more than 50-fold
higher apparent affinity compared with KCNQ4, rendering
KCNQ4 more sensitive to PI(4,5)P, depletion than KCNQ3
(Li et al., 2005; Hernandez et al., 2009). We therefore com-
pared the sensitivity of both channels to neomycin inhibition.
As shown in Fig. 3, D and E, neomycin inhibition matched
the channels’ PI(4,5)P, affinity: KCNQ4 currents decreased
to 14.9 = 4.0% (n = 6) upon diffusion of 500 uM neomycin
into the cells, whereas KCNQ3 currents were only slightly
affected (reduction to 80.6 = 10.6%, n = 6). Taken together,
these findings strongly indicate that AGs inhibit KCNQ4
channels via the sequestration of PI(4,5)P, in the plasma
membrane.
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Extracellular Aminoglycosides Inhibit Iy, ,, in OHCs
but Not KCNQ4 in CHO Cells. In the above experiments,
we directly delivered AGs into the OHC’s cytoplasm. How-
ever, in an ototoxic insult, AGs reach the hair cells from the
endolymph (Hashino and Shero, 1995; Wang and Steyger,
2009). We thus tested whether entry of AGs from the extra-
cellular space is sufficient to induce substantial inhibition
of I ..

Extracellular application of neomycin (1 mM) onto OHCs
robustly inhibited Iy , to 65.8 + 1.6% (n = 12) of preappli-
cation current amplitude. Representative current traces,
time course of current inhibition, and mean inhibition are
shown in Fig. 4, A, B, and C, respectively.

In contrast, application of kanamycin (1 mM) only slightly
diminished Iy ,, current amplitudes (to 87.0 + 2.0%, n = 9).
However, this reduction was not significantly different from
the slight current rundown observed in control experiments
(to 934 = 1.1%, n = 8) (Fig. 4, B and C). The current
inhibition induced by the application of neomycin was not
fully reversible, consistent with the uptake into the OHC and
intracellular retention after extracellular wash-off (Fig. 4A).
Because intracellular accumulation of AGs may be limited
under whole-cell conditions by diffusional loss into the patch
pipette, we performed additional recordings in the perforated
patch configuration, preventing any washout of neomycin.
Under perforated-patch conditions, application of neomycin

Fig. 4. Inhibition of I, , in OHCs by extracellular amino-
glycosides. A, representative current traces of I, before
(left), during (middle), and after the extracellular applica-
tion of neomycin (right). B, averaged time course of current
amplitudes upon application of neomycin (1 mM, red) and
kanamycin (1 mM, blue) onto OHCs, obtained as shown in
A. C, summary of steady-state inhibition by extracellular
aminoglycosides measured either in whole-cell or perforat-
ed-patch configuration. Note that inhibition by neomycin
was significantly increased in the perforated-patch config-
uration compared with whole-cell. D, E, and F, effect of
extracellular aminoglycosides on recombinant KCNQ4
channels expressed in CHO cells. D, representative whole-
cell current traces before, during, and after application of
neomycin. E, time course of currents upon application of
neomycin. F, summary of relative steady state current am-
plitudes. Measurements were done in whole-cell configura-
tion. *, P = 0.05; **% P < 0.001.
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induced a stronger inhibition of I , to 54.9 * 3.7% (n = 6)
compared with whole-cell recordings (P = 0.02), as shown in
Fig. 4C. This finding is consistent with a higher degree of
intracellular accumulation of the AG and thus supports an
intracellular action of AGs on I ,,.

To further scrutinize this conclusion, we also examined the
effect of neomycin applied onto recombinant KCNQ4 chan-
nels in CHO cells, which lack the specific AG entry pathways
of hair cells (Supplemental Fig. S2). Application of neomycin
(1 mM) only slightly reduced KCNQ4 currents in a partially
reversible manner (Fig. 4, D-F). Combined with the earlier
finding of a substantially higher sensitivity of recombinant
KCNQ4 to intracellular application of AGs, this result con-
firmed that AGs inhibit KCNQ4 only after uptake into the
cell and do not considerably block channels from the extra-
cellular side.

In summary, these results suggest that AGs inhibit KCNQ4-
mediated Iy ,, after uptake and possibly accumulation via a hair
cell-specific specific entry pathway.

Aminoglycoside Uptake into OHCs Is Fast. Although
inhibition of I , by intracellular AGs is entirely consistent
with the previously described entry of AGs into OHCs, the
fast time course of current inhibition seemed surprising.
Imaging studies are consistent with fast entry of AGs (Tiede
et al., 2009); however, to our knowledge, the kinetics of AG
entry have not been examined in detail at the relevant time
scale.

Uptake of AGs into hair cells has been monitored previ-
ously using fluorescent Texas Red-derivatives of gentamicin
(GTTR) (Dai et al., 2006). We used this approach to quanti-
tatively record the entry of neomycin into OHCs in acutely
isolated organs of Corti by confocal microscopy. Incubation
with NTR or GTTR (1 mM each) for 5 min produced robust
fluorescence inside OHCs and THC but not in supporting cells
and surrounding tissue (Fig. 5, A and B). Incubation with
Texas Red alone did not increase hair cell fluorescence (Fig.
5C), confirming that the observed accumulation results from
hair cell-specific entry of AGs but not from an unspecific
permeation of the fluorescent group.

As shown in Fig. 5D, time-resolved imaging revealed the
rapid accumulation of intracellular NTR in OHCs. Fluores-
cence increase was fastest and most pronounced in confocal
sections through the hair bundles (time constant obtained
from monoexponential fit to fluorescence increase, 69 s) and
somewhat slower in optical sections through the medial and
basal (subnuclear) regions of hair cells (281 and 241 s, re-
spectively). These findings point to AG entry into OHCs at
the level of the stereocilia and subsequent intracellular dif-
fusion to the OHC’s base, where Iy, /KCNQ4 is located
(Kharkovets et al., 2000).

AGs may enter via the hair cell’s MET channels located at
the stereociliary tips (Marcotti et al., 2005). Consequently,
apical membrane potential must contribute to the driving
force for permeation, with hyperpolarization increasing the
rate of entry of these cationic molecules. We addressed volt-
age-dependence of AG uptake by applying NTR while depo-
larizing or hyperpolarizing the cells with high or low extra-
cellular K* concentrations, respectively (Fig. 5, E and F).
When NTR was applied to OHCs depolarized by 144 mM
extracellular K, cellular fluorescence increased slowly (rel-
ative increase in the subnuclear region of OHCs, 0.02 s~ 1).
Subsequent hyperpolarization upon washout of extracellular

TR Control

hair bundle (n=109)
cuticular plate (n=131)

A

| Il
(U
g
HI“"”I”””" II\IIIIIIIIIIIIIIlllIIII

i i
i
iy
Joitt

I
il !

middle (n=149)

subnuclear (n=147)

rel. NTR fluorescence O
N
o
L

TR control (n=111)
T T T T T T
0 100 200 300 400 500 600

time (s)
E F e ®144 mM K'
047" w56 mMK
04 T mM NTR
3 144 mMK | 56 mMK'
@ __ 034
§ 60- — cut.plate (n=51) 2
= — middle (n=67) -~ ”
é 404 — subnuclear (n=91) é_ 0.2 .
[h'd ® .
E. 204 0.14
° o
o N o .
I 0.0 +——

0 100 200 300 400 500
time (s)

Fig. 5. Confocal imaging reveals rapid and voltage-dependent entry of
aminoglycosides into OHCs. A, representative differential interference
contrast (left) and confocal fluorescence (right) images of an isolated
organ of Corti from rat, after incubation with fluorescently labeled
neomycin (NTR; 1 mM) for 5 min (at room temperature). Note the
selective uptake of NTR into OHCs and inner hair cells (*). The oblique
orientation of the preparation allows visualization of labeled OHC hair
bundles (filled arrow) and cell bodies (open arrow) (scale bars, 100
pum). B, images as in A after application of fluorescently labeled
gentamicin (GTTR; 1 mM). C, no increase of cellular fluorescence was
detected upon application of Texas Red not conjugated to aminoglyco-
sides (TR; same TR concentration as in A and B). D, time course of
entry of NTR (1 mM) into OHCs. Fluorescence intensities were sam-
pled from confocal optical sections through hair bundles, apical region
(level of the cuticular plate), middle, and subnuclear regions of OHCs.
Application of TR did not produce any detectable increase in fluores-
cence (bottom trace). Numbers of individual OHCs analyzed are indi-
cated (from five independent preparations). E, voltage dependence of
NTR entry. Increase of OHC fluorescence during application of NTR (1
mM) was slow in depolarizing extracellular medium (144 mM KCI) and
accelerated upon exchange by repolarizing medium (5.6 mM KCI).
Note that the onset of increased entry is delayed because of the time
needed for full solution exchange in the recording chamber. F, quan-
tification of NTR uptake kinetics. Relative increase was derived from
linear fits to the fluorescence traces from single OHCs (n = 51-91,
from four independent preparations). Asterisks indicate significantly
faster fluorescence increase at 5.6 mM K* compared with 144 mM K™.
#xx P < 0.001.
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K™ resulted in acceleration of fluorescence buildup (relative
increase, 0.14 s~ '), indicating a strongly increased rate of
aminoglycoside entry. Note that the onset of accelerated en-
try upon hyperpolarization is delayed because of the time
needed for full exchange of the solutions inside the recording
chamber (Fig. 5E).

In conclusion, AGs rapidly enter OHCs in a voltage-depen-
dent manner, indicating permeation through MET channels.
Moreover, the kinetics of AG entry into OHCs are consistent
with the rapid inhibition of Iy, observed under similar ex-
perimental conditions.

AG-Induced Inhibition of Iy, Depolarizes OHCs.
Loss of functional KCNQ4, and therefore Iy ,,, results in OHC
loss. The mechanisms that couple reduced I, to hair cell
degeneration are not fully understood, but it seems likely
that depolarization and subsequent Ca®* overload play a
major role (Oliver et al., 2003; Kharkovets et al., 2006),
because I, is the principal determinant of membrane po-
tential of OHCs (Marcotti and Kros, 1999; Kharkovets et al.,
2006). Therefore, we next monitored membrane potential to
investigate the immediate consequences of AG-mediated in-
hibition of I , (Fig. 6).

Under control conditions, membrane potentials of OHCs
were constant during whole-cell recordings (V,; change,
+0.4 = 0.2 mV at 10 min after establishing the whole-cell
configuration; n = 8). In contrast, neomycin (1 mM) depolar-
ized OHCs both when introduced via the patch pipette (by
+7.0 = 2.4 mV; n = 6) and when applied from the extracel-
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Fig. 6. Neomycin depolarizes OHCs. A, representative recordings of OHC
membrane potential in current clamp mode. Patch pipettes contained
either standard intracellular solution (control) or additional 1 mM neo-
mycin. The establishment of whole-cell configuration at ¢ = 0. B, sum-
mary of membrane potential changes, recorded as in A upon application
of XE991, aminoglycosides or ampicillin, either via the patch pipette or by
application through the extracellular solution as indicated. Note robust
depolarization by intracellular and extracellular neomycin. *, P = 0.05;
#x; P < 0.01; %+, P < 0.001.
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lular side (+5.5 = 1.0 mV; n = 14). Fully blocking Iy,
resulted in even stronger depolarization of OHCs by +26.8 =
3.4 mV (n = 4), as assessed by application of the KCNQ-
specific antagonist XE991 (10 puM). Kanamycin and G418
had a small, albeit not significant, depolarizing effect when
applied through the pipette, and ampicillin was entirely in-
effective. Given the presumed relevance of depolarization in
OHC degeneration upon dysfunction of KCNQ4, these find-
ings point to I ,, inhibition as a mechanism contributing to
AG ototoxicity.

Rescue of Iy ,, from Inhibition by Chemical KCNQ
Channel Openers. If inhibition of Ik, contributes to hair
cell loss, the reversal of current block by recently discovered
activators of KCNQ channels (Wulff et al., 2009) might pro-
vide protection against AG ototoxicity. Therefore, we exam-
ined whether KCNQ channel openers could be used to rescue
the I, ,, conductance inhibited by AGs. We tested the channel
openers retigabine (Rundfeldt and Netzer, 2000) and zinc
pyrithione (ZnP) (Xiong et al.,, 2007). Both compounds
slightly enhanced Iy ,, in the presence of intracellular neo-
mycin (500 uM) at concentrations of up to 10 uM (Supple-
mental Fig. S3). However, combined application of retigabine
and ZnP (10 uM each) robustly enhanced Iy, amplitudes
(Fig. 7A).
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Fig. 7. Rescue of I, , currents by chemical channel openers. A, represen-
tative I , tail currents recorded from an OHC immediately after patch
rupture (black; control), after dialysis of neomycin from the patch pipette
into the cell (red), and during additional extracellular application of zinc
pyrithione (ZnP) and retigabine (10 uM each; blue) (scale bars represent
200 pA and 50 ms). B, averaged current amplitudes, obtained as in A at
a membrane potential of —70 mV. Note the full reversal of neomycin-
induced I ,, inhibition by ZnP plus retigabine. C, mean I-V curves for I ,,
obtained from tail currents at —130 mV and plotted as a function of
prepulse voltage. Experimental conditions correspond to A and B (n = 6).
D, OHC membrane potentials measured with a pipette containing 0.5
mM neomycin shortly after establishment of whole-cell conditions, after
neomycin diffusion into the cell and during additional extracellular ap-
plication of ZnP plus retigabine (10 uM each). Gray symbols signify the
recordings from individual OHCs and average potentials for each condi-
tion are shown in black. Note the reversal of aminoglycoside-induced
depolarization by the channel openers. ##*, P = 0.001.
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At a physiological membrane potential of —70 mV, the
channel activators fully recovered I , current to the control
amplitude before dialysis of neomycin into the OHCs (Fig. 7,
B and C). Accordingly, AG-induced depolarization was
largely reversed by the application of the channel openers
(Fig. 7D). The effects on current amplitude and membrane
potential resulted exclusively from the openers’ action on
I ,,, because increase of OHC currents was fully occluded in
the presence of the specific KCNQ channel blocker XE991
(Supplemental Fig. S4). Current enhancement by the chan-
nel openers resulted from an increase in saturating Iy ,, con-
ductance and from a pronounced leftward shift of the activa-
tion curve (Fig. 7D and Supplemental Fig. S5). Thus,
application of retigabine plus ZnP induced an over-recovery
of I' , at potentials more negative than —70 mV (Fig. 7C). In
conclusion, these results show that chemical KCNQ openers
can reverse the inhibition of Iy, by AGs and stabilize the
OHC membrane potential despite AG entry.

Discussion

Inhibition of KCNQ4-Mediated Iy ,, via P1(4,5)P, Se-
questration. Here, we show for the first time that AGs have
an immediate inhibiting effect on the major K™ conductance
of OHCs, Iy ,. Moreover, we demonstrate that the mecha-
nism underlying current deactivation is the decrease of free
plasma membrane PI(4,5)P, as a result of sequestration by
AGs. This conclusion is consistent with a recent report show-
ing that intracellular polycations, including neomycin, can
inhibit heteromeric KCNQZ2/3 channels by electrostatic inter-
action with PI(4,5)P, (Suh and Hille, 2007). Adding to the
previous work, our data strongly support this mechanism of
I ,, inhibition by directly demonstrating that AGs efficiently
bind to membrane PI(4,5)P, using a fluorescent PI(4,5)P,
sensor, Tubby (Santagata et al., 2001). The potency of differ-
ent AGs to inhibit KCNQ4 correlates with the strength of
PI(4,5)P, binding, derived from their efficacy in displacing
Tubby. Moreover, the susceptibility to AG-induced block of
different KCNQ channel isoforms is in agreement with their
distinct PI(4,5)P, affinities as determined previously using
independent methods (Li et al., 2005; Hernandez et al.,
2009). I , seemed moderately less sensitive to the depletion
of PI(4,5)P, induced by intracellularly applied AGs compared
with recombinant KCNQ4. Different possible explanations
may be considered. First, diffusional access of AGs to the
PI(4,5)P, pool associated with the channels may be restricted
(e.g., by subsurface cisternae, lamellar membrane sheets
that are tightly stacked below the lateral plasma membrane).
However, the localization of KCNQ4 has only little overlap
with the membrane regions associated with cisternae
(Kharkovets et al., 2000). Second, OHCs may possess higher
basal PI(4,5)P, concentrations than mammalian culture cells
such as CHO cells. Finally, the PI(4,5)P, affinity of native
I, channels may differ from recombinant KCNQ4. Pro-
nounced differences between I ,, and recombinant channels
have been noted previously. In particular, native channels
are characterized by a strikingly more negative activation
range and faster kinetics (Kubisch et al., 1999; Marcotti and
Kros, 1999). The present data extend these differences,
suggesting a functional adjustment of KCNQ4 in OHCs
(e.g., by post-translational modification or accessory chan-
nel subunits).

Mechanism of AG Entry into Hair Cells. Inhibition of
I ,, by extracellular neomycin indicated rapid uptake into
the OHC cytosol, supporting the existence of a hair cell-
specific entry pathway for AGs. Uptake of AGs into hair cells
has been determined as the first step leading to the ototoxic
action of AGs (Forge and Schacht, 2000), and two different
mechanisms for entry of AGs into hair cells have been sug-
gested: endocytotic uptake at the apical surface (de Groot et
al., 1990; Hashino and Shero, 1995), or permeation through
the MET channels located in the stereocilia (Marcotti et al.,
2005).

Our data strongly support entry through MET channels:
the rapid inhibition of I ,, and the rapid uptake of fluores-
cent NTR are difficult to reconcile with endocytosis. More-
over, PI(4,5)P, sequestration requires cytosolic localization of
free AGs immediately after uptake, whereas endocytosis
would deliver AGs into the lumen of organelles. Accordingly,
the increase of fluorescence was first detected in the hair
bundle, followed by slower accumulation of NTR in the apical
pole of the OHC. This indicates that the hair bundle, but not
the apical surface, is the site of AG entry. Finally, the ob-
served voltage dependence of entry is consistent with electri-
cally driven permeation.

The mode of AG entry has important implications for the
intracellular concentration that can be reached at a given
extracellular concentration. We show here that some 100 uM
intracellular neomycin is required to substantially inhibit
I ,,. A comparable degree of inhibition resulted from the
application of 1 mM extracellular neomycin. However, sys-
temic administration of AGs yields lower endolymphatic con-
centrations in the micromolar range (de Groot et al., 1990;
Marcotti et al., 2005). Can this result in relevant reduction
of I ,?

In vivo, membrane potential and endocochlear potential
provide a —150-mV electrical driving force for cation entry
into the hair cell, which allows for the generation of huge
concentration gradients. Maximum intracellular concentra-
tion is reached at electrochemical equilibrium, which is quan-
titatively described by the Nernst equation. For a tetravalent
cation such as neomycin (valence 4.5 at pH 7), the calculated
potential intracellular concentration would exceed extracel-
lular concentration by approximately 10'° at an electrical
driving force of —150 mV. Using the dihydrostreptomycin
entry rate estimated by Marcotti et al. (2005) of 0.05 fmol/h
at an extracellular concentration of 1 uM, intracellular con-
centrations of several hundred micromoles may be reached
within hours. Thus, even micromolar endolymphatic concen-
trations can produce intracellular concentrations that result
in massive inhibition of I ,,. It is noteworthy that, because of
the endocochlear potential, the electrical driving force is
much larger in vivo than in the patch-clamp and imaging
experiments presented here, allowing for higher cytoplasmic
accumulation. Yet, cytoplasmic accumulation can be appre-
ciated from NTR uptake, in which intracellular NTR fluores-
cence rapidly exceeds extracellular fluorescence.

Inhibition of Ik, and AG Ototoxicity. Strikingly, the
interaction of AGs with phosphoinositides as a potential
mechanism underlying AG-induced hair cell loss was recog-
nized approximately three decades ago (Lodhi et al., 1980).
Our data now identify KCNQ4, the channel that mediates
I ,,, as a molecular target affected by AG-phosphoinositide
interaction. Other channels present in OHCs were not af-
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fected by aminoglycosides (Supplemental Fig. S1), or their
loss does not affect OHC survival (Vetter et al., 1999; Murthy
et al., 2009). Because it is well documented that I, is
essential for the survival of OHCs (Nouvian et al., 2003;
Kharkovets et al., 2006), it seems likely that AG-induced
inhibition of this current contributes to ototoxicity.

This idea is supported by a conspicuous correlation be-
tween the ototoxic potency of AG antibiotics and their effi-
cacy in inhibiting Iy . Thus, neomycin exhibits higher co-
chleotoxicity than gentamicin and kanamycin in vivo and in
vitro (Lodhi et al., 1980). Likewise, vulnerability to AGs of
the different hair cell types correlates well with the expres-
sion of KCNQ4 and the requirement of KCNQ4 for cell sur-
vival. Most obviously, the highest susceptibility to damage by
AGs is found in OHCs, in which KCNQ4/I ,, provides essen-
tially all of the resting K" conductance (Marcotti and Kros,
1999; Kharkovets et al., 2006). Moreover, the higher vulner-
ability of basal OHCs that results in the characteristic high-
frequency hearing loss upon administration of AGs (Fausti et
al., 1984), corresponds to a base-to-apex gradient of KCNQ4
expression (Kharkovets et al., 2000) and I, conductance
(Mammano and Ashmore, 1996). We have shown previously
that IHC express KCNQ4, in which it contributes to setting
the membrane potential (Oliver et al., 2003). However, IHC
function and survival do not obviously depend on this current
(Nouvian et al., 2003; Kharkovets et al., 2006). In agreement
with this difference to OHCs, IHCs are little, if at all, affected
by AGs (Forge and Schacht, 2000).

A similar correlation is found for vestibular hair cells.
Here, KCNQ4 is specifically expressed in type I but not in
type II cells (Kharkovets et al., 2000). In analogy to cochlear
hair cells, KCNQ4-expressing type I cells are more suscepti-
ble to AG-induced hair cell death (Forge and Schacht, 2000).
It remains to be shown whether KCNQ-mediated currents in
vestibular type I hair cells are inhibited by AGs and whether
KCNQ4 is required for their survival.

Despite these considerations, it seems unlikely that inhi-
bition of Ik, is the unique or predominant cause of AG-
induced hair cell loss. Detailed analyses have demonstrated
that multiple intracellular signaling pathways mediate OHC
death by necrotic and/or apoptotic mechanisms (Jiang et al.,
2006a). Considerable evidence, both from in vitro and in vivo
experiments, points to the generation of reactive oxygen spe-
cies as a major mechanism leading to AG-induced hair cell
loss (Forge and Schacht, 2000). Additional mechanisms such
as phospholipid scrambling triggered by interaction of AGs
with phosphoinositides (Goodyear et al., 2008) may contrib-
ute as well. At present, it is not known how impairment of
KCNQ4-mediated currents leads to OHC loss. However, cel-
lular depolarization may be critical, possibly by initiating
voltage-dependent Ca®* influx (Oliver et al., 2003; Khark-
ovets et al., 2006). Excessive intracellular Ca®* is involved in
triggering several signals that promote cell death (Stefanis,
2005). It is noteworthy that such Ca®*-sensitive signals have
been implicated in AG-induced hair cell death, including the
activation of calpain and subsequent release of cathepsins
(Jiang et al., 2006a). Moreover, increased intracellular Ca®*
can contribute to mitochondrial dysfunction, which is impli-
cated in hair cell degeneration (Dehne et al., 2002).

In conclusion, AG-induced depolarization may add to and
act cooperatively with previously identified mechanisms of
hair cell death. We propose that the dependence of outer hair
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cells on KCNQ-mediated conductances may be an important
determinant of their vulnerability to AGs.

Rescue of I, , by KCNQ Channel Openers. Given that
insufficient KCNQ4 activity leads to the degeneration of
OHCs (Nouvian et al., 2003; Kharkovets et al., 2006), strat-
egies for the prevention of current inhibition might have
important therapeutic potential. Here, we demonstrate that
the chemical KCNQ openers retigabine and zinc pyrithione
enhance I ,, in OHCs and fully reverse inhibition by AGs.

Retigabine is being evaluated for use as an anticonvulsant
drug in clinical trials (Wulff et al., 2009). In addition, poten-
tial clinical applications of retigabine and other recently
identified KCNQ channel activators include treatment of
pain and neuropsychiatric conditions (Wulff et al., 2009). Our
data suggest that KCNQ activators may be evaluated for
antagonism of AG ototoxicity. Despite the requirement of
relatively high concentrations of channel activators (10 uM)
for I , rescue, the recent discovery and ongoing development
of further KCNQ openers (Wulff et al., 2009) seems promis-
ing with respect to compounds with improved potency for I ,,
enhancement. Moreover, the combinatorial action of different
channel openers may increase their therapeutic potential in
inner ear disease. Additive current enhancement by retigabine
and zinc pyrithione was described previously for recombinant
neuronal KCNQ2 channels (Xiong et al., 2008). The combina-
torial effect seems to result from simultaneous binding to dis-
tinct binding sites, and distinct molecular determinants for the
action of each channel opener have been identified (Xiong et al.,
2008). Because the determinant amino acid residues are fully
conserved between KCNQ2 and KCNQ4, we presume that
binding sites and mechanism of action on I , are the same as
identified previously for KCNQ2 channels.

We note that KCNQ4 openers might be useful in further
conditions leading to hearing loss as a result of OHC degen-
eration. It will be interesting to see whether the openers can
rescue the phenotype of human KCNQ4 mutations underly-
ing DFNAZ2, similar to the rescue of epileptogenic mutations
of KCNQ2 (Xiong et al., 2007). Moreover, correlations be-
tween KCNQ4 gene polymorphisms and both age-related and
noise-induced hearing loss have been found (Van Eyken et
al., 2006), suggesting that rather subtle changes in KCNQ4
expression or function may contribute to deafness. Thus,
these frequent conditions might benefit from drugs modulat-
ing KCNQ4-mediated currents. In summary, the present
data suggest that the spectrum of potential therapeutic use
of KCNQ channel activators may include hearing loss.
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