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Cay 1.3 Channels Are Essential for Development and
Presynaptic Activity of Cochlear Inner Hair Cells

Andreas Brandt,' Joerg Striessnig,> and Tobias Moser!
Department of Otolaryngology, Goettingen University Medical School, 37075 Goettingen, Germany, and 2Department of Pharmacology and Toxicology,
Institute of Pharmacy, University of Innsbruck, A-6020 Innsbruck, Austria

Cochlear inner hair cells (IHCs) release neurotransmitter onto afferent auditory nerve fibers in response to sound stimulation. During
early development, afferent synaptic transmission is triggered by spontaneous Ca>" spikes of IHCs, which are under efferent cholinergic
control. Around the onset of hearing, large-conductance Ca®"-activated K™ channels are acquired, and Ca®" spikes as well as the
cholinergic innervation are lost.

Here, we performed patch-clamp measurements in IHCs of mice lacking the Cay 1.3 channel (Cay 1.3 ~/7) to investigate the role of this
prevailing voltage-gated Ca>* channel in IHC development and synaptic function. The small Ca*>" current remaining in THCs from
3-week-old Cay1.3 '~ mice was mainly mediated by L-type Ca>* channels, because it was sensitive to dihydropyridines but resistant to
inhibitors of non-L-type Ca>* channels such as w-conotoxins GVIA and MVIIC and SNX-482. Depolarization induced only marginal
exocytosis in Cay1.3 '~ IHC, which was solely mediated by L-type Ca>* channels, whereas robust exocytic responses were elicited by
photolysis of caged Ca®". Secretion triggered by short depolarizations was reduced proportionally to the Ca®" current, suggesting that
the coupling of the remaining channels to exocytosis was unchanged.

Cay1.3 ™/~ THCs lacked the Ca®" action potentials and displayed a complex developmental failure. Most strikingly, we observed a
continued presence of efferent cholinergic synaptic transmission and alack of functional large-conductance Ca* " -activated K  channels
up to 4 weeks after birth. We conclude that Cay 1.3 channels are essential for normal hair cell development and synaptic transmission.
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Introduction
Inner hair cells (IHCs) of the cochlea are mechanosensory cells
that transform mechanical stimuli into neuronal signals. In con-
trast to other presynaptic elements, hair cell neurotransmission is
thought to mainly rely on L-type Ca** channels (Fuchs et al.,
1990; Roberts et al., 1990; Moser and Beutner, 2000; Platzer et al.,
2000; Spassova et al., 2001). In addition, L-type Ca?" channels
may have a role in hair cell development. Before the onset of
hearing, IHCs fire Ca>™ action potentials (APs) (Kros et al., 1998;
Glowatzki and Fuchs, 2000; Beutner and Moser, 2001), which
drive afferent synaptic transmission (Beutner and Moser, 2001;
Glowatzki and Fuchs, 2002). This presensory activity is probably
important for the development and maintenance of the auditory
pathway (Tierney et al., 1997; Mostafapour et al., 2000).

The activity of IHCs is modulated by efferent cholinergic syn-
aptic input (Glowatzki and Fuchs, 2000) from the superior olive
(Pujol, 1985; Simmons et al., 1996; Bruce et al., 2000), probably
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shaping the IHC output to cause a bursting activity pattern in the
auditory nerve (Lippe, 1994; Walsh et al., 1998). Acetylcholine
(ACh) release causes Ca*" influx through nicotinic alpha9/10
receptors (Elgoyhen et al., 1994, 2001), which in turn activates a
hyperpolarizing current through small-conductance Ca**-
activated K channels in hair cells (Housley and Ashmore, 1991;
Fuchs and Murrow, 1992; Glowatzki and Fuchs, 2000; Oliver et
al., 2000). However, most efferent fibers retract from the IHCs
and synapse onto afferent dendritic endings beneath the IHCs
during normal development (Pujol, 1985; Simmons et al., 1996).

Bursts of APs result in oscillatory changes in cytosolic free
Ca** ([Ca®"];) of IHCs (Beutner and Moser, 2001), which, by
analogy to other cells (Spitzer et al., 1995; Dolmetsch et al., 1998),
could be important signals for gene expression. IHCs undergo
major changes in their expression of potassium channels (Kros et
al., 1998; Marcotti et al., 2003), calcium channels (Beutner and
Moser, 2001), and synaptic proteins (Eybalin et al., 2002) during
development. Some of these important events, like the acquisi-
tion of large-conductance Ca*"-activated K* channels (BK
channels) around the onset of hearing, rely on functional thyroid
hormone signaling (Rusch et al., 1998).

Here, we performed whole-cell recordings of membrane cur-
rent, potential, and capacitance of Cay 1.3 /" mice (Platzer et al.,
2000) to study the effect of a strongly reduced Ca>" channel
density on development and function in IHCs. Cay1.3 /" mice
are deaf and finally undergo degeneration of afferent auditory
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Table 1. Passive electrical properties of Ca, 1.3/~ and wt IHCs at the different postnatal ages

V., (mV) G, (pP) R, (MQ) R, (GCY)
wt, P5-P10 =701 =11 (n=14) 76 +02(n=18) 132 =140 =16) 187 202(n=12)
(av1.37/7, P6—P10 —56.1+24(n=11) 6.9 0.2 (n =30 130 *£1.0(=30 1.66 = 0.2 (n = 15)
Cav1.3_/_, P17-P39 —71.0 £ 1.8 (n = 16) 6.7 = 0.09 (n = 90) wc 11.5 £ 0.5 (n = 68) 26 £02(n=73)
pp:19.1 =17 (n=22)
wt, P24-P31 =771 £ 0.7 (n=15) 120 = 0.57 (n = 17) 17 £16(n=17) 0.40 £ 0.05(n=19)

The data represent mean = SEM for resting membrane potential (V/,,,), membrane capacitance (C,,), series resistance [R,, uncompensated, estimated at 3 min after establishing the whole-cell configuration (wc) or reaching <<30 M€} for
perforated-patch (pp)], and input resistance (R;,) at the different developmental ages pooling over all experiments, except for V,, which was measured in current clamp using solutions II; and lll..

nerve fibers and hair cells (Platzer et al., 2000). Their early post-
natal THCs display a 90% reduction of the Ca®" current. We
show that the absence of Cay1.3 channels abolishes postnatal
Ca®" spiking and impairs THC development. Thus, Ca, 1.3/~
IHCs lacked BK channels and kept their efferent cholinergic in-
nervation up to at least the fourth postnatal week.
Depolarization-induced exocytic increases of membrane capaci-
tance (C,,) were strongly reduced. This afferent synaptic dysfunc-
tion would itself be sufficient to cause the deafness of the mutants
and probably is at the origin of afferent fiber degeneration.

Materials and Methods

Patch-clamp recordings. Cay, 1.3 ~'~ mice (Platzer et al., 2000) (mice were
backcrossed for at least five generations into a C57BL/6N genetic back-
ground) or wild-type mice (wt) (C57BL/6]) of the specified age (see
figure legends) were killed by decapitation, according to national ethical
guidelines. THCs from the apical coils of freshly dissected organs of Corti
were patch-clamped at their basolateral face at room temperature
(20-25°C).

Pipette solutions contained (in mwm): solution I;: 150 Cs-gluconate, 13
TEA-CI, 10 CsOH-HEPES, 1 MgCl,, 2 MgATP, and 0.3 NaGTP, pH 7.2,
for Ba?*—Ca?" current and capacitance measurements; solution II;: 150
KCl, 2 MgCl,, 10 KOH-HEPES, and 2.5 MgATP, pH 7.3, for recordings
of K* currents, APs, mechanoelectrical transduction (MET), and
postsynaptic currents/potentials; for some AP and postsynaptic current
measurements, KCl was replaced by equimolar K +—gluconate; solution
II1;: 120 Cs-gluconate, 20 TEA-CI, 20 CsOH-HEPES, 10 DM-nitrophen,
10 CaCl,, 5 1,3-diamino-2-propanol-N,N,N’,N’-tetraacetic acid, and 1
Furaptra, pH 7.2, for flash photolysis.

Perforated-patch recordings were performed using amphotericin B
(Calbiochem, La Jolla, CA) (final concentration up to 250 ug/ml). For
standard whole-cell experiments 50 um Ca**-free and 50 um Ca?"-
loaded EGTA were added to the pipette unless stated otherwise in the
legends. All pipette solutions had osmolarities between 300 and 320
mmol/l.

The extracellular solutions contained (in mm): solution I.: 105 NaCl,
35 TEA-C], 2.8 KCl, 10 CaCl,, 1 MgCl,, 10 NaOH-HEPES, and 10
p-glucose for Ca** current and capacitance measurements; solution I1,:
95 NaCl, 35 TEA-CI, 2.8 KCI, 20 BaCl,, 1 MgCl,, 10 NaOH-HEPES, and
10 p-glucose for Ba®" -current recordings; solution III: 137 NaCl, 5.8
KCl, 10 CaCl,, 0.9 MgCl,, 10 NaOH-HEPES, and 10 p-glucose for all
other experiments.

Extracellular solutions were adjusted to pH 7.2 for solutions I, and II,
and to pH 7.3 for solution III, and had osmolarities between 300 and 320
mmol/l. Dihydropyridines (DHPs) (Isradipine, kindly provided by No-
vartis, Basel, Switzerland; BayK8644, Sigma St. Louis, MO) were dis-
solved in DMSO (Fluka, Buchs SG, Switzerland) or ethanol at 10 mm
concentration and stored below —25°C. Stock solutions of toxins (w-
conotoxins MVIIC and GVIA; Bachem Biochemica GmbH, Heidelberg,
Germany; SNX-482, Peptide Institute Inc., Osaka, Japan) and Dequal-
inium (Tocris Cookson, Ellisville, MO) were stored below —25°C in
double-distilled water. Tetraethylammonium (TEA)-chloride was ob-
tained from Fluka; fura-2, Furaptra, DM-Nitrophen, and FM1-43 were
from Molecular Probes (Eugene, OR). All other chemicals were obtained
from Sigma. Before the experiments, the drugs were diluted to their final
concentration (see figure legends, solvents not exceeding 0.1%). Solution
changes were achieved by bath exchange or by a local large-tip perfusion

pipette. Cells were voltage- or current-clamped and stimulated electri-
cally or by flash photolysis except for MET recordings, in which a piezo-
driven fluid-jet-stimulation was used (similar to Meyer et al., 1998).
Flash photolysis was performed as described in Beutner et al. (2001). In
brief, we combined short (~1 msec) flashes of ultraviolet light from a
Xenon arc flash lamp (Rapp OptoElectronics, Hamburg, Germany) and
subsequent UV-illumination by a polychromatic light source (TILL Pho-
tonics, Martinsried, Germany) to obtain step-wise increases in [Ca*"]..

Data acquisition and analysis. EPC-9 amplifiers (HEKA, Lambrecht,
Germany) controlled by “Pulse”-software (HEKA) were used for mea-
surements and acquisition. Currents were sampled at 20—40 kHz and
low-pass filtered at 2-5 kHz. We measured C,,, using the Lindau—Neher
technique (Lindau and Neher, 1988), implemented in the software-
lockin module of “Pulse.” A 1 kHz, 70 mV peak-to-peak sinusoid was
applied around a DC holding potential of —80 mV. For the impedance
analysis the reversal potential of the DC current was set to the reversal
potential of the slow tail currents following the depolarizations as de-
scribed before (Moser and Beutner, 2000). For K" current measure-
ments, R, compensation was used (50—60%), and data were off-line
corrected for the remaining voltage error. All K* currents were leak-
corrected using a P/6-protocol. Leak subtraction for Ca**/Ba** currents
was performed off-line, by subtracting a linear function approximating
the current—voltage (I-V) relationship up to ~10 mV below the Ca**
channel activation range for each individual I-V. Table 1 summarizes the
average passive electrical properties of Cay 1.3/~ and wt IHCs at the
different postnatal ages.

All experimental data were analyzed using IgorPro software
(Wavemetrics, Lake Oswego, OR). Membrane capacitance increment
(AC,,) was estimated as the difference of the mean C, after the end of the
depolarization and the mean prepulse C,, (the initial 40 msec after the
depolarization were skipped). All voltages were corrected for liquid junc-
tion potentials. K currents were analyzed by averaging time windows at
1.2 msec for 100 usec (early) and at 140 msec for 9.5 msec (late) of the
time of depolarization for Figure 4 D and by mono-exponential or dou-
ble-exponential fitting (data not shown). Means are expressed = SEM
and were compared for statistical differences using the unpaired ¢ test.

Results

Impaired stimulus-secretion coupling in Ca, 1.3 ™'~ mice
Figure 1 A displays Ca*" currents of representative 3-week-old wt
and Cay 1.3/~ THCs elicited by depolarization to the peak Ca**
current potential. The average current—voltage functions of the
Ca*" currents recorded from wt IHCs (n = 6 cells; hearing:
p20-32) and Cay1.3 /7 THCs (n = 7 cells; p14-32) are com-
pared in Figure 1 B. Together, the data demonstrate the dramatic
reduction of the Ca®" current after genetic ablation of Cay1.3
(~92%). Exocytosis, recorded as membrane capacitance incre-
ments (AC,,) in response to depolarizations of different dura-
tions, was similarly reduced in Cay 1.3 '~ cells (Fig. 1C,D). Two
kinetic components of exocytosis can be discriminated in IHCs,
with the fast one (up to ~20-30 msec of stimulation) mainly
representing exocytosis of the readily releasable pool of synaptic
vesicles (RRP) (Moser and Beutner, 2000). Cay1.3 '~ THCs still
displayed a tiny fast secretory component, which can be appreci-
ated from the example C,, trace in Figure 1C. When the C,,
changes of Cay 1.3/~ THCs were scaled by a factor of 12.8 (re-
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quired to match peak Ca®" currents of wt
and Cay1.3 '~ IHCs) (Fig. 1B), the fast
secretory components of IHCs from both
genotypes overlapped (Fig. 1D, dashed
line). This suggests that the residual Ca**
channels of Cay 1.3 '~ THCs couple to fast
exocytosis with comparable efficacy, pro-
vided that the Ca*" current linearly relates
to RRP exocytosis (A. Brandt and T.
Moser, unpublished observations).

If the reduced depolarization-stimulated
exocytosis of Cay 1.3~/ THCs was solely at-
tributable to the impaired Ca®" influx, they
should secrete normally when bypassing
Ca”" influx by direct elevation of Ca*" at
the release sites. Indeed, flash photolysis of
caged Ca®" stimulated robust AC,, in
Cay1.3 /" IHCs (Fig. 1E), which displayed
two kinetic components as previously de-
scribed for wt mouse IHCs (Beutner et al.,
2001). The total amplitude of the average
AC,, response (1.88 = 0.21 pF; n = 9 record-
ings) was not statistically distinguishable
from the mean amplitude of the wt flash re-
sponses obtained in a previous study (1.52 *
0.09 pF; n = 68 recordings; p > 0.1; ampli-
tude was independent of the flash-induced
[Ca**]; change of at least >10 uMm) (Beutner
et al., 2001). Therefore, the secretory defect
of Cay1.3 '~ THCs is not caused by a lack of
fusion competent vesicles, but is probably
caused by a reduced number of Ca**
channel-coupled release sites. The Ca** sen-
sitivity of exocytosis in Cay 1.3 '~ THCs re-
mains to be investigated in future experi-
ments, including quantification of the flash-
induced [Ca*"]; change.

Developmental changes of Ca** current
density: lack of postnatal electrical
activity in Cay1.3 '~ I[HCs
Here, we tested the Ca®" current density
ofwtand Cay1.3 '~ IHCsat the end of the
first week [postnatal day 6 (P6)], around
and after the onset of hearing (P14-P32).
Cay1.3 '~ IHCs did not display the devel-
opmental increase of membrane capaci-
tance, which is observed in wt IHCs (Table
1) (Beutner and Moser, 2001). This, prob-
ably, indicates that Cay1.3 ~/~ THCs do
not increase in size during development.
Atany age, Ca** current density (Fig. 24,
top panel) and exocytosis (data not
shown) of mutant cells were reduced to
~5-10% of control. The remaining Ca*>"
current density of Cayl.3~/~ IHCs
showed a developmental decrease during
the second postnatal week (Fig. 2A, bot-
tom panel), as had been previously de-
scribed for wt IHCs (NMRI mice) (Beut-
ner and Moser, 2001).

AP firing takes place in immature IHCs
of wt mice (Fig. 2 B) but not in Ca,/1.3 -/
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Figure1. Stronglyreduced Ca* currentand exocytosisin Ca,1.3 ~/~ IHCs. A plots representative Ca " current traces for wt
(P31)and Ca, 1.3~/ (P32) IHCs, which were elicited by step depolarization to the peak Ca?™ current potential (Solutions I, and
| were used for A-D). Data were leak-subtracted using a p/6 protocol. In B average current—voltage relationships (/—V) recorded
from wt (n = 6 cells) and a Ca,1.3 /= (n = 7 cells) IHCs are displayed. The dashed line represents a scaled version of the
Cay1.3 7/~ I-V(scaling factor of 12.8 tomatch peak Ca 2™ currents). C, D, Capacitance responses (AC,, ) to paired depolarizations
tothepeak Ca>™ current potential, spaced 100 msecapart and having variable duration of 10, 20, 50, and 100 msec were recorded
for wt (n = 6 cells; P20—-P32) and (a,1.3 /= (n = 9 cells; P14-P32) IHCs. C shows representative examples of wt and
(ay1.3 7/~ AC,, inresponse toa 2 * 20 msec paired pulse (low-pass filtered at 100 Hz). The bars indicate averages of baseline-
subtracted Ca,1.3 '~ C,, over 400 msec before and 40 —100 msec after the first and second depolarization. Intervals between
the pairs were at least 30 sec to allow for complete recovery of the readily releasable pool (Moser and Beutner, 2000). D plots mean
wt and mutant A, responses to the first depolarization versus the respective duration of the stimuli. £ shows the average AC,,
response of Ca, 1.3 ™ IHCs (n = 9recordings) to flash-phatolysis of caged Ca> . The mean Ca, 1.3 ~/~ A, is displayed along
with its SE.
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Figure2. Developmental changes of Ca®* current density: lack of Ca* spikes in Ca, 1.3 /™ IHCs. A shows mean absolute

(top panel) and normalized (bottom panel, normalized to P6 values) Ca®* current densities for Ca, 1.3 ~/~, (57BL/6), and NMRI
IHCs (the NMRI data set was taken from Beutner and Moser, 2001) at P6 (s = 10; N¢szp1/6) = 23 Neavr.s '~ = 5 1HCS), P10
(nyri = 95 Ncavr3 —— = 71HCs), and P14—P32 (nyrr = 28; Nesza160 = 85 Neavr 3 —— = 81HCS). The top panel highlights the
dramaticreductionin Ca™ current densityin Ca, 1.3~/ IHCs. The bottom panel emphasizes the developmental current density
reduction in all strains investigated. B, Whereas current injection readily triggered APs in wt IHCs (left panel, example is P5), even
strong current injections failed to elicit APs in Ca, 1.3 "~ IHCs (right panel, example is P7). The inset compares the initial rise of
membrane potential of representative wt and Ca, 1.3~/ IHCs after injection of 300 pA.
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IHCs. Current-clamp experiments were performed at the end of
the first postnatal week, when the Ca®" channel density is largest
(Fig. 2 A). In contrast to wt IHCs, we observed only passive mem-
brane charging from a slightly more depolarized resting potential
(Table 1) followed by a repolarization even during strong depo-
larizing current injections (Fig. 2 B). The depolarized V,, was not
caused by increased membrane leak in Ca, 1.3 ~/~ IHCs (Table 1,
R;,). Results similar to those of Figure 2 B were obtained in 15 wt
IHCs and 9 Cay1.3 "/~ IHCs. We conclude that the remaining
Ca** current density was too low to support spiking in
Cay1.3 /" IHCs.

Ca’* channel types involved in the residual Ca** current of
Cay1.3 7/~ IHCs

Next, we investigated which channel types mediate the residual
Ca®" current in Cay1.3 /" IHCs and how they contribute to
stimulus—secretion coupling. To increase the current amplitude,
Ba®" (20 mMm) was used as the permeating ion for the pharmaco-
logical dissection of the remaining Ca>* channels. All experi-
ments were performed between postnatal days 17 and 25. We first
tested the presence of L-type Ca** channels using DHPs, because
the voltage dependence and kinetics of the Ca*" current were
quite comparable between mutant and control IHCs (Fig. 1 A,B).
Figure 3A shows that the DHP agonist of L-type Ca** channels
BayK8644 (5 uM; n = 4 IHCs), which prolongs the mean channel
open time (Brown et al., 1984), strongly increased the Ca*" cur-
rent of mutant IHCs to ~270%. As expected, BayK8644 also
shifted the activation to more hyperpolarized potentials. The
Ba®" current of mutant IHCs was inhibited by the potent DHP
antagonist isradipine (10 um; n = 7 IHCs) to ~40% of control
(Fig. 3A). Application of the subtype-nonspecific blocker of
voltage-gated Ca*" channels Ni** (5 mm; n = 2 IHCs) (Fig. 3A)
abolished DHP-insensitive Ba®" current of Cay1.3 ~/~ THCs,
showing that it was mediated by Ca** channels.

At our holding potential (—86 mV), Cay1.2 channels are
more sensitive to isradipine (complete inhibition by submicro-
molar isradipine) than Cay 1.3 channels (micromolar isradipine
required for full inhibition) (Koschak et al., 2001). To test a po-
tential contribution of Cay 1.2 channels, we subsequently applied
200 nM and 5 M isradipine while recording the Ca®" currents
and exocytic C,,, changes (Fig. 3B) (depolarization to —6 mV,
experiment is representative of two further perforated-patch ex-
periments). The residual Ca?"* current and AC,, of Ca,1.3 7/~
IHCs were only marginally affected by submicromolar isradipine
(200 nMm), arguing against a major contribution of Cay 1.2 chan-
nels. In the presence of 5 uM isradipine AC,, were abolished,
indicating that the remaining Ca>" current did not induce exo-
cytosis, exceeding our detection limit of ~1 fF (~30 fused vesi-
cles, assuming a conversion factor of 37 aF per vesicle) (Lenzi et
al.,, 1999).

We then used peptide toxins to probe the contributions of N-
(Cay2.2), P/Q- (Cay2.1), and R-type (Cay2.3) Ca*>* channels to
the Ba®" current of Cay1.3 /" IHCs. Experiments were per-
formed in both the perforated-patch and whole-cell configura-
tion for each drug. Figure 3C shows averaged I-V relationships of
a representative perforated-patch experiment in which subse-
quent application of w-conotoxin GVIA (1 wwm, inhibitor of
Ca,2.2) and w-conotoxin MVIIC (3 uM, blocking both Ca,2.2
and Cay2.1) failed to reduce the Ba®" current of Cayl1.3 '~
IHCs. This observation was confirmed in three additional
perforated-patch experiments (1 uM w-conotoxin GVIA fol-
lowed by 6 um w-conotoxin MVIIC).

Next, we investigated the presence of R-type (Cay2.3) Ca**
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channels by applying the specific toxin inhibitor SNX-482 (Tot-
tene et al., 2000). No significant differences of peak Ba*" currents
were observed (1 um SNX-482; n = 6 IHCs) (Fig. 3D). Interest-
ingly, the inorganic Ca** channel blocker Ni** caused a signifi-
cant inhibition of the Ca** current at a concentration of 50 um
(~60%; n = 9 IHCs) (Fig. 3D), at which Ni** has been shown to
selectively inhibit R-type Ca*" channels (Gasparini et al., 2001).
Ni®" and isradipine blocked similar amounts of the Ba*" cur-
rents in Cay1.3 /" IHCs. Figure 3D summarizes the effects of
DHPs, peptide toxins, and Ni** (50 uM and 5 mm) on the peak
Ba’" current of Ca, 1.3/~ ITHCs. We compared test and control
responses for each drug. The control data were mainly obtained
from perforated-patch experiments before drug application. To-
gether, these experiments show that the remaining Ca*" current
in Cay 1.3/~ IHCs is mediated by L-type channels and, possibly,
to a lesser extent by R-type channels.

Lack of functional large-conductance Ca**-activated

K* channels

Mature wt IHCs displayed three distinct K* currents (Fig. 4),
which is in agreement with previous reports (Marcotti et al.,
2003; Oliver et al., 2003). Depolarization recruited fast and slow
outward currents (Fig. 4 A). The fast current showed submillisec-
ond activation and was selectively inhibited by low doses of TEA
(5mm) (Fig. 4 B), as has been previously described for Iy (in IHCs
(Kros and Crawford, 1990). This current has been attributed to
large-conductance Ca?"-activated K" channels (BK channels;
Langer et al., 2003). The slow outward current was less sensitive
to TEA but primarily blocked by 4-aminopyridine (data not
shown). This current has been termed Iy ; (Kros and Crawford,
1990) and is thought to be carried by delayed rectifier (Ky) K™*
channels. When clamping mature IHCs close to their resting po-
tential we observed a conductance, which inactivated during hy-
perpolarization (Fig. 4E) and was resistant to tetraethylammo-
nium (TEA) and 4-aminopyridine (data not shown). This
conductance was most likely mediated by KCNQ channels, which
show low voltage activation and set the resting potential of IHCs
(Marcotti et al., 2003; Oliver et al., 2003).

Cay1.3 '~ IHCs lacked fast outward currents at any age that
we investigated (up to P35). Figure 4 A demonstrates the kinetic
and amplitude differences between representative outward cur-
rents of wt (P25) and Cay 1.3/~ (P30) IHCs. The lack of Iy cin
Cay 1.3 ~/~ THCs becomes even more obvious, when the currents
are displayed normalized to their steady-state values (Fig. 4B).
Currents of wt IHCs treated with 5 mm TEA and of Cay1.3 '~
IHC:s greatly overlapped, except for a small, unblocked Iy ; com-
ponent in the wt cells. We did not observe any effect of 5 mm TEA
on the outward current of Cay1.3 '~ IHCs (data not shown).

One might argue that the apparent lack of functional BK
channels from Cay 1.3/~ IHCs was attributable to the reduced
voltage-gated Ca*" influx, which, together with depolarization,
normally coactivates the BK channels (Lewis and Hudspeth,
1983; Art and Fettiplace, 1987). However, we show here that
elevation of [Ca**]; by loading Ca** through the patch pipette (1
mM), which was qualitatively confirmed by fura-2 [Ca**]; imag-
ing (data not shown), did not reveal I ;in Cay 1.3 '~ IHCs (Fig.
4C). In addition, we did not observe submillisecond current ac-
tivation in Cay1.3 /" IHCs even at very depolarized potentials
(+24 mV), at which Iy ¢in excised patches is also activated at low
[Ca?"] (Oliver et al., 2003). We conclude that Ca, 1.3/~ IHCs
lack functional BK channels. -V relationships from wt (n = 5
IHCs; P24—-P29), wt + 5 mMm TEA (n = 2 IHCs; P24, P29) and
Cay1.3 '~ (high Ca?* n = 5 IHCs; P25) IHCs were obtained by
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Figure 3.  Identity and function of the Ca>™ channels in Ca, 1.3 ~/~ IHCs. A plots average
Ba%" current IVs (mean = SEM) of mutant IHCs under control conditions and during applica-
tion of the DHP agonist Bayk8644 (5 wum; n = 4 cells), the DHP antagonist isradipine (10 wum;
n =17 cells), or nickel (5 mm; n = 2 cells). Control /—V/ relationships before application of DHP
agonists and antagonists were pooled. Individual /-V relationships were leak-corrected (see
Materials and Methods). B compares leak-corrected Ca®* currents and corresponding AC,,
recorded in the perforated-patch configuration in response to pairs of 500 msec depolarizations
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time window analysis (Fig. 4 D) and by exponential fitting (data
not shown) to quantitatively confirm this finding. Traces of wt
cells recorded at potentials positive to —45 mV were best fit by the
sum of two exponential functions [activation time constants of
the fast current component (Iy () were <1 msec; those of the slow
current components (I () > 5 msec]. Traces of mutant hair cells
were reasonably well described by single exponential functions,
with time constants of activation similar to I ; of wt cells. Cur-
rent amplitudes of Cay1.3/~ IHCs and TEA-treated wt cells
were similar (Fig. 4B,D), despite the much smaller C, of
Cay1.3 '~ THCs (Table 1), arguing for a compensatory increase
of Ky, current density.

Cay1.3 7/~ THCs also showed KCNQ currents (Fig. 4E).
Analysis of the deactivating current component measured after
stepping from —65 to —125 mV (after 1.5 msec and at steady-
state) revealed comparable mean current densities and deactiva-
tion time constants of wt (7.99 £ 0.79 pA/pF; 17.4 £ 1.3 msec;
n = 6 cells; P25) and Cay1.3 '~ (9.55 = 2.8 pA/pF; 22.1 * 2.6
msec; n = 9 cells; P24—P25) IHCs. Together, these experiments
indicate that Cay 1.3 deficiency causes a selective lack of func-
tional BK channels and a compensatory increase of the mem-
brane density of Ky, channels.

Persistence of cholinergic postsynaptic currents in

Cay1.3 /7 IHCs

Here, we studied the developmental changes of efferent synaptic
signaling in both Cay 1.3 ™/~ and wt IHCs under resting condi-
tions and during high [K ], stimulation. As shown in Figure 54,
spontaneous postsynaptic currents were readily observed in both
groups at the end of the first postnatal week. At holding potentials
negative to Ex © (—80 mV), the postsynaptic signals were inward
currents. At intermediate potentials (slightly positive to Ex ™),
these signals were composed of a brief, initial inward current
followed by a long-lasting outward current (Fig. 5A,C). Figure 5B
displays average current—voltage relationships of the slow current
component recorded from P6 wt IHCs (n = 3 cells) as well as
from P6 (1 = 2 cells) and P35 (n = 3 cells) Cay 1.3 '~ THCs, with
all currents reversing near E, *. We did not obtain any postsyn-
aptic currents in recordings from control IHCs at P25 despite
high K* stimulation (10 mm KCl; #n = 3 cells; data not shown),
which is in line with a previous study on rat IHCs (Glowatzki and
Fuchs, 2000). On the contrary, every Cay 1.3/~ THC tested (n =
14 cells; up to P35) displayed spontaneous postsynaptic currents
(Fig. 5A). Figure 5, Eand F, shows for a representative experiment
that these persistent, postsynaptic currents were inhibited by 300
nM strychnine, blocker of the a9-receptor (Elgoyhen et al., 1994)
or 1 uM dequalinium, blocker of small-conductance Ca**-
activated K™ channels (SK) (Strobaek et al., 2000). These find-
ings were confirmed in three more P30~P35 Cay1.3 '~ IHCs. In
addition, the single event characteristics were comparable among
P6 wt IHCs and Ca,/ 1.3/~ IHCs at P6 and P35 (Table 2). Thus,
our data suggest that the postsynaptic currents of p35 Cay1.3 '~
IHCs are mediated by the same mechanism as in chick cochlear

<«

to —6 mV during subsequent treatment with 200 nm and 5 m of isradipine. C plots average
BaZ™ current /V relationships of a representative perforated-patch experiment in which ap-
plication of 1 um of co-conotoxin (ctx) GVIA was followed by wash-in of 3 wm of w-conotoxin
MVIICwithout any obvious effects on current amplitude or voltage dependence. D summarizes
the mean effects of the specified drugs on the Ca, 1.3 /7 HCs peak Ba 2" current. Each group
of drugs was compared with their own control data acquired in perforated-patch experiments
before the wash-in of the drug. The error probabilities for assuming statistically different mean
amplitudes are provided underneath the plot.
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current measured in IHCs of hearing wt
mice (Fig. 1A,B). This is similar to the cur-

Figure 4.  Lack of functional large-conductance Ca ™ -activated K * channels in Ca, 1.3~/ IHC. A compares representative
current traces of wt (P25) and mutant (P30) IHCs evoked by 150-msec-long step depolarizations to the indicated potentials. In 8
example traces of wt (—23 mV), wt + 5 mmTEA (—23mV), and Ca, 1.3~/ (—25mV) IHCs are shown on expanded time scale
after normalizing them to their steady-state values reached at the end of the depolarization (outside axis, steady-state values
were not reached within the displayed time frame, but see Fig. 4 A) as well as in absolute numbers (inside axis). Normalized and
absolute currents of wt overlap. C shows averaged current traces (mean = SEM) obtained from Ca, 1.3~/ IHCs after depolar-
ization to —8 mV, which had either low (noadded Ca*; 0.1 mm free EGTAin the pipette; n = 3 IHCs) or high (1 mmadded Ca*;
no EGTA in the pipette; n = 5 IHCs) basal [Ca Z+]i. For the latter, the change of intracellular [Ca 2J“]i was qualitatively confirmed
by fura-2 fluorimetry (data not shown). D displays average /- relationships for wt (n = 51HCs; P24 —P29), wt + 5 mm TEA (n =
21HCs; P24, P29),and Ca, 1.3~/ (high Ca™; n = 5 IHCs; P25) IHCs. “Early” and “late” designate the averaging time windows
(shownas gray barsin A) of 1.2 msecfor 100 wsec (mainly representing /y ¢in wt) and 140 msec for 9.5 msec (representing the sum
of all outward currents), respectively. £ plots representative current density traces obtained from wt and mutant IHCs during a
hyperpolarizing voltage step from —65 to — 125 mV. The mean series resistance of all cells included in Figure 4 was 5.6 = 0.3

rent reduction observed in IHCs from
early postnatal Cay 1.3 ~/~ mice (Platzer et
al., 2000). Depolarization-induced exocy-
tosis of Cay 1.3/~ THCs was strongly de-
creased (Fig. 1C,D), confirming the essen-
tial role of Ca®* influx for hair cell
transmitter release (Moser and Beutner,
2000; Spassova et al., 2001). Exocytosis was
abolished when Cay1.3 "/~ IHCs were
treated with micromolar concentrations
of the DHP antagonist isradipine (Fig. 3B),

M) after R, compensation and data were off-line-corrected for the remaining voltage error.

hair cells, mammalian outer hair cells, and immature wt IHCs
(Fuchs and Murrow, 1992; Glowatzki and Fuchs, 2000; Oliver et
al., 2000): transient cholinergic Ca?" influx into the IHCs caus-
ing K" current through SK channels. Figure 5D shows that these
postsynaptic currents induced a brief depolarization followed by
along hyperpolarization in resting P35 Cay 1.3 ~/~ IHCs.

Mechanoelectrical transduction is functional in

Cay1.3 /7 IHCs

Next, we investigated whether mechanoelectrical transduction
(MET) was also impaired in the absence of Ca,1.3. Stereociliar
deflection was achieved by a fluid-jet that was driven by a sinu-
soidal voltage signal. Transduction currents were clearly present
in Cay1.3 /" IHCs. For each recorded cell, driving voltage and
proximity of the fluid jet were optimized to gain the cells’ maxi-
mum MET response. Mean peak transduction currents (P6,
holding potential: —75 mV; 60 Hz stimulation) were —104 *
16.4 pA for Cay1.3 '~ (n = 5 cells) and —99.9 = 10.0 pA for wt

which also blocks most of the Ca®" cur-
rent in wt IHCs (Brandt and Moser, un-
published data). The presence of a small
number of rapidly released vesicles indi-
cates that L-type Ca”" channels remaining
after Ca, 1.3 ablation couple as efficiently to exocytosis as Cay 1.3
itself. We suggest that the strong inhibition of IHC transmitter
release, which itself is a sufficient reason for the deafness of the
mutant, is caused by a reduction of presynaptic Ca*" channel-
coupled release sites.

Flash photolysis of caged Ca®" elicited normal exocytic re-
sponses (Fig. 1 E). This finding of a normal number of fusion com-
petent vesicles is striking, given that recent morphological data sug-
gest a major reduction of synaptic ribbons in Cay1.3 /" IHCs
(Glueckert et al., 2003). It has been suggested that synaptic ribbons
are involved in sustained transmitter release from sensory synapses
as well as in the exocytic responses to flash photolysis (Lenzi and von
Gersdorft, 2001). Possible explanations of our finding include: (1) a
selective defect of exocytosis caused by the reduction of Ca**
channel-coupled release sites (see above) with a normal population
of fusion competent vesicles (docked at and/or outside the active
zone), (2) the presence of a large-scale exocytic process that is not
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related to synaptic transmission. Future — p
measurements of glutamate release from
Cay1.3 ~/~ THCs (Glowatzki and Fuchs,
2002) will be needed to distinguish between
these possibilities.

The Ca** channel-set of the cochlear

inner hair cell

The incomplete blockade of hair cell Ca**
currents by various DHP antagonists of
L-type Ca*" channels has left some uncer-
tainty about the presence of non-L-type g
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schak et al., 2001).

We then used the Cay 1.3/~ mice to
study the contribution of other Ca®"
channels in more detail (Fig. 3). From our
pharmacological analysis we conclude
that ~60% of the residual Ca*" current
is mediated by L-type channels. Involve-
ment of Cay 1.1 channels is unlikely, be-
cause Cay 1.1 activates extremely slowly.
Also Cay 1.2 seems not to contribute substantially, because we
observed only marginal effects of 200 nMm isradipine, whereas
300 nm completely blocks Cay 1.2 channels (Koschak et al.,
2001). Cay 1.4 remains an attractive candidate for several rea-
sons: (1) it is robustly stimulated by BayK 8644 and requires
micromolar concentrations of isradipine for full blockade
(Koschak et al., 2003); (2) Cay 1.4 a1 subunits are expressed in
sensory cells (retinal photoreceptor), where they must also be
able to tightly couple to neurotransmitter release (Bech-
Hansen et al., 1998; Strom et al., 1998); (3) Cay 1.4 channels
inactivate very slowly, similar to the L-type current compo-
nent in Cay1.3 ™/~ mice reported here. This needs to be con-
firmed in future biochemical studies of Ca®" channel subunit
expression.

None of the subtype-specific peptide toxins, w-conotoxin
GVIA, w-conotoxin MVIIC, and SNX-482 significantly blocked
the DHP-insensitive Ca*>* current of Cay, 1.3 ~/~ IHCs. The inhi-
bition by low micromolar Ni** could indicate that it was medi-
ated by R-type channels (Gasparini et al., 2001), which then had
to be insensitive to SNX-482. Highly Ni*" -sensitive R-type cur-
rent components with varying SNX-482 sensitivity have previ-
ously been described (Sochivko et al., 2002). In conclusion, THCs
in addition to Cay 1.3 contain a small number of further L-type
channels of currently unknown molecular identity. A very small
fraction of the Ca*" current of the THCs might be mediated by

Figure5.

aP30(a,1.3 /7 IHC (at

dequalinium 1 pM

Continued presence of postsynaptic responsesin Ca, 1.3 /™ IHCs. A compares representative spontaneous postsyn-
aptic currents of wtand Ca, 1.3 /™ IHCs hefore and after the onset of hearing in wt (potentials are indicated next to the traces).
I-V'relationships of the slow component of the postsynaptic currents are plotted in B. C displays biphasic postsynaptic currents of
—75mV) in more detail. D shows a stretch of a current-clamp V, recording from the same cell asin C,
illustrating the depolarizing onset and hyperpolarizing main component of these postsynaptic potentials. Extracellular applica-
tion of 300 nwi strychnine (P35; £) and dequalinium (1 wum; £; same cell as in £) abolished the postsynaptic currents of Ca, 1.3/~
IHGs. The inhibitory effects of both drugs were reversible.

SNX-482-insensitive R-type channels. N- and P/Q-type Ca*"
channels do not contribute.

Impairment of hair cell development in the absence of
Cayl.37/7
Cay1.3 '~ THCs do not generate Ca®" action potentials (Fig.
2 B), which are a hallmark of normal IHC development (Kros et
al., 1998; Glowatzki and Fuchs, 2000; Beutner and Moser, 2001).
The lack of Ca®" action potentials might be at the origin of some
of the observed developmental defects. Ca*>* action potentials
drive presensory hair cell exocytosis (Beutner and Moser, 2001)
of glutamate (Glowatzki and Fuchs, 2002) and possibly neurotro-
phic factors (for review, see Rubel and Fritzsch, 2002), which is
probably required for synaptogenesis and maintenance of affer-
ent synapses and neurons during development. Indeed, the first
signs of afferent dendrite degeneration are visible by electron
microscopy of Cay 1.3 '~ organs of Corti already at the end of the
first postnatal week (Glueckert et al., 2003). It is likely that the
defective afferent synaptic transmission and the subsequent de-
generation of afferent dendrites lead to the persistent olivoco-
chlear cholinergic input into Cay1.3 ' THCs (Glueckert et al.,
2003) (Fig. 5). The signaling mechanism that causes efferent ter-
minals to give up their axosomatic synaptic contacts with ITHCs
and to form axodendritic synapses with the afferent fibers during
normal development remains to be characterized.

Postnatal Ca*™ spikes or the presence of Cay 1.3 channels in
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Table 2. Analysis of postsynaptic currents
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Peak amplitude at —90 mV (pA)

Peak amplitude at —40 mV (pA)

Halfwidth at —90 mV (msec) Charge at —90 mV (pC)

wt, P6 —113 £ 242 (n = 40) 311853 (n=15)
@137/7,pP6 —11.5 £ 032 (n = 445) 233+ 1.83(n=95)
Ga,137/7,p35 —10.0 £051(n=79) 15.8 =220 (n = 42)

540 = 1.74 (n = 36)
43.2 = 1.04 (n = 410)
31417400 =79

0.71£0.21(n = 15)
0.54 £ 0.02 (n = 77)
0.34 £ 0.04 (n = 36)

Peaks had to exceed at least three times the SD of the actual current trace to be accepted and were analyzed by a custom software programmed in IgorPro.

the plasma membrane itself are essential for the acquisition of
functional BK channels during hair cell development. It is un-
likely that experimental conditions prevented the detection of BK
currents in Cay 1.3/~ IHCs. We never observed submillisecond
activation of outward currents in Cay1.3 ~/~ THCs even at very
depolarized potentials (+24 mV) and did not find any change in
activation kinetics after including 1 mm Ca”* into the pipette.
Therefore, the absence of BK current in Ca,/1.3 ~/~ IHCs reflects
alack of functional BK channels rather than a defective BK chan-
nel activation caused by reduced Ca*" influx.

The regenerative [Ca®"] changes of immature IHCs could
coregulate the BK channel expression together with thyroid hor-
mone (which is normal in Ca,/1.3 ~/~ mice; Platzer et al., 2000).
However, it currently seems more likely that the lack of BK cur-
rent in Cay1.3 /™ IHCs is not caused by defective gene expres-
sion. Preliminary data obtained by in situ hybridization suggests
the presence of BK channel mRNA in Cay 1.3/~ IHCs (Waka et
al., 2003). Alternatively, BK channels may not get sufficiently
targeted or anchored at the hair cell plasma membrane in the
absence of Ca, 1.3. Future experiments will be required to clarify
the exact mechanism by which Cay 1.3 Ca** channels regulate
the abundance of functional BK channels in IHCs.

Clinical implications of the Cay 1.3/~ phenotype

So far, no human hereditary deafness has been reported to result
from a channelopathy of Ca, 1.3. This is in contrast to the visual
system, where mutations in the gene coding for the retinal L-type
Ca** channel (Cayl.4) cause X-linked congenital stationary
night blindness (Bech-Hansen et al., 1998; Strom et al., 1998).
Defects of IHCs, their synapses or the auditory nerve are believed
to cause a specific type of hearing impairment called auditory
neuropathy. It includes a large variety of pathological conditions
ranging from hereditary IHC lesions to demyelinating disease
(Doyle et al., 1998; Brown and Dort, 2001; Lesinski-Schiedat et
al., 2001; Varga et al., 2003). The “early” Ca, 1.3/~ mouse re-
sembles a synaptic model of auditory neuropathy, as the blockade
of hair cell afferent synaptic transmission represents the primary
defect before degeneration of afferent fibers and outer hair cells
eventually occurs. Further genetic analysis of hearing-impaired
families will be required to explore whether mutations in the gene
coding for Cay 1.3 cause human auditory neuropathy.
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