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Acetylcholine-Induced Potassium Current of Guinea Pig
Outer Hair Cells: Its Dependence on a Calcium Influx through

Nicotinic-Like Receptors
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The cholinergic efferent inhibition of mammalian outer hair cells
(OHCs) is mediated by a hyperpolarizing K* current. We have
made whole-cell tight-seal recordings from single OHCs iso-
lated from the guinea pig cochlea to characterize the mecha-
nism by which acetylcholine (ACh) activates K™ channels. After
ACh application, OHCs exhibited a biphasic response: an early
depolarizing current preceding the predominant hyperpolariz-
ing K* current. The current-voltage (I-V) relationship of the
ACh-induced response displayed an N-shape, suggesting the
involvement of Ca®* influx. When whole-cell recording was
combined with confocal calcium imaging, we simultaneously
observed the ACh-induced K™ current (/acry) and a Ca®*
response restricted to the synaptic area of the cell. This /,acry
could be prevented by loading OHCs with 10 mm of the fast
Ca®* buffer bis(2-aminophenoxy)ethane-N,N,N’,N'-tetra-acetic

acid (or BAPTA), therefore allowing the observation of the
ACh-induced early current in isolation. This early current re-
vealed nicotinic features because it activated with an intrinsic
delay in the millisecond range, reversed nearly in between
potassium and sodium equilibrium potentials, and was blocked
by curare. However, it was strongly reduced in the absence of
external Ca®*, and its /-V relationship displayed an unusual
outward rectification at positive membrane potentials and an
inward rectification below —60 mV. The results indicate that the
cholinergic response of mammalian OHCs involves a “nicotinic-
like” nonspecific cation channel through which Ca* enters and
triggers activation of nearby Ca®*-dependent K* channels.

Key words: outer hair cell; Ca®"; acetylcholine; nicotinic re-
ceptor; Ca® " -activated K channel: caged-Ca®™; Fluo-3; patch
clamp; confocal microscopy

In the mammalian cochlea, outer hair cells (OHCs) receive an
inhibitory efferent innervation (Galambos, 1956) that is essentially
cholinergic (Bobbin and Konishi, 1971; Norris and Guth, 1974)
(for review, see Eybalin, 1993). Recently, Housley and Ashmore
(1991) have shown that acetylcholine {(ACh) activates a hyperpo-
larizing K™ current (Ixscny) in isolated mammalian OHCs. Be-
cause I acny Was prevented in a Ca®"-free extracellular medium
and showed short latency, Housley and Ashmore (1991) suggested
the involvement of Ca®* influx, through cholinergic ionotropic
receptors, which in turn activates K* channels. More recently,
Eréstegui et al. (1994a,b) provided additional data supporting a
Ca?* influx.

To date, however, there is no direct evidence of an ACh-
activated ionotropic current in mammalian OHCs. Kakehata et al.
(1993) have reported results supporting the existence of a metabo-
tropic receptor linked to calcium mobilization via the inositol
triphosphate (IP;) cascade. An ACh-activated ionotropic current
has been demonstrated and characterized in avian hair cells by
Fuchs and Murrow (1992a,b). Although pharmacological studies
have demonstrated that the ACh responses of both mammalian
and avian hair cells display similar mixed nicotinic-muscarinic
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features (Housley and Ashmore, 1991; Fuchs and Murrow, 1992b;
Eréstegui et al., 1994a), it is worth mentioning that avian hair cells
differ greatly from mammalian OHCs. In particular, chick hair
cells encode for low acoustic frequencies (=5 kHz) and show
electrical tuning (Fuchs et al., 1988). In contrast, mammalian
OHCs do not display electrical resonance but have unique fast
electromotile properties that are believed to be the basis of the
cochlear amplifier (Brownell et al., 1985; Ashmore, 1987).
Interestingly, Elgoyhen et al. (1994) have discovered recently a
novel nicotinic ACh receptor subunit a9 that, when expressed as
homomeric complex, displays an unusual pharmacological profile
similar to that seen in hair cells. Using in situ hybridization,
Elgoyhen et al. (1994) also provided evidence for a9 gene expres-
sion in rat OHCs. Although these observations strongly argue in
favor of the nicotinic nature of the cholinergic receptor of mam-
malian OHCs, this remains unproved because a cholinergic iono-
tropic current has not been observed in these mammalian cells.
The aim of our study, therefore, was to characterize further the
cholinergic response of guinea pig OHCs by determining whether
an ACh receptor channel is involved. Using the whole-cell patch-
clamp technique, we show that, in mammalian OHCs, ACh in-
deed activates nonspecific cation channels sensitive to curare.
Calcium influx, probably through these ligand-gated channels,
secondarily activates a much larger Ca®"-dependent K™ current.
Parts of this work have appeared previously in abstract form
(Blanchet and Dulon, 1993, 1994a,b; Blanchet et al., 1995).

MATERIALS AND METHODS

OHC preparation. OHCs were isolated in a previously described manner
(Dulon et al., 1990). Briefly, young adult pigmented guinea pigs (weight
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Table 1. Compositions of intracellular solutions, liquid junction potentials (V ), and cell resting membrane potentials (V)

1 2 3 4 5 6
Solution number KGlu KCl CsCl DM-n BAPTA 5 BAPTA 10
Corresponding figures 1 2 3 4,5 6,7,8
K-gluconate (mm) 140 21 125
KCl (mm) 24 150 50 126 150 20
K,SO, (mm) 10
CsCl (mm) 100
NaCl (mMm) 2 2
NaOH 30
MgSO, (mm) 2 2
MgCl, (mm) 2 2 2 2
CaCl, (mm) 1
DM-nitrophen (mm) 5
EGTA (mM) 1.1 1.1 11
BAPTA (mMm) 5 10
D-glucose (mM) 10 4 0.5 1
HEPES (mm) 5 5 5 5 5 5
Vi 5 (mV) +11 -2 -3 +2 -2 +14
Vg (mV; mean + SD) —634 =102 ~59.1 %8 -333+73 -61.1 £ 9.6 —62.7 %76 —64.8 + 10.9
n =252 n =15 n=16 n =47 n=9 n =32

Osmolality of intracellular solutions was adjusted to ~300 mOsm and pH to 7.20. Each liquid junction potential is given as the potential of the bath with respect to that inside

the pipette.

180~300 gm) were deeply anesthetized with an intramuscular injection of
0.3 ml of a mixed solution of 2/3 ketamine hydrochlorate (50 mg/ml;
Ketalar, Parke-Davis, Courbevoie, France) and 1/3 xylazine (2%;
Rompun, Bayer, Leverkusen, Germany) before killing. The tympanic
bullas were removed and opened in HBSS (in mm: Ca™t. - 2H,0 1.25,
glucose 5.55, MgSO, 0.81, KH,PO, 0.44, NaCl 136.9, Na, 20, 0.34, and
KCl 5.4; Sigma, St. Louis, MO). Osmolality of that extracellular medium
was adjusted to 300 = 2 mOsm/kg H,O with NaCl, and pH-buffered at
7.40 with 5 mm HEPES (Sigma) and NaOH. Each turn of the organ of
Corti was dissected and transferred into separate 50 ul droplets of HBSS
containing 0.5 mg/ml collagenase (type IV, Sigma). After 15 min of
incubation with collagenase, trypsin (type III-S, Sigma) w-< added to the
droplets for 5 min at a final concentration of 300 pg/ml.  :en the pieces
of the organ of Corti were transferred into 50 ul droplets of HBSS on the
middle of glass coverslips sealed on the perforated bottom of petri dishes.
Cells were mechanically dissociated by gentle flux and efflux by means of
a Gilson 100 pipette (Gilson Medical Electronics, Villiers-le-Bel, France)
and allowed to settle down onto the glass coverslips during 30 min in a
humid chamber. Finally, the petri dishes were filled with 3—4 ml of HBSS.
The morphological criteria that allowed us to distinguish healthy OHCs
have been described previously in detail (Dulon et al., 1990, 1991).

Electrophysiological recordings. Patch-clamp recordings were performed
in tight-seal whole-cell configuration (Hamill et al., 1981) by means of an
Axopatch-1D amplifier and a CV-4 1/100 headstage with a 500 M
feedback resistor (Axon Instruments, Foster City, CA). Output analog
signals of the amplifier, filtered with an 80 dB/decade low-pass Bessel
filter with —3 dB frequency at 5 kHz, were converted to digital signals by
a 12-bit acquisition system TL-1/Lab Master (Scientific Solutions, Solon,
OH) connected to a 486DX2 computer. ACh-evoked responses under
voltage- or current-clamp conditions were recorded and analyzed with
Axotape software (Axon Instruments).

The recording patch pipettes were pulled from borosilicate glass type
GC150TF-10 (Clark Electromedical Instruments, Pangbourne, UK) us-
ing a Sachs-Flaming micropipette puller (model PC-84, Sutter Instru-
ments, Novato, CA). They were back-filled with various internal solutions
(see Table 1) and had resistances ranging from 3 to 6 M{}. Capacitive
currents were electronically compensated, and whole-cell capacitance
ranged from 5 to 36 pF (17.9 * 6.8 pF; mean + SD; n = 171). Voltage
errors attributable to uncompensated series resistance (17.8 = 7.4 M(};
n = 171) and to liquid junction potentials (V;; see Table 1) were
corrected for during data analysis.

Whole-cell tight-seal recordings were essentially made from OHCs
isolated from the second and third turns of the cochlea. As described

previously (Santos-Sacchi and Dilger, 1988; Housley and Ashmore, 1992;
Eréstegui et al., 1994a), these cells displayed low zero-current potentials
immediately after establishment of the whole-cell configuration and
reached stable resting potentials (V; see Table 1) within a few minutes.

Calcium imaging using Fluo-3. In one set of experiments, calcium
imaging was simultaneously conducted with whole-cell recording. The
calcium dye Fluo-3 (Molecular Probes, Eugene, OR) was loaded into the
cell through the patch-pipette at a concentration of 100 um. The fluores-
cence of Fluo-3 was imaged using a confocal laser scanning microscope
(CLSM; Odyssey, Noran Instruments, Middleton, WI) working at video
rate (25 Hz) as described previously (Dulon et al., 1993b, 1994, 1995).
The confocal system was attached to a Leitz fluovert inverted microscope
(Leitz, Wetzlar, Germany) and was equipped with an argon ion laser and
a fluorescein filter cartridge. The laser beam was focused by a 60X
objective lens (Olympus Plan-Apo, numerical aperture 1.4; Olympus
Optical, Tokyo, Japan), and fluorescence was reflected by a dichroic
mirror to the photomultiplier through a 50 um slit, allowing optical
sections of ~1 um thickness. The video detector output was recorded on
a tape recorder (U-Matic VO-5800PS, Sony, Tokyo, Japan) and subse-
quently analyzed using the image processing and analysis system Image-1
(Universal Imaging Corporation, West Chester, PA). Although Fluo-3
fluorescence does not provide quantification of intracellular concen-
tration of Ca”*, in combination with confocal microscopy it does al-
low determination of temporal and spatial variations of cytosolic free
calcium.

Caged-probes experiments. DM-nitrophen (Calbiochem, La Jolla, CA) is
a caged-Ca®" chelator for which the K, for Ca?* increases after ultravi-
olet (UV) illumination. Caged-IP; (Calbiochem) is another caged-
compound that rapidly releases active IP; when exposed to UV irradia-
tion. Experimental protocols were similar to previous studies in which
effective photoactivation of caged-probes was controlled (Dulon et al.,
1993a, 1994, 1995). Because our internal solutions contained 5 mm
HEPES, we assumed that photolysis of caged-probes did not affect
intracellular pH. The light source for flash photolysis was a 100 W
mercury arc lamp (HBO 100W/2, Osram, Berlin, Germany). The output
of the lamp was focused to the cells through a 60X objective lens via the
epi-ilumination pathway from the rear port of the inverted microscope.
The output of the mercury lamp was filtered through a filter cube A
(Leitz) for excitation at 340-380 nm. The duration of the UV exposure
(20-200 msec) was controlled with a Vincent Associates Uniblitz electri-
cal shutter (Rochester, NY) mounted in front of the lamp housing. To
avoid mechanical vibrations induced by the shutter, the latter was not
physically connected to the microscope. The UV flashes were generally
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Figure 1.
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The biphasic nature of OHC response to ACh. a, Photomicrograph of a patch-clamped OHC. OHCs were usually patched in the nuclear region

or below, and ACh was puff-applied toward the base. b, Current and voltage responses to ACh (100 un) of another patch-clamped QHC. Top trace, Under
voltage clamp at —61 mV, ACh induced a long-lasting outward current preceded by an early inward current. Bortom trace, Under current clamp at resting
membrane potential (—54 mV), ACh produced a long-lasting hyperpolarization preceded by a brief depolarization. The cell was dialyzed with the “KGlu”

solution 1.

evoked >3 min after establishment of whole-cell configuration, thereby
allowing caged-probes enough time to dialyze into the cell. We deter-
mined that, in the absence of caged-probes, our brief UV illuminations
had no effect either on the holding current or on the ACh-induced
current.

Drugs and test solution applications. Isolated OHCs were maintained in
HBSS extracellular medium in all experiments. ACh-containing solutions
were applied extracellularly by using a pressure puff ejector (Picospritzer
II, General Valve, Fairfield, NJ) via a glass pipette. These puffer pipettes
were pulled similarly to the recording patch pipettes and were held —10
pum away from the base of the cells. The delay for drugs to reach the cell
ranged from 5 to 50 msec as estimated by either junction potential change
or cell depolarization induced by high K™ solutions. Current or voltage
responses to high K solutions were found stable until the offset of the
puff and from one stimulation to the next. We assume, therefore that in
each experiment the puffer application was constant over time and that
no mixing between test and bath solutions occurred with time of appli-
cation. However, because the cells were immersed in a large volume of
culture medium (3—4 ml), the small amount of drug applied to the cells
can be considered to be rapidly diluted after the offset of pressure
application. ACh was freshly diluted at a final concentration of 100 or 200
pM, doses that have been shown to provoke maximum responses
(Housley and Ashmore, 1991). Charybdotoxin (1.2 uM; Latoxan, Rosans,
France) and tetraethylammonium chloride (TEA; 10 mMm) were applied
similarly to ACh.

The ACh antagonist D-tubocurarine (D-TC) was freshly diluted in
HBSS at a final concentration of 10 uMm and was applied by gravity using
a U-tubing system, which allowed the change of extracellular medium
surrounding the recorded cell within 500 msec. Particular care was taken
to avoid mechanical displacement of the recorded OHCs during applica-
tion of test solutions. Cell and puff pipette positions were continuously
controlled throughout experiments by means of a charge-coupled device
video camera (VCB-3512P, Sanyo Electric, Tokyo, Japan), except during
fluorescent measurements. All chemical reagents were purchased from
Sigma unless stated otherwise. All of the experiments were performed at
room temperature (20-22°C).

RESULTS

Response of OHCs to ACh

Current and voltage response

Pressure-puff application of ACh (100-200 um) activated a hy-
perpolarizing current with an average delay of 30 msec (from 10
to 140 msec) in 109 OHCs loaded with any of solutions 1-4 (see
Table 1). Interestingly, the hyperpolarizing current was preceded
by an early depolarizing current in some records (n = 35 cells; Fig.
1). This biphasic nature of the ACh-induced response could be
observed only if the puff pipette was placed <15 pm away from
the base of the cells and particularly at membrane potentials close
to the reversal potential of the ACh-induced hyperpolarizing
current (E,..; see Fig. 2). When using the KGlu intracellular
solution 1, E,_, occurred at —73.4 + 2.2 mV (mean = SD; n = 12
cells). In those conditions, the calculated equilibrium potentials
for potassium (Ey) and chloride (Eq) were —84 and —42 mV,
respectively. When using the KCI intracellular solution 2, the
ACh-induced hyperpolarizing current reversed in sign at —70.4 *
2.5 mV (mean + SD;n = 7 cells; Fig. 2) and E. and £, were —82
and +1 mV, respectively. Otherwise, when E, was set to —54 mV
using the CsCl intracellular solution 3, E, ., was found at —42.2 +
2.6 mV (mean * SD; n = 7 cells; see Fig. 3). This indicates that,
in OHCs, K™ ions were the major charge carriers of the ACh-
induced hyperpolarizing current, whereas chloride ions seemed
not to be involved. The positive shift of £ ., from Ey probably
arose from the contribution of the underlying early depolarizing
current.

Current-voltage (1-V) relationship of the ACh-evoked current

Membrane currents elicited by ACh were studied as a function of
holding membrane potential (V},,) with CsCl internal solution 3,
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Figure 2. The ACh-induced response is carried mainly by K* ions.
Current and voltage responses to ACh (100 M) reversed in sign near the
calculated K™ equilibrium potential (Ex = —82 mV). a, Voltage responses
to ACh of an OHC injected with the listed clamping currents. Note that
the initial depolarization was more evident near the reversal potential
(Erey = —72 mV in this cell). b, Current responses to ACh of another
OHC clamped at the listed holding membrane potentials. Note that the
early inward current was more largely unmasked near E,, (—68 mV in this
cell). Both OHCs were loaded with the KCl solution 2.

which was found to allow extended recordings at positive mem-
brane potentials (Fig. 3). In the voltage range of —65 to —5 mV,
ACh-induced current varied quite linearly and reversed in sign
near Ex = —54 mV (E,., = —47 mV) as expected for a K*
current (ACh-induced current was clearly biphasic at —46, —41,
and —37 mV, and peak amplitude was then measured on the late
outward current). Between V,, = —5 and +20 mV, ACh-induced
current strongly diminished in amplitude and its rate of rise
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Figure 3. The I-V relationship of the ACh-induced current displays an
N-shape. ACh-induced current was examined as a function of membrane
potential in one OHC loaded with internal CsCl solution 3. a, Currents
evoked by ACh at the listed membrane potentials. Records are displaced
vertically from one another for clarity. b, Peak amplitude of ACh-evoked
currents in 4, and others are plotted as a function of membrane potential.
The smooth curve was fit by eye.

slowed (see Fig. 3a, +11mV"). Additionalily, we noticed that as the
cell was depolarized from —65 to +20 mV, the ACh-induced
current deactivated faster after the puff stop. Finally, when V,
was positive to +20 mV, ACh-induced current grew again with a
fast rate of rise and desensitized strongly during ACh application.
As a result, the I-V relationship of the ACh-induced current
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displayed an N-shape. Such an I-} relationship was clearly ob-
served in 5 cells loaded with CsCl solution 3, peak current ampli-
tudes reaching a maximum between —15 and 0 mV and a mini-
mum between +10 and +25 mV. Furthermore, 4 OHCs dialyzed
with KGlu solution 1 (see Table 1), but that could not be tested
for extended positive membrane potentials, showed I-} relation-
ships with a bell shape. The N-shaped I-V relationship of the
ACh-induced current is reminiscent of that displayed by some
Ca”"-dependent K™ currents activated secondarily to Ca®™ influx,
the decrease in amplitude of K™ current at depolarized mem-
brane potentials proceeding from the diminishing driving force on
Ca®" (Meech and Standen, 1975; Fuchs and Murrow, 1992a;
Housley and Ashmore, 1992).

These observations have led us to examine the Ca®** depen-
dence of the late-hyperpolarizing K* current activated by ACh in
OHCs (Ixacny)-

Involvement of Ca?* in the response to ACh

Calcium imaging

In a first set of experiments, we combined whole-cell patch-clamp
recording with calcium imaging by means of the fluorescent cal-
cium probe Fluo-3 and CLSM. Fluo-3 was added to the DM-n
solution 4 (sce Table 1) at a final concentration of 100 uMm and
thus dialyzed into the cell by means of the patch pipette. ACh (200
puM) was applied onto 10 OHCs while Fluo-3 fluorescence and
ionic currents were simultaneously recorded. Neither current nor
Ca?" responses were elicited in 4 cells. On the other hand, in 5 out
of the 6 other cells that displayed I scn) @ concomitant Ca**
response was clearly observed (Fig. 4). However, rises in intracel-
lular Ca®" appeared small and restricted to the synaptic region of
OHCs as determined by measuring Fluo-3 fluorescence in various
windows (16-36 um?) placed over different regions of the cells
(Fig. 4a,b). Otherwise, we used as a positive control the caged-
Ca®" chelator DM-nitrophen, for which the K, for Ca** strongly
increases after UV illumination (Kaplan and Ellis-Davies, 1988;
Dulon et al., 1994, 1995). UV photolysis of intracellularly dialyzed
DM-nitrophen (see DM-n solution 4, Table 1) triggered simulta-
neously a hyperpolarizing current and a Ca®" response in the 5
OHCs tested (data not shown). Unlike the ACh-evoked Ca**
response, the Ca** jump after DM-nitrophen photolysis was large
(in the micromolar range) and concerned the whole cell, as
described previously (Dulon et al., 1994, 1995). In one OHC that
could be successively stimulated with ACh and DM-nitrophen
photolysis, the ACh-induced Ca®* response revealed by Fluo-3
fluorescence was clearly small and restricted compared with that
induced by DM-nitrophen photolysis (data not shown).

In separate experiments, we tested the possible involvement of
Ca®" release from intracellular stores via the IP, pathway in the
ACh response, as suggested by Kakehata et al. (1993). For that
purpose, we loaded cells, via the patch pipette, with caged-IP;
(20-50 uM), which releases rapidly active IP; after UV photolysis
(Walker et al,, 1989). Intracellular photoreleased IP; did not
trigger any detectable Ca®* response, current activation (n = 12
cells), or any modification of Iy acpy (7 = 2 cells). As positive
controls, large, transient rises in intracellular free Ca®>" have been
recorded in Deiters’ supporting cells subsequent to IP; photore-
lease in similar experiments (Dulon et al., 1993a).

Ca’* photorelease from DM-nitrophen

The ability of Ca®* photorelease to activate Ca>*-sensitive chan-
nels (Kaplan and Ellis-Davies, 1988; Lancaster and Zucker, 1994;
Dulon et al., 1995) was used to study more directly the Ca**
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Figure 4. ACh triggers a localized calcium response concomitant to
current activation. The fluorescent probe Fluo-3 (100 pum) was added to
DM-n solution 4 and dialyzed into the cell via the patch pipette. 4,
Optically sliced image (~1 um thick) of the Fluo-3 fluorescence from a
40-pm-long OHC. Changes in fluorescence were monitored in windows /
and 2 (4 X 4 um?) situated at the basal pole of the cell just above and
below the nucleus, respectively. b, ACh (200 uM, 2 sec) induced a small
Ca** response restricted to the synaptic region of the cell (window 2 in a).
Changes in intracellular free Ca®" level were monitored and averaged
every 450 msec in windows / and 2 using the fluorescence of Fluo-3
(expressed here in arbitrary units). ¢, Simultaneously in the same cell, ACh
triggered an outward current (V,, = —50 mV). To avoid fluorescence
artifacts caused by cell displacement, the puff pipette was placed ~30 um
away from the cell base.



Blanchet et al. » Cholinergic Responses of Outer Hair Cells

a)

84 s

uv

ACh

J. Neurosci., April 15, 1996, 16(8):2574-2584 2579

140 s
ACh ACh

UV
IZOOpA
4 s

[=0

Figure 5. Relationships between the ACh-induced current and the current activated by Ca**

photorelease. The caged-Ca®* chelator DM-nitrophen, for

which the K, for Ca®* increases on UV photolysis, was used as the calcium buffer of internal DM-n solution 4. @, The ACh-induced current was not

additive to the Ca?"-activated K™ current triggered by DM-nitrophen photolysis. V,, =

-39 mV; ACh: 200 uM, 2 sec; UV: 20 msec. The three traces were

recorded successively and spaced by 84 and 115 sec as indicated. b, The Ca**-activated K* current triggered by DM-nitrophen photolysis was additive

to the ACh-induced current. V, =

—41 mV; ACh: 200 uM, 2 sec; UV: 100 msec. The three traces were recorded successively and spaced by 140 and 189

sec as indicated. a and b were obtained from two different OHCs. Dotted lines indicate zero current level.

dependence of the cholinergic response. From 47 OHCs loaded
with DM-n solution 4 (see Table 1), UV photolysis of DM-
nitrophen was performed in 31 cells and triggered a hyperpolar-
izing current in all of them, even if they were not responsive to
ACh. This photoactivated current appeared to be carried mainly
by K" ions (E,., = —76 * 4 mV; mean = SD; n = 7 cells; E,, =
~84 mV) and was sensitive to both TEA (10 mm; n = 5 cells) and
charybdotoxin (1.2 uM; n = 2 cells; data not shown). After these
observations, we studied the relations between I acpy and Ca’”-
activated K* current triggered by Ca>* photorelease (/, k(cay) (Fig.
5). For that purpose, we used short UV flashes (20-200 msec) to
allow recovery of responses, and we applied ACh at 200 um, which
is above the concentration required for maximum response (Hou-
sley and Ashmore, 1991). When ACh was puffed during the
photoactivated Iy(c,y fxacny Was strongly reduced compared
with controls (Fig. 5a). This behavior was clearly observed in 4
cells. Two hypotheses, which do not exclude each other, could
explain I s cpy reduction: (1) most of ACh-related K™ channels
were already activated by the Ca®" jump before ACh application;
and/or (2) intracellular Ca** exerts an inhibitory effect on the
ACh response.

Within the framework of experiments with DM-nitrophen, we
also tested the effect of a Ca®" photorelease during Ixacn)
activation (Fig. 5b). It then appeared that UV flash triggered a

large outward Iy c,y additive to Ixcacny (7 = 6 cells). This sug-
gests that ACh could not activate all of the Ca®*-activated K*
channels of OHCs.

Prevention of lxycyy activation

Two other methods were used to verify the activator role of Ca®*
in the cholinergic response. First, when ACh was applied to OHCs
in a Ca®*-free saline (substituted with Mg>*), I acy, Was inhib-
ited compared with pre- and post-controls in normal external
solution (n = 4 cells; data not shown). In these conditions, no
inward current was unmasked, as described previously by Housley
and Ashmore (1991). Second, we used the fast Ca®* buffer bis(2-
aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid (BAPTA) in
place of EGTA in the internal solution. BAPTA has more rapid
binding kinetics with Ca®* than does EGTA (Tsien, 1980) and
was reported to prevent activation of I acy,) in avian short hair
cells (Fuchs and Murrow, 1992a). When OHCs were loaded with
5 mm BAPTA (solution 5, Table 1), activation of Iy scp,) Was not
prevented (n = 9 cells), but the early inward current preceding
I acny was more frequently recorded than with any of the solu-
tions 1-4. However, when OHCs were dialyzed with the internal
solution 6 containing 10 mM BAPTA (see Table 1), activation of
Ix(acny Was prevented in 30 of 32 responsive cells, confirming that
I (acny flows through Ca®*-activated K™ channels.
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Nature of the early current

Isolation of the early current

Loading OHCs with BAPTA 10 solution 6 prevented /g acny and,
interestingly, allowed the examination of the early current acti-
vated by ACh (I scp) in isolation (Fig. 6-8). Contrary to I acny
the early current displayed no rundown but displayed long-lasting
desensitization. Indeed, ~1 min between two successive applica-
tions of ACh (100 um) was necessary to allow complete recovery
of I.cachy- Figure 6a shows that I scp) activated rapidly and
desensitized strongly during 100 um ACh application regardless of
the holding membrane potential. When the puff pipette was
placed ~10 um away from the base of various OHCs, I acn
activated within 5-60 msec after the puff start. Because the time
required for ACh to reach its receptor ranged at least from 5 to 50
msec (as estimated in other experiments by measuring the delay of
either junction potential change or cell depolarizing current pro-
voked by puffing high K™ solutions), the intrinsic delay of /. scn
activation should be in the millisecond range, suggesting that the
ACh receptor (AChR) is ionotropic. Furthermore, /. acny could
be recorded more than 1 hr after establishment of the whole-cell
configuration, even if the cell resting membrane potential was
positive to —20 mV.

I-V relationship

The early current was studied as a function of membrane potential
(Fig. 6a). The I-V relationship revealed that /¢y, Teversed at
—15.6 = 2.6 mV (mean * SD; n = 5 cells; Fig. 6b). This suggested
that I, scny flowed through nonspecific cation channels, because
E.., was nearly as distant from the equilibrium potentials for K*
and Na* (E = —81; Ey, = +39 mV; a chloride channel must be
excluded because equilibrium potential for CI™ was set to —46
mV). Another interesting feature of the /- curve shown in
Figure 6b was its marked outward rectification at positive mem-
brane potential (n = 5 cells). In addition, an inward rectification
for V;, negative to —60 mV was observed (n = 5 cells).

We also studied I, 5cn) as a function of the puff pipette position
(data not shown). As described for Iy acyy (Housley and Ash-
more, 1991; Housley et al., 1992), we observed that the magnitude
of I, acny diminished and its latency increased as the puff pipette
was moved along the cell from the base to the apex. That obser-
vation is in agreement with the position of efferent endings and
the localization of AChRs (Fex and Altschuler, 1986; Canlon et
al., 1989; Plinkert et al., 1990). Otherwise, as the puff pipette was
moved away but kept directed toward the base of the cell, I, acny
was also reduced in amplitude and, interestingly, its desensitiza-
tion during ACh application became weaker. These features sug-
gest that most of the AChRs were activated at the same time, but
desensitized rapidly, when ACh was applied ~10 pwm away from
the cell base.

Inhibition of the early current

To ensure that /. 5cny was of a nicotinic nature, we studied its
sensitivity to p-TC. When ACh (100 um) was pressure-puffed
during p-TC (10 um) perfusion via a U-tubing system, I acp) Was
reversibly blocked (Fig. 7). Such complete inhibition was clearly
observed in three different OHCs, even at positive membrane
potentials.

In another set of experiments, we studied the effect of the
absence of extracellular Ca>* on I, sy For that purpose, ACh
(100 uMm) was puff-applied either with a normal saline (1.25 mm
Ca®") or with a Ca®"-free saline (substituted with Mg>*) while
the bath medium was kept normal. The equilibrium potential for
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Figure 6. I-V relationship of the ACh-evoked current in a 10 mm
BAPTA-loaded OHC. a, ACh-evoked currents at listed membrane poten-
tials. Records are displaced vertically from one another for clarity, b, Peak
amplitude of ACh-evoked currents are plotted as a function of membrane
potential. The smooth curve was fit by eye. Reversal potential occurred at
—18 mV in this cell. Internal solution 6; ACh: 100 uMm.

Ca®" was about +180 mV with normal saline and about +90 mV
with Ca®* -free saline (assuming only 1 um contaminant Ca®*). As
shown in Figure 8, I, ¢,y Was reversibly and strongly reduced
when ACh was applied with Ca’'-free saline (n = 3 ceils).
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Figure 7. D-TC reversibly inhibits the ACh-evoked early current. The cell was loaded with the internal BAPTA 10 solution 6. The early current was
reversibly inhibited when ACh (100 pM) was puff-applied during exposure to 10 um D-TC (V,,, = —81 mV). HBSS with or without b-TC was perfused

via a U-tubing system during each recording as indicated by the upper bars.
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Figure 8. Activation of the early current requires extracellular Ca?*. The cell was loaded with BAPTA 10 solution 6 and bathed in HBSS. For the second
ACh application, at either +32 or —81 mV, Ca** was substituted with Mg®" in the puffed solution. The early current was then strongly and reversibly

reduced. ACh: 100 pM.

Although I (¢, is probably partially carried by Ca®* ions, its
large reduction in absence of external Ca** at V,, = +32 mV
cannot be explained by a decreased Ca** influx because it would
have led to an opposite effect. Therefore, it might be that extra-
cellular Ca®* is involved in activation or potentiation of the early
current. Such a mechanism has been proposed for nicotinic
AChRs of neurons of rat medial habenular nucleus (Mulle et al,,
1992).

Isolated early current in the absence of intracellular BAPTA

Interestingly, I. acny Was occasionally observed in the absence of
Ix(acny in OHCs loaded with any of the intracellular solutions 1 to
4 (sec Table 1). Indeed, 11 of 109 OHCs exhibited I, 5y, after

the loss of Ixcacny- In addition, 9 other cells displayed 7, scn)
alone from the start of their recording. Similar observations were
made by Housley and Ashmore (1991), and this suggests that
Ca®* is not the only coupling factor in the ACh response.

DISCUSSION

For the first time in mammalian OHCs, we showed that the
ACh-induced hyperpolarizing K™ current (Iy acpy) is preceded by
an early depolarizing current (I acpy)- We also showed that the
I-V relationship of the ACh-induced current displayed an
N-shape reminiscent of the behavior of K* current activated
secondarily to Ca** influx. In addition, the rate of rise of Ix(ach)
slowed as the driving force on Ca®* diminished. We also observed
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that, concomitant with Iy sy activation, ACh elicited a Ca**
response restricted to the synaptic region of OHCs. Furthermore,
Iic(acny Was not additive to photoactivated Iy ,, and was pre-
vented in the absence of extracellular Ca** or in the presence of
10 mM intracellular BAPTA. In BAPTA-loaded cells, we could
observe I acny in isolation, and it appeared to be a nonspecific
cation current sensitive to D-TC. Therefore, the simplest explana-
tion is that the mechanism of cholinergic inhibition occurring in
mammalian OHCs involves ligand-gated cation channels that
allow calcium influx to activate nearby Ca®*-dependent K* chan-
nels (Kc,acny channels). A similar mechanism has been de-
scribed in avian short hair cells (Fuchs and Murrow, 1992a) and
may also occur in central neurons (Wong and Gallager, 1991).
Our results complete and are in agreement with the study of
Housley and Ashmore (1991), who first described Ii(achy in
isolated mammalian OHCs, and also with more recent reports
(Erostegui et al., 1994a,b). In contrast, Kakehata et al. (1993)
suggested that the ACh response is mediated by the IP, cascade
because of its disappearance after a few minutes of intracellular
dialysis with GDPSS, pertussis toxin (PTX), or heparin. Those
data are apparently incompatible with ours. However, one can
speculate that the effects of GDPBS and PTX were indirect,
possibly on a regulatory pathway, and that heparin acted nonspe-
cifically because we report here the absence of response to pho-
toreleased IP;. Finally, Kakehata et al. (1993) recorded little or no
inward current in 10 mM BAPTA-loaded cells, but that was
probably attributable to their drug application system. Indeed, we
observed that /. ,cy,, was hardly distinguishable when ACh was
applied from a delivery pipette placed more than 50 um away
from the cell, either with the pressure puff ejector or with the
U-tubing system.

On the other hand, Ashmore et al. (1992) have reported that
ACh induced a small Ca®* response restricted to the cell base. We
confirm and complete this observation by showing that the Ca®*
rise is concomitant with [ acny activation. Furthermore, the
limited extension of the Ca®" signal may explain why Dulon et al.
(1990) did not record significant ACh-evoked Ca®* response
when integrating Fluo-3 fluorescence from the whole volume of
OHCs. In contrast, Doi and Ohmori (1993) have surprisingly
reported that ACh evoked a long-lasting Ca>* response propa-
gating from the base to the whole cell, but this might be because
of the use of ionophoresis for ACh application to unclamped cells.
Indeed, because OHCs are very sensitive to electrical stimulation,
ionophoresis may alter the cell membrane potential and, there-
fore, lead to a nonspecific rise in intracellular Ca**.

Classification of the AChR of the OHCs in the nicotinic family
is based in our study on its ionotropic nature leading to a non-
specific cation current and on its sensitivity to curare. However,
the strong outward rectification of I, 5cpy suggests that AChRs
of OHCs differ from most known neuronal nicotinic AChRs
(N-nAChRs) (Mathie et al., 1987, 1990; Yawo, 1989) and, to a
lesser extent, from muscle nAChRs (M-nAChRs) (Takeuchi and
Takeuchi, 1959; Kordag, 1969; Magleby and Stevens, 1972; Linder
and Quastel, 1978). Interestingly, the “nicotinic-like” current of
chick short hair cells also displays outward rectification (see Fig,
10 of Fuchs and Murrow, 1992). This outward rectification might
be attributable to a particular sensitivity of the receptor to extra-
cellular divalents because, in high concentration, they could lead
to similarly strong outward rectification of nicotinic currents flow-
ing through single M- and N-nAChRs (Dani and Eisenman, 1987,
Ifune and Steinbach, 1991). Otherwise, several studies have shown
the unusual pharmacological properties of the cholinergic re-
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sponse of hair cells (Housley and Ashmore, 1991; Fuchs and
Murrow, 1992b; Kakehata et al., 1993; Erdstegui et al., 1994a).
These unusual properties are consistent with those of the recently
discovered a9 nAChR subunit because the &9 homomeric recep-
tor—channel complex displays a remarkably similar pharmacolog-
ical profile (Elgoyhen et al., 1994). Furthermore, mRNAs of the
a9 nAChR subunit are expressed in rat OHCs (Elgoyhen et al.,
1994; Glowatzki et al., 1995). Therefore, it appears highly prob-
able that the hair cell nAChRs (HC-nAChRs) contain «9 sub-
units. It is interesting, therefore, to note that a9 homomeric
receptor—channel complexes, as N-nAChR channels, allow Ca®*
influx large enough to trigger Ca®*-dependent CI™ currents in
Xenopus oocytes (Vernino et al., 1992; Elgoyhen et al., 1994). In
similar conditions, Ca®* can carry 4-5% of the inward current
flowing through N-nAChRs (Sands and Barish, 1991; Vernino et
al., 1994). If HC-nAChRs have such Ca®" permeability, a very
small Ca?* influx should occur because I acny averaged 100 pA
at resting membrane potential. This may explain the small and
regionalized Ca®" response observed in confocal calcium imaging.
This small Ca®" influx induced by ACh, however, is able to trigger
a much larger K™ current within a few milliseconds. Furthermore,
activation of Iy acny could be prevented when OHCs were dia-
lyzed with BAPTA at a concentration of 10 mM but not at 5 mm.
These features imply that HC-nAChRs and K-, (acny channels are
colocalized. As suggested by Figure 5b, K¢, acn)y Channels appear
spatially segregated from other Ca®*"-dependent K* channels.
The latter are likely “maxi” K* channels because they are sensi-
tive to charybdotoxin (our unpublished observations) and blocked
by internal Cs™ ions (Fuchs and Evans, 1990; Housley and Ash-
more, 1992). As reported previously (Fuchs and Murrow, 1992a;
Erostegui et al., 1994a,b), we showed that Kc,cacny channels are
not blocked by Cs™ ions. Therefore, the apparent spatial segre-
gation of the two types of Ca®"-activated K* channels, possibly
corresponding to those described by Ashmore and Meech (1986),
may be attributable to their involvement in different physiological
pathways because Kc,acp) channels and maxi K* channels are
associated with HC-nAChRs and voltage-gated Ca®" channels
(Roberts, 1993), respectively.

Finally, it is worth mentioning the unique ultrastructural orga-
nization of the hair cell efferent synapse. Indeed, a subsynaptic
cisterna, coextensive with each efferent ending, lies 10-20 nm
beneath the postsynaptic membrane (Saito, 1980). Although a
Ca®*-induced Ca®>" release from this subsynaptic cisterna might
be involved in the ACh response, such a mechanism does not
appear to be necessary. As proposed for the chick hair cell
efferent synapse (Martin and Fuchs, 1992), Ca®* influx through
HC-nAChRs into the restricted area delimited by the postsynaptic
membrane and the subsynaptic cisterna should allow a rapid and
large enough rise of free Ca®>* level to activate nearby Ca®*-
dependent K* channels. This fits well with our observation of a
small ACh-evoked Ca®* response localized at the cell base. More-
over, the dependence of the rate of rise and deactivation of
Ii(acny ON membrane potential also argues in favor of a Ca®*
accumulation in a restricted diffusion zone. Otherwise, the strik-
ing observation in the absence of intracellular BAPTA of I, scn
after the loss of Iy (s cny might be attributable to the disruption of
subsynaptic cysterna, thus uncoupling HC-nAChRs and Ke,eacny
channels. Finally, recent observations in our laboratory reinforce
our conviction that the subsynaptic cisterna plays a prominent role
in the cholinergic response. Indeed, during postnatal maturation
of the rat cochlea, the ACh response of OHCs changes from a
depolarizing nicotinic-like current to the adult hyperpolarizing K™
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cutrent and, interestingly, this shift occurs concomitantly with the
formation of the subsynaptic cisterna (D. Dulon and M. Lenoir,
unpublished observations). Therefore, it seems that a high degree
of postsynaptic specialization, including the colocalization of two
specific channels, has been selected to allow fast cholinergic
inhibition of OHCs. This inhibition probably arises from clamping
the cell membrane potential to E .. Because of the nonlinearity of
electromotile responses (Santos-Sacchi, 1989), voltage-dependent
movements of OHCs are reduced at such hyperpolarized poten-
tials. Efferent nerve stimulation would then decrease the efficiency
of the cochlear amplifier.
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