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Cholinergic Synaptic Inhibition
of Inner Hair Cells in the
Neonatal Mammalian Cochlea

Elisabeth Glowatzki* and Paul A. Fuchs

Efferent feedback onto sensory organs provides a means to modulate input to
the central nervous system. In the developing mammalian cochlea, inner hair
cells are transiently innervated by efferent fibers, even before sensory function
begins. Here, we show that neonatal inner hair cells are inhibited by cholinergic
synaptic input before the onset of hearing. The synaptic currents, as well as the
inner hair cell's response to acetylcholine, are mediated by a nicotinic (a9-
containing) receptor and result in the activation of small-conductance calcium-

dependent potassium channels.

In the mature mammalian cochlea, inner hair
cells (IHCs) transduce acoustic signals into
receptor potentials and communicate to the
brain by synaptic contact with as many as 20
unbranched afferent fibers (/). In contrast,
outer hair cells (OHCs) have few afferent
contacts but are the principal target of cho-
linergic olivocochlear efferents. However, be-
fore the onset of hearing [about postnatal day
11 in rats (2)), a transient efferent innervation
is found on IHCs, even before olivocochlear
fibers contact the OHCs. These transient con-
tacts have been documented in several spe-
cies (3), suggesting that at least some of this
innervation might be cholinergic; however,
these synapses have never been shown to be
functional nor have IHCs been shown to be
sensitive to acetylcholine (ACh).

We used whole-cell recording of IHCs in
acutely excised apical turns of the rat organ of
Corti (postnatal days 7 to 13) (¢) to examine the
functional role of the transient synaptic contacts
on immature IHCs. Because efferent axons are
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cut in this preparation, we relied on spontane-
ous transmitter release. Spontaneous transient
currents were observed in 57 rat IHCs (~50%
of IHC:s tested) (Fig. 1). These occurred at rates
of 0.5 per minute up to 15 per second and
persisted for up to 10 min. At —80 mV, the
spontaneous currents were inward with an am-
plitude of 16 = 4 pA, rose rapidly (time to
peak, 5 = 2 ms), and fell more slowly (decay
time constant, 20 * 5 ms; 214 events analyzed
in eight IHCs) (Fig. 1A). At —30 mV, some-
what larger and longer lasting outward currents
were observed with an amplitude of 35 = 9 pA,
a time to peak of 19 = 3 ms, and a decay time
constant of 30 = 4 ms (122 events analyzed in
four THCs). At intermediate voltages, the wave-
form was biphasic with an inward peak fol-
lowed by a longer lasting outward current (Fig.
1B). The estimated reversal of the later outward
current was around —80 mV, suggesting that
this component was carried by potassium (equi-
librium potential £, at —82 mV).

We elevated extracellular potassium from
5.8 to 15 mM to depolarize synaptic termi-
nals (Fig. 2A) (5). This caused a steady in-
ward current in IHCs voltage-clamped to
—80 mV (as expected from the resting potas-
sium conductance with £, now at —58 mV).
In addition, both the frequency and amplitude
of the spontaneous currents were increased
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by this change. The increased frequency is
presumably due to increased transmitter re-
lease from depolarized efferent terminals.
The increase in amplitude arose in part from
the larger potassium driving force at —80
mV, but also possibly was affected by in-
creased multiquantal release as well.

Given the probable synaptic origin of the
spontaneous currents, we next examined their
pharmacology. The biphasic waveform of the
currents is reminiscent of ACh-evoked cur-
rents in hair cells of chicks and mammals (6).
There, an early inward cation current flows
through o9-containing ACh receptors. The
Ca?* influx through these channels then ac-
tivates Ca?*-dependent small-conductance
(SK) potassium channels and thereby induces
an outward current. Thus, we tested the abil-
ity of a-bungarotoxin (a-BTX) and strych-
nine, antagonists of the a9 receptor, to affect
the spontaneous currents. Spontaneous in-
ward currents were completely blocked by
300 nM a-BTX at —90 mV within 25 to 40 s
(n = 3) (Fig. 2B). Although we could not
demonstrate washout for a-BTX, the time
course of the block was similar to that for the
block of exogenously applied ACh (Fig. 3).
Within 1 s, 1 uM strychnine completely
blocked spontaneous currents (n = 4). Within
20 s, 100 nM strychnine blocked spontaneous
currents, and currents were recovered after
washout (n = 2) (Fig. 2C); in one experi-
ment, block and recovery was induced twice.
The SK channel blocker apamin reduced
spontaneous currents in four IHCs within 15
and 45 s. Outward spontaneous currents at
—30 mV were eliminated by 1 or 10 nM
apamin in two IHCs (Fig. 2D). Inward cur-
rents at —90 mV were reduced in amplitude
by 1 nM apamin in two IHCs. The residual
current at —90 mV is presumed to flow
through the ACh receptors, which are them-
selves cation channels and insensitive to
apamin.

We next determined how IHCs respond to
ACh. At —80 mV, 100 uM ACh caused
inward currents in 53 of 55 IHCs with am-
plitudes between 20 and 400 pA (Fig. 3A).
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Despite the limitation imposed by the slow
perfusion of the intact cochlear coil, in one
cell at —60 mV the ACh response was bipha-
sic (Fig. 3B), revealing an early inward cur-
rent before the larger outward current. The
ACh-evoked current reversed in sign at
—67 = 8 mV (n = 7). The current-voltage
(I-V) relation was bell shaped, with the cur-
rent amplitude diminishing at 0 mV (Fig. 3C).
With 10 mM 1,2-bis(2-aminophenoxy)ethane-
N,N,N' N'-tetraacetic acid (BAPTA) in the
whole-cell pipette solution [instead of ethyl-
eneglycol-bis-(3-aminoethyl ether)-N,N,N,N'-
tetraacetic acid (EGTA)], the I-V relation lost
its bell shape and reversed positive to 0 mV.

These results are consistent with the hy-
pothesis that ACh activates a combination of
ACh-gated cation current and Ca?*-activated
potassium current in IHCs. This was also
supported by pharmacological tests (Fig. 3D).
ACh-evoked currents in [HCs were blocked
reversibly by 300 nM a-BTX (at —30 mV,
n = 2; at —80 mV, n = 3) or by 100 nM
strychnine (at —30 mV, n = 2). At —30 mV,
100 pM apamin eliminated the ACh-evoked
outward current (n = 3). At =90 mV, 1 uM
apamin reduced the total current by >50%
(n = 3), with the remainder due to cationic
flux through the ACh receptor.

Early postnatal [HCs generate slowly re-
petitive calcium action potentials (Fig. 4A)
(7). In addition, we observed occasional hy-
perpolarizing potentials that correspond to
the spontaneous synaptic currents seen in
voltage clamp. These inhibitory synaptic po-
tentials seemed to delay or prevent spontane-
ous action potentials, but this was difficult to
quantify. We thus examined the effect of
exogenously applied ACh on IHC activity.
The frequency of ongoing action potentials
was reduced by 10 uM ACh (Fig. 4B), and
20 wM ACh completely eliminated IHC ac-
tion potentials and produced a 15-mV hyper-
polarization (Fig. 4C). Comparing these ef-
fects of ACh to spontaneous hyperpolariza-
tions (Fig. 4A) suggests that synchronous
evoked synaptic release from efferent neu-
rons could strongly modulate the firing fre-
quency of IHCs and afferent neurons with
which they synapse.

Immature neurons in the auditory nerve
and central nuclei fire low-frequency bursts
of action potentials spontaneously (8) or in
response to sound (9, 10). The firing becomes
continuous when the efferent input is cut in
neonatal cats (9), implying that the cholin-
ergic inhibition of IHCs imposes rhythmicity
onto the immature auditory pathway. Coordi-
nate bursting of afferent fibers could influ-
ence activity-dependent synaptic differentia-
tion, as suggested for retinogeniculate con-
nections in the visual pathway (11). The ef-
ferent modulation of IHCs may be unique to
the neonatal cochlea. After the onset of hear-
ing, the spontaneous action potentials in
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IHCs disappear, and at postnatal day 21, we
found no THC response to ACh (n = 5).
We have shown that immature ITHCs within
the rat organ of Corti are subject to synaptic
inhibition through a biphasic ionic mechanism
like that established by the application of ACh
to isolated hair cells (6). Similar biphasic syn-
aptic effects have been observed during efferent
inhibition of hair cells in the turtle (12), sug-
gesting that this cholinergic mechanism may be
common among vertebrate hair cells. The phar-
macology of hair cell inhibition is also well
conserved and consistent with that of the nico-
tinic receptor a9 expressed in oocytes (/3). The
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mRNA of a9 is expressed in the [HCs of rats,
guinea pigs, and mice (/3-15), and hair cells in
the chick express the avian ortholog (16). Al-
though homomeric a9 can form functional
channels in oocytes, it remains to be determined
whether the native synaptic response is similar-
ly constituted or if it requires additional sub-
units. THCs do not express mRNA for a2
through a7 (15), but recently, a related nicotinic
subunit, a10, has been identified in rats (/7)
and humans (/8). To address these issues using
transgenic mice, we have replicated the exper-
iments described here in IHCs of BALB/c mice
and found that biphasic synaptic currents and

Fig. 1. Spontaneous syn-
aptic activity in post-
natal rat IHCs. Whole-
cell currents at differ-
ent holding potentials
(V,)- (A) Outward cur-
rents at —30 mV and
inward currents at
—80 mV recorded in
a 12-day-old IHC. (B)
Single events recorded
at different holding
potentials in a 10-
day-old IHC. Wave-

-75  forms are biphasic at
—75, —60, and —45
mV.
-90
50 ms
B control -90 mV
. MW/}W\/‘/VV
pA
300 nM o-BTX .90 mV
500 ms
D
control 30 mV
10 nM apamin -30 mV
50
pPA
-90 mV
500 ms

Fig. 2. Elevation and block of synaptic currents in IHCs. (A) At —80 mV, extracellular potassium was
raised from 5.8 to 15 mM, inducing a steady inward current of 140 pA and enhancing amplitude
and frequency of the synaptic currents (see magnified traces). (B) Inward currents (in 15 mM
extracellular potassium) were blocked by 300 nM a-BTX. (C) Inward currents were reversibly
blocked by 100 nM strychnine. (D) At —30 mV, outward currents were blocked by 10 nM apamin.

At —90 mV, inward currents persisted in apamin.
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Fig. 3. ACh-activated A
currents in IHCs. Ev-

ery 2 min, 100 uM
ACh was applied for
10 to 20 s. (A) ACh
response at different
holding potentials. (B)
Biphasic response at
—60 mV showed that
a small inward cur-
rent is followed by a
larger outward cur-
rent. (C) /-V curves of
two cells with differ-
ent intracellular Ca?*
buffers (solid circles,
5 mM EGTA,; open cir-
cles, 10 mM BAPTA).
(D) Blocking the ACh
response. At —30 mV,
300 nM «-BTX, 100

100 uM ACh

200

I (pA)

-200 —

-400 |-

nM strychnine, and
100 pM apamin re-
versibly blocked ACh-
activated currents. At —90 mV, 1 uM apamin blocked 56% of the total current.

Fig. 4. Cholinergic inhibition of A
IHC action potentials. To elicit
frequent firing of Ca?™ action
potentials, we constantly inject-
ed current (/) into IHCs. (A)
Spontaneously  occurring cur-
rents (arrows) hyperpolarized the
membrane potential (V) by
~11 mV and thereby delayed
the generation of Ca%* action
potentials; /i,; = 120 pA. (B) B
With 10 wM ACh, the firing rate
of Ca?* action potentials was
reduced by a 1-mV hyperpolar-
ization from a membrane po-
tential of —45 mV; /;,; = 100 pA.
(€) With 20 pM ACh, the mem-
brane potential was hyperpolar-
ized from
thereby abolishing the genera- C

Vn(mVv)

V pn(mV)

—30 to —45 mv,

tion of Ca?™ action potentials; 0
iy = 120 pA.
S
E 25
£
>
-50

cholinergic sensitivity are essentially identical
to those seen in rats (/9). The synaptic inhibi-
tion of cochlear hair cells through a9-contain-
ing ACh receptors provides an essential exper-
imental model for understanding the function of
this class of nicotinic cholinergic receptors.

-
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