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Large conductance voltage- and calcium-activated potassium
(BK) channels are important for regulating many essential cel-
lular functions, from neuronal action potential shape and firing
rate to smoothmuscle contractility. In amphibians, reptiles, and
birds, BK channelsmediate the intrinsic frequency tuning of the
cochlear hair cell by an electrical resonancemechanism. In con-
trast, inner hair cells of themammalian cochlea are extrinsically
tuned by accessory structures of the cochlea. Nevertheless, BK
channels are present in inner hair cells and encode a fast acti-
vating outward current. To understand the role of the BK chan-
nel� and� subunits inmammalian inner hair cells, we analyzed
the morphology, physiology, and function of these cells from
mice lacking the BK channel � (Slo�/�) and also the �1 and �4
subunits (�1/4�/�). �1/4�/� mice showed normal subcellular
localization, developmental acquisition, and expression of BK
channels. �1/4�/� mice showed normal cochlear function as
indicated by normal auditory brainstem responses and distor-
tion product otoacoustic emissions. Slo�/� mice also showed
normal cochlear function despite the absence of the BK� sub-
unit and the absence of fast activating outward current from the
inner hair cells. Moreover, microarray analyses revealed no
compensatory changes in transcripts encoding ion channels or
transporters in the cochlea from Slo�/� mice. Slo�/� mice did,
however, show increased resistance to noise-induced hearing
loss. These findings reveal the fundamentally different contri-
bution of BK channels to nonmammalian andmammalian hear-
ing and suggest that BK channels should be considered a target
in the prevention of noise-induced hearing loss.

BK channels regulate many functions, from neuronal action
potential shape (1–3) and firing rate (4, 5) to smooth muscle

contractility (6–8). In amphibians, reptiles, and birds, BK
channelsmediate the intrinsic frequency selectivity of the coch-
lear hair cell (9). BK channels are composed of four � pore-
forming subunits (10). Regulatory � subunits (�1–4) have also
been identified (11–15). In nonmammalian hair cells, � sub-
unitsmay associate with the BK� subunit to shape the resonant
frequency (16).
Numerous studies have shown that BK channels are also

present in inner hair cells (IHCs),2 the subset of hair cells in the
mammalian cochlea responsible for transducing sound to the
central nervous system. IHCs express a potassium current
(termed IK,f) pharmacologically similar to BK currents, showing
sensitivity to low concentrations of tetraethylammonium,
charybdotoxin, and iberiotoxin (17–21). The transcript for the
BK� subunit has been detected in IHCs (22, 23), and immuno-
staining has verified expression of the BK� subunit in IHCs (17,
20, 21, 24). Additionally, transcripts for both the BK�1 and �4
subunit have been identified in IHCs (22).
The exact function of BK channels in IHCs is unknown and

likely to be different from that in nonmammalian hair cells.
Unlike nonmammalian hair cells, IHCs are extrinsically tuned
by accessory structures of the cochlea (9), the BK current found
in IHCs does not require external calcium for activation (18, 25,
26), and BK channels in IHCs are extrasynaptic (20). Neverthe-
less, the importance of BK channels for the expression of mam-
malian hearing has been suggested indirectly in mice: IK,f
becomes expressed in mouse IHCs at the onset of hearing
(approximately 2 weeks postnatal (19)), and mice lacking the
thyroid hormone receptor � show delayed acquisition of IK,f by
the IHCs and dramatically elevated auditory thresholds (27).
To assess directly the contribution of the BK� and BK� sub-

units to mammalian hearing, we analyzed the morphology,
physiology, and function of IHCs cells from mice lacking the
BK� subunit (Slo�/�) and the BK�1 and BK�4 subunits (�1/
4�/�). We found normal cochlear function in both Slo�/� and
�1/4�/� mice. Slo�/� mice, however, showed increased resist-
ance to noise-induced hearing loss (NIHL). These findings
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reveal the fundamentally different contribution of BK channels
to nonmammalian and mammalian hearing and suggest that
BK channels may be an important target in the prevention of
NIHL.

EXPERIMENTAL PROCEDURES

Generation of Transgenic Mice—Slo�/� were generated as
described previously (7) and maintained on an inbred FVB/NJ
background. All results shown are for Slo�/�, Slo�/�, and
Slo�/� littermates. �1�/� mice were generated as described
previously (6) and maintained on an inbred C57BL/6 back-
ground. �4�/� mice were generated as described previously
(28).�1/4�/� double transgenicmice were generated by breed-
ing inbred�1�/� with outbred�4�/� mice. All genotypes were
verified by PCR on genomic tail DNA. Because �4�/� mice
were on a mixed background, experiments involving electro-
physiology, auditory brainstem response (ABR)measurements,
and distortion product otoacoustic emission (DPOAE) meas-
urements were also performed on wild type 129X1/SvJ mice,
although only data fromwild type C57BL/6 (C57WT)mice are
shown. No differences were detected between �1/4�/� and
C57 WT mice with electrophysiology, ABR, or DPOAE. No
differences were detected between �1/4�/� and wild type
129X1/SvJ with electrophysiology or ABR. �1/4�/� did have
significantly greater magnitude DPOAEs compared with wild
type 129X1/SvJ (although noise floors were similar). However,
because �1/4�/� mice are genetically more similar to C57WT
mice and because 129X1/SvJmice are known to have large vari-
ations in themagnitudes of their DPOAEs (29), this finding was
not investigated further.
Immunostaining and ConfocalMicroscopy—Whole cochleae

were dissected from mice and immediately perfused through
the round window with 4% paraformaldehyde in phosphate-
buffered saline (PBS) at pH 7.4. Cochleae were fixed in 4%
paraformaldehyde/PBS for 2 h at 4 °C before being rinsed with
PBS. Apical turns of the organs of Corti were excised from the
cochleae and blocked in blocking buffer (PBS with 5% normal
goat serum and 0.2% Triton X-100) for 2 h at room tempera-
ture. Turns were incubated in the primary antibody diluted in
blocking buffer overnight at 4 °C, rinsed 3 times for 20min each
in PBT (PBS with 0.2% Triton X-100), incubated in the second-
ary antibody diluted in blocking buffer for 4 h at room temper-
ature, rinsed 3 times for 20 min each in PBT, and rinsed in PBS
before mounting on glass slides in Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). All incuba-
tions and rinses were performed on a rocking table.
The mouse monoclonal antibody against the BK� subunit

was graciously provided byDr. James S. Trimmer (University of
California, Davis) and used at a final concentration of 10 �g/ml
as described previously (20). The rabbit polyclonal antibody
against the BK� subunit (APC-021) was purchased from
Alomone Laboratories (Jerusalem, Israel) and diluted 1:500.
The monoclonal antibody against calretinin (diluted 1:1000),
the polyclonal antibody against synapsin (diluted 1:300),
and the polyclonal antibody against neurofilament-200
(NF200; diluted 1:200) were purchased from Chemicon
(Temecula, CA). The monoclonal antibody against NF200 was
graciously provided by Novocastra Laboratories (Newcastle

upon Tyne, UK) and diluted 1:50. Fluorescein isothiocyanate-
conjugated phalloidin (diluted 1:100) was purchased from
Molecular Probes, Inc. (Eugene, OR) and provided graciously
by Dr. W. James Nelson (Stanford University). Secondary anti-
bodies (Alexa Fluor 488, 594, and 633) were purchased from
Molecular Probes and diluted 1:1000.
Simultaneous one- or two-color fluorescence images were

acquired on a Leica confocal SP2 AOBS (Leica Microsystems,
Bannockburn, IL) with a 63� oil immersion Leica HCX PL
APO objective (numerical aperture � 1.4). Z-stacks (�70 opti-
cal sections) were collected at 0.3 �m. Optical sections were
combined, and three-dimensional reconstructions were per-
formed through volume rendering using Volocity 2.0.1 (Impro-
vision, Lexington, MA).
Electrophysiology—Apical turns of the organ of Corti were

excised frommice and used within 1 h of the dissection. Extra-
cellular solution contained 155 mM NaCl, 5.8 mM KCl, 0.9 mM
MgCl2, 1.3mMCaCl2, 0.7mMNaH2PO4, 5.6mM D-glucose, and
10 mM HEPES at pH 7.4. For indicated experiments, 100 nM
iberiotoxin (IBTX; Tocris Cookson, Bristol, UK) was added to
the extracellular solution and delivered locally via a gravity flow
pipette. Pipette solution contained 150mMKCl, 3.5mMMgCl2,
5 mM EGTA, 5 mM HEPES, and 2.5 mM Na2ATP, pH 7.2.
Recording electrodes were pulled from micropipettes (VWR
Scientific,WestChester, PA) and coatedwithwax (KERR sticky
wax, Romulus, MI) to minimize electrode capacitance. Pipette
resistances in solution were 2–3 megaohms. Total series resis-
tances (at most 5 megaohms) were compensated 70% on-line.
The indicated test potentials are not corrected for liquid junc-
tion potentials (calculated to be�4mV) or for the voltage drop
across the remaining uncompensated series resistance (at most
1.5 megaohms). Experiments were done at room temperature.
Data were acquired with an Axopatch 200A amplifier (Axon
Instruments, Foster City, CA), filtered at 10 kHz, and digitized
at 50 kHz with a 16 bit A/D converter (InstruTech ITC-16;
InstruTech, Port Washington, NY) under the control of pulse
acquisition software (HEKA). All traces shown and used for
analyses are averaged from at least five recordings. Analyses
were performed with Igor Pro (Wavemetrics, Lake Oswego,
OR) and Microsoft Excel.
ABRMeasurements—Mice were anesthetized with ketamine

(80 mg/kg) and xylazine (20 mg/kg) by intraperitoneal injec-
tion. To record electrical potentials, themouse was placed onto
a 37 °C heating pad, and subdermal silver wire electrodes were
inserted at the vertex (reference), ventrolateral to themeasured
ear (active), and at the back of the animal (ground). Electrical
signals were then recorded in response to a 25-�s click (broad-
band) or pip (single frequency) sound stimuli presented to one
ear from each mouse. Electrical signals were averaged (from at
least 200 repetitions) and were collected from 10 to 100 dB SPL
in 5–10-dB steps. Thresholds were defined as the sound pres-
sure level where a stimulus-correlated response was clearly
identified in the recorded signal.
DPOAE Measurements—Mice were anesthetized as de-

scribed above. DPOAEs were measured as described previously
(30). The f1 and f2 primary tones were generated by a dual
channel synthesizer (Hewlett-Packard 3326A) and attenuated
using custom software that operated a digital signal processor
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on board a personal computer system. The f1 and f2 primaries
(f2/f1� 1.25) were then presented over two separate ear speak-
ers (Radio Shack, Realistic, Dual Radial Horn Tweeters) and
delivered to the outer ear canal through an acoustic probe fitted
with a soft rubber tip (ER3-34 Infant Silicon Tip; Etymotic
Research, Elk Grove Village, IL). Ear canal sound pressure lev-
els, measured by an emissions microphone assembly (ER-
10B�; Etymotic Research) embedded in the probe, were sam-
pled, synchronously averaged, and processed using a fast
Fourier transform for geometric mean (GM) frequencies ((f1�
f2)0.5) ranging from 5.6 to 17.2 kHz (f2 � 6.3–19.2 kHz). Cor-
responding noise floors (NFs) were computed by averaging the
levels of the ear canal sound pressure for five frequency bins
above and below the DPOAE frequency bin. For test frequen-
cies above 20 kHz, a computer-controlled dynamic signal ana-
lyzer (Hewlett-Packard 3561A) was used. The related NFs were
estimated by averaging the levels of the ear canal sound pres-
sure for the two fast Fourier transform frequency bins below the
DPOAE frequency. NFs were not found to be significantly dif-
ferent between Slo�/�, Slo�/�, Slo�/� mice or between C57
WT and �1/4�/� mice. Thus, only the group averaged NF is
shown. For each genotype, the mean � S.E. DPOAEs are pre-
sented as a function of theGM frequencies. ThreeGM frequen-
cies (17.1, 18.4, and 19.7 kHz) were not included in the average
plots showndue to artifacts related to the 1/4-wave cancellation
effect in the mouse ear canal, which result in primary tones
being more intense than their targeted levels (30).
RNA Isolation and cDNA Synthesis—In parallel experiments,

total RNAwas extracted fromeither the cochleae or cerebellum
frombetween one and four 8-week-old Slo�/� and Slo�/�mice
using TRIzol reagent (Invitrogen) according to the provided
directions. Extracted RNA was further purified and concen-
trated using the Qiagen RNeasy Mini and Micro Kits (Qiagen;
Valencia, CA) according to the manufacturer’s protocol.
Cochleae provided between 1 and 4 �g of total RNA; each half-
cerebellumprovided�10�g of total RNA.Total RNAyield and
purity were assessed with a 2100 Bioanalyzer (Agilent Technol-
ogies, Mountain View, CA). All samples had A260/A280 ratios
of 1.9–2.1 and showed two sharp peaks corresponding to the 18
and 28 S RNAon electropherograms. First strand synthesis was
performed using either one-cycle or two-cycle cDNA synthesis
kits (Affymetrix, Santa Clara, CA).
Microarrays—Affymetrix murine genome 430 2.0 Gene-

Chips were processed at the Stanford University Microarray
Core Facility. Each microarray contains �45,000 probe sets
that include known genes, expressed sequence tags, and inter-
nal housekeeping and control genes. After target preparation,
hybridization, and signal acquisition according to standard
Affymetrix protocols (available on the World Wide Web
www.affymetrix.com). Data were analyzed as described previ-
ously (31). Briefly, data were normalized using dchip (available
on the World Wide Web at biosun1.harvard.edu/complab/
dchip/) with the default parameters. Hybridization signals for
each gene were reported as the median of the 11 perfect match
probes in each probe set. To compare differences in the expres-
sion of channels and transporters between the cochleae of
Slo�/� and Slo�/� mice, transcripts containing the keywords
“channels” and “transporters” (ignoring case) in the Annota-

tions in the Mouse430_2.gin file provided by Affymetrix were
compared.
NIHL Measurements—The octave band noise (OBN) was

generated using white noise output by a USB-controlled digital
signal processor system (Intelligent Hearing Systems, Miami,
FL) connected to an IBM-compatible PC and filtered through a
custom-made filter box (Intelligent Hearing Systems) using a
four-pole band pass filter with a center frequency of 10 kHz and
a bandwidth from 8 to 16 kHz. The signal was then amplified
using a Crown D75A and transduced by four speakers (Radio
Shack) placed in the walls of the sound chamber. The noise
spectrum, analyzed with the dynamic signal analyzer in 1/3-
octave frequency bands, ranged from 8 to 15 kHz, with the
maximum energy of 105 dB SPL at 10 kHz.
During the 1-h OBN exposure, one mouse was placed into

each compartment (12 cm wide) of a custom-made, wire mesh
cage consisting of four compartments with free access to food.
During each free field exposure session, a maximum of four
mice, each in an individual compartment, were exposed to the
OBN. The wire mesh cage was positioned in the center of the
sound isolation chamber, fitted with hard reflecting surfaces
that ensure homogeneous exposure levels. The homogeneity of
the sound field was confirmed using a Quest sound meter with
the microphone placed in various places of the cage.
One day after measuring base line ABR and DPOAE

responses, mice were exposed to the 105-dB SPL stimulus for
1 h. Threshold shifts (TSs) for each genotype were determined
by comparing the differences in the mean ABR and DPOAE
responses measured 5 days after recovery with their prenoise-
exposed values.
Statistics—Results are presented as the mean � S.E. of the

mean. Box plots are shown with the median line, whisker tops,
and bottoms indicating the 90th and 10th percentile and box
tops and bottoms indicating the 75th and 25th percentile. p
values were calculated using a two-tailed paired or unpaired (as
appropriate) t test assuming unequal variances.

RESULTS

Inner Hair Cells from Slo�/� Mice Do Not Express the BK�
Subunit and Have Normal Morphology and Synaptic Inner-
vation—Immunostaining with antibodies against the BK chan-
nel was performed to confirm the absence of the BK� subunit
from the IHCs of Slo�/�mice. Fig. 1 shows organs of Corti from
8-week-old Slo�/� and Slo�/� mice double immunostained
with amonoclonal antibody against the hair cell marker calreti-
nin (green) and a polyclonal antibody against the BK channel
(red). IHCs from Slo�/� mice show clustered expression of BK
channels near the apex of the IHCs, as has been previously
reported (17, 20). This pattern of expression is observed when
staining with either the polyclonal (green) or monoclonal anti-
body (red) against the BK channel (each recognizing distinct
epitopes of the BK� subunit). In contrast, IHCs from Slo�/�

mice show no staining for BK channels in IHCs with either the
polyclonal or monoclonal antibody. These data confirm the
specificity of both the monoclonal and polyclonal antibodies
for the BK� subunit and, more importantly, verify the
absence of the BK� subunit from the IHCs from Slo�/� mice.
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Because mice with hearing deficits arising from the genetic
deletion of ion channels can show hair cell degeneration (32–
34) or otherwise abnormal innervation (35), organs of Corti
excised from 8-week-old Slo�/� and Slo�/� mice were immu-
nostained to assess the morphology and synaptic architecture
of the IHCs (Fig. 2). Immunostainingwith either a polyclonal or
monoclonal (data not shown) antibody against calretinin, an
endogenous calcium buffer enriched in the sensory hair cells
(36), shows that the IHCs from Slo�/� mice are intact and nor-
mally arranged compared with those from Slo�/� mice. To
assess the afferent innervation to the IHCs, organs ofCorti were
immunostained with an antibody against NF200, a known
marker of afferent fibers in the organ of Corti (37). No gross
differences in the arrangement or density of the afferent nerve
fibers to the IHCs were observed between Slo�/� and Slo�/�

mice across replicates (Fig. 2). Efferent innervation was
assessed by staining for synapsin, a synaptic vesicle marker

expressed only in the conventional (nonribbon) efferent syn-
apses of the organ of Corti (38). Synapsin staining revealed no
consistent differences in the arrangement or density of the
efferent innervation of the OHCs and IHC afferent terminals
between Slo�/� and Slo�/� mice across replicates (Fig. 2).
Inner Hair Cells from Slo�/� Mice Lack the Fast Activating

BK Current and Have No Compensatory Changes in the
Remaining Outward Currents—IHCs frommice express potas-
sium currents that can be distinguished by their relative rates of
activation. The fast activating component is carried by BK
channels, whereas the slowly activating current is most likely
carried by a composite of channels (17, 19, 20, 39–41). Whole
cell voltage clamp recordings were performed on IHCs from
organs of Corti excised from 3-week-old Slo�/�, Slo�/�, and
Slo�/� mice to examine the contributions of both the fast
and slowly activating currents. The IHCs from both Slo�/� and
Slo�/� show fast activating potassium currents (Fig. 3A) that
have been described previously (19). This component can be
blocked by applying 100 nM IBTX (Fig. 3B) to the external solu-
tion. The known specificity of IBTX for the BK channel (42)
verifies that this current is carried by the BK channel. Interest-
ingly, IHCs from Slo�/� mice show levels of BK current com-
parable with those isolated from the IHCs of Slo�/� mice (Fig.
3C). Importantly, Slo�/� mice show no fast activating potas-
sium current (Fig. 3A), and the application of 100 nM IBTX has
no effect on the remaining currents (Fig. 3B). The inability to
isolate an IBTX-sensitive current from Slo�/� mice (Fig. 3C)
provides definitive evidence that the fast activating, IBTX-sen-
sitive current seen in IHCs is indeed carried by the BK channel.
The magnitude of the fast activating current is quantified

across genotypes by comparing the peak current recorded in
control external solution shortly (1 ms) after applying the test
potential (Fig. 3D). At all test potentials, IHCs from Slo�/� had
currents statistically similar to those measured in IHCs from
Slo�/� mice (p � 0.2 at 40 mV). In contrast, IHCs from Slo�/�

mice had much smaller currents than IHCs from both the
Slo�/� (p � 0.0002 at 40 mV) and Slo�/� mice (p � 0.00002 at
40 mV). Specifically, at 40 mV, Slo�/� had 14 � 1.2 nA, Slo�/�

had 12 � 1.2 nA, and Slo�/� had 60 � 200 pA of current 1 ms
after application of the test potential. The magnitude of the
slowly activating current was quantified across genotypes by
comparing the peak current record in the presence of 100 nM
IBTX near the end of the test potential (at 19ms; Fig. 3E). IHCs
from all genotypes showed statistically similar magnitudes of
current across test potentials (p� 0.2 at 40mV). Specifically, at
40mV IHCs from Slo�/� had 10� 1.2 nA, Slo�/� had 8.6� 1.8
nA, and Slo�/� had 12 � 2.7 nA of current 19 ms after applica-
tion of the test potential. These data not only confirm the
absence of the BK current from Slo�/� mice but also show that
the IHCs from Slo�/� mice possess no compensatory fast acti-
vating currents that could confound subsequent interpretation
of the contribution of BK channels to IHC function.
Neither the BK�1 nor BK�4 Subunit Is Essential for the Sub-

cellular Localization, Developmental Acquisition, or Expression
of the BK� Subunit in Inner Hair Cells—Both the BK�1 and
BK�4 subunit transcripts are expressed in IHCs during devel-
opment (22) and may influence expression of the BK� subunit.
The effect of the absence of these subunits on BK channel local-

FIGURE 1. Inner hair cells from Slo�/� mice do not express the BK� sub-
unit. Intact organs of Corti from 8-week-old Slo�/� and Slo�/� mice were
immunostained as described under “Experimental Procedures.” Immuno-
staining with a monoclonal calretinin antibody (green) and polyclonal BK
channel antibody (red) shows the presence of punctate staining for BK chan-
nels in IHCs from Slo�/� mice and the absence of BK channels in IHCs from
Slo�/� mice. Immunoreactivity for BK channels is seen in IHCs from Slo�/�

mice and absent from IHCs from Slo�/� mice when staining with either a
polyclonal (green) or monoclonal (red) antibody against the BK channel.
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ization, developmental acquisition, and expression was studied
in IHCs from 3-week-old �1/4�/� mice. Immunostaining with
antibodies against the BK channel was used to determine the
subcellular localization of the channel and assess its develop-
mental acquisition. Fig. 4A shows IHCs double-immuno-
stainedwith amonoclonal antibody against calretinin (green) to
mark the IHC bodies and also with a polyclonal antibody
against the BK channel (red). BK channels are indeed present in
the IHCs from �1/4�/� mice and, moreover, are located near
the apex of the IHCs (oriented to the right in Fig. 4,A–C), as has
been previously reported in wild type mice (17, 20). Double
immunostaining experiments with both a polyclonal (green)
and monoclonal (red) BK channel antibody show similar pat-
terns of staining (Fig. 4B). Finally, immunostaining with the
polyclonal BK channel antibody reveals little immunoreactivity
in mice before the onset of hearing (10 days old) and increasing
immunoreactivity from just after the onset of hearing (14 days
old) to the maturation of hearing (20 days old). These findings
(Fig. 4C) are comparable with those previously reported in wild
type mice (17, 20) and consistent with the observed develop-
mental acquisition of IK,f (17, 19, 20).
Whole cell voltage clamp recordings were used to examine

BK channel expression in 3-week-old mice. No qualitative dif-
ferences were observed in the BK currents isolated from IHCs
from �1/4�/� relative to wild type C57BL/6 (C57WT)mice by
subtraction of traces recorded in the presence of 100 nM IBTX
in the external solution from currents recorded in control
external solutions (Fig. 4D). The magnitude of the fast activat-
ing (predominantly BK) current is quantified across genotypes
by comparing the peak current recorded in control external
solution shortly (1ms) after applying the test potential (Fig. 4E).
No differences in the magnitude of these currents were
observed across the entire range of potentials tested (p � 0.8 at

40 mV). IHCs from C57 WT mice
had 15 � 1.9 nA and IHCs from
�1/4�/� mice had 14 � 1.6 nA of
current 1 ms after application of a
40-mV test potential. The rate of
inactivation of the isolated BK cur-
rents was also examined over a
range of positive test potentials (Fig.
4F). Again, no differences were
observed between �1/4�/� and C57
WTmice (p� 0.06–0.8). Together,
results from electrophysiology and
immunostaining suggest that the
BK�1 and BK�4 subunits play no
essential role in regulating either the
magnitude or apparent inactivation
of the BK current expressed in IHCs
or the subcellular localization or
developmental acquisition of BK
channels in IHCs. Finally, it has
been suggested that the inactivation
of BK currents isolated by subtrac-
tion is the result of series resistance
errors (26). However, we find that
neither series resistance errors nor

potassium accumulation can account for the decay in the sub-
tracted traces (see supplemental materials).
Slo�/� and �1/4�/� Mice Have Apparently Normal Inner

Hair Cell Function—The normal morphology and innervation
of the IHCs and the absence of the BK current or other fast
activating current from IHCs suggest that Slo�/� mice are ideal
subjects for testing the specific contribution of the BK� subunit
to IHC function. IHC function was assessed by examining the
ABR. Thresholds for a click (broadband) stimulus and stimuli
of pure tones (8, 16, and 32 kHz) were determined for 12-week-
old Slo�/�, Slo�/�, Slo�/� mice (Fig. 5A). Thresholds were not
statistically significantly different (p � 0.4–0.6) between the
different genotypes.Moreover, the determined thresholdswere
comparable with previously published values (43). These
results clearly show that Slo�/�mice have no obvious deficits in
their IHC function.
Since BK currents in IHCs have been specifically hypothe-

sized to allow phase locking of the afferent fibers to low fre-
quency sounds (44, 45), IHC function of Slo�/� and Slo�/�

micewas also tested at low kilohertz frequencies, frequencies at
which phase locking occurs. Slo�/� had thresholds comparable
with those for higher frequencies (Fig. 5A). Specifically, thresh-
olds were between 46 and 34 dB SPL in response to pure tones
of 1, 2, and 4 kHz (Fig. 5B). Thresholds were not statistically
significantly different (p � 0.1–0.9) for Slo�/� mice. These
results corroborate previous examination of BK� subunit-defi-
cient mice (24). Although these mice showed progressive hear-
ing loss at higher frequencies, low frequency hearing (less than
10 kHz) remained normal (24). Although there were no signif-
icant differences in the hearing thresholds determined by ABR,
first peak latencies were delayed in the ABRs of Slo�/� com-
pared with Slo�/� mice. Specifically, at 16 kHz (100 dB SPL),
first peak latencies were 1.33� 0.09ms in Slo�/� mice (n� 10)

FIGURE 2. Inner hair cells from Slo�/� mice have normal morphology and synaptic innervation. Intact
organs of Corti from 8-week-old Slo�/� and Slo�/� mice were immunostained as described under “Experimen-
tal Procedures.” The morphology of the IHCs and their synaptic innervation was assessed by immunostaining
with antibodies against the hair cell marker calretinin, the afferent fiber marker NF200, and the efferent presyn-
apse marker synapsin. Immunostaining with a monoclonal calretinin antibody reveals similar morphology of
the IHCs from both Slo�/� and Slo�/� mice. Labeling with a monoclonal antibody against NF200 or a polyclonal
antibody against synapsin shows no gross differences between Slo�/� and Slo�/� mice in the organization or
density of the synaptic innervation to the hair cells.
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and 1.54 � 0.09 ms in Slo�/� mice (n � 10; p � 0.0001). Simi-
larly, at 1 kHz (100 dB SPL) first peak latencies were 1.38� 0.06
ms in Slo�/� mice (n � 10) and 1.48 � 0.06 ms in Slo�/� mice
(n � 10; p � 0.001).

Because electrophysiology verified the presence of BK cur-
rents in the IHCs from�1/4�/�mice and because no difference
in the subcellular localization or developmental acquisition of
BK channels in the IHCs from �1/4�/� mice was observed, no
deficit in the IHC function of �1/4�/� mice was expected.
Functioning of the IHCs was assessed by examining the ABR of

8-week-old �1/4�/� mice and
revealed no statistically significant
hearing threshold differences rela-
tive to C57WTmice in response to
either a click stimulus or stimuli of
pure tones of 4, 8, 16, and 32 kHz
(p � 0.5–1.0; Fig. 5C).
Slo�/� and �1/4�/� Mice Have

Apparently Normal Outer Hair Cell
Function—Based on their sensitiv-
ity to charybdotoxin, BK currents
have been identified in isolated
OHCs from guinea pigs (46).
Immunostaining has also indicated
the presence of BK channels in
OHCs (24). This same study (24)
also found age-related hearing loss
associated with OHC degeneration
in an independently created line of
mice lacking the BK� subunit.
Therefore, the DPOAE was also
examined to assess OHC function
in 12-week-old Slo�/�, Slo�/�,
Slo�/� mice, an age when age-re-
lated hearing loss should be evident.
No differences were observed
between genotypes over a range of
frequencies (Fig. 6A).
The DPOAE was also examined

to assess OHC function in 8-week-
old �1/4�/� mice (Fig. 6B). Again,
no differences in the magnitudes
of the DPOAEs were observed
between �1/4�/� and C57 WT
mice over a range of frequencies.
These results confirm previous
observations of no OHC deficit in
�1�/� (24) and additionally show
that the BK�4 subunit is not essen-
tial for OHC function.
Regulation of Other Gene Prod-

ucts Does Not Compensate for the
Loss of the BK� Subunit in Slo�/�

Mice—Although electrophysiology
suggested that IHCs from Slo�/�

mice do not express a compensa-
tory fast activating current, the lack
of observable hearing deficit in

Slo�/� mice led us to suspect that other gene products not
electrophysiologically detectablemight compensate for the loss
of the BK� subunit. Indeed, acute blockade of the BK� subunit
by perfusion of the BK channel blocker iberiotoxin into the
guinea pig cochlea reduces the auditory nerve compound
action potential (21), suggesting that compensatory mecha-
nisms may be responsible for the normal hearing we observe in
mice genetically designed to lack the BK� subunit at all devel-
opmental stages. Moreover, this compensation could occur in
cells of the cochlea other than the IHCs. In fact, previous exam-

FIGURE 3. Inner hair cells from Slo�/� mice lack the fast activating BK current and have no compensatory
changes in the remaining outward currents. Outward currents in response to depolarizations from �60 to
40 mV in 10-mV steps were recorded from IHCs from intact organs of Corti from 3-week-old Slo�/�, Slo�/�, and
Slo�/� mice. Outward currents recorded from IHCs from Slo�/� and Slo�/� mice show a fast activating current
in control solution (A) that can be blocked by the addition of 100 nM IBTX in the extracellular solution (B). In
contrast, outward currents recorded from IHCs from Slo�/� mice show no fast activating current in control
solution (A) and are not affected by application of 100 nM IBTX (B). Subtraction of the currents recorded in the
presence of IBTX from the total currents recorded in control solution reveals the presence of BK current from
IHCs from Slo�/� and Slo�/� and the absence of BK current from IHCs from Slo�/� mice (C). To quantitatively
compare the magnitude of the fast activating current across genotypes, the magnitude of the current recorded
in control solution 1 ms after application of the test potential is plotted as a function of the test potential (D). To
quantitatively compare the magnitude of the remaining currents across genotypes, the magnitude of the
current recording in the presence of 100 nM IBTX 19 ms after application of the test potential is plotted as a
function of the test potential (E). Although Slo�/� clearly lack a fast activating potassium current, the remaining
slowly activating currents appear normally expressed.
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FIGURE 4. Neither the BK�1 nor BK�4 subunit is essential for the subcellular localization, developmental acquisition, or expression of the BK� subunit
in inner hair cells. To assess the subcellular localization and developmental acquisition of BK channels in �1/4�/� mice, intact organs of Corti from 3-week-old
�1/4�/� mice were immunostained as described under “Experimental Procedures.” Immunostaining with a monoclonal calretinin antibody (green) and
polyclonal BK channel antibody (red) shows punctate staining for BK channels near the apex of the IHCs (A). Moreover, the monoclonal BK channel antibody
recognizes the same protein as the polyclonal antibody as evidenced by colocalized immunoreactivity in samples immunostained with both the polyclonal
(green) and monoclonal (red) BK channel antibodies (B). Finally, immunostaining with a polyclonal BK channel antibody shows little immunoreactivity in IHCs
from P10 mice with increasing immunoreactivity from just after the onset (P14) to the maturation (P20) of hearing (C), indicating that �1/4�/� mice show no
developmental delay in the acquisition of BK channels. BK currents were isolated from the IHCs of 3-week-old �1/4�/� or C57 WT mice by subtracting currents
recording in response to depolarizations from �60 to 40 mV in 10-mV steps from currents similarly recorded in the presence of 100 nM IBTX in the external
solution (D). The contribution of the fast activating component was quantified by comparing the peak current recorded in control external solution shortly (1
ms) after applying the test potential. No differences in current magnitude were observed between the two genotypes (E). The voltage dependence of
inactivation of the BK current is shown over a range of positive test potentials. No differences in the rates were observed between the two genotypes (F).

Cochlear Function in BK Channel Knock-out Mice

3318 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 5 • FEBRUARY 2, 2007



ination of an independently generated line of mice lacking the
BK� subunit found an age-related loss of the KCNQ4 ion chan-
nel in OHCs (24).
To identify transcripts in the cochlea thatmight change their

expression in response to the loss of the BK� subunit, DNA
microarrays were used to compare gene expression differences
in Slo�/� and Slo�/� mice. Three separate microarray experi-
ments were performed: two experiments using two rounds of
RNA amplification to compare expression differences between
the cochleae from Slo�/� and Slo�/� mice and one experiment
using a single round of RNA amplification to compare expres-
sion differences between the cochleae and cerebellum from

Slo�/� mice and the cochleae from Slo�/� mice. Table 1 shows
that in our experiments, transcripts known to be enriched in
the cochlea (47–50) are detected as 2-fold or more enriched in
the cochlea in comparison with the cerebellum (both from
Slo�/� mice). These data indicate that microarray analyses can
indeed detect expression differences in the cochlea.
To determine whether other gene products compensate for

the loss of the BK� subunit, expression differences across the
entire transcriptome between tissues from Slo�/� and Slo�/�

mice were examined as described previously (31). Across the
entire transcriptome, expression differences between the
cochleae from Slo�/� and Slo�/� mice (Fig. 7A, black symbols)
were highly correlated (R2 � 0.99). In contrast, across the entire
transcriptome, comparison of the expression differences
between the cochleae and cerebellum from Slo�/� mice (Fig.
7A, gray symbols) revealed a much weaker relationship (R2 �
0.59), despite the fact that these RNA samples were isolated
from the same set of animals. Likewise, comparison of cochlea
samples prepared with one round of RNA amplification with
samples prepared with two rounds of amplification, revealed a
weaker relationship (R2 � 0.76) than when comparing cochlea

FIGURE 5. Slo�/� and �1/4�/� mice have normal inner hair cell function.
Function of the IHCs was assessed by examining the auditory brainstem
responses to either a click (broadband) stimulus or stimuli of pure tones.
Thresholds were not statistically significantly different between 12-week-old
Slo�/�, Slo�/�, and Slo�/� mice for high frequencies (A), 12-week-old Slo�/�

and Slo�/� mice for lower frequencies (B), or 8-week-old �1/4�/� and C57 WT
mice for a range of frequencies (C).

FIGURE 6. Slo�/� and �1/4�/� mice have normal outer hair cell function.
The function of the OHCs was assessed by examining the magnitude of the
distortion product otoacoustic emission. No differences were observed
between either 12-week-old Slo�/�, Slo�/�, and Slo�/� mice (A) or 8-week-
old �1/4�/� and C57 WT mice (B) over a range of geometric mean (GM)
frequencies.
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samples prepared with the same amplification scheme (R2 �
0.98). These data indicate that comparisons across tissues or
across amplification schemes yield a much larger change in the
population of transcripts than does comparison across cochlea
from Slo�/� or Slo�/� mice. Thus, if loss of the BK� subunit
causes a change in the population of transcripts in the cochlea,
this change ismuch smaller than the change caused by compar-
ing cochlea tissuewith another tissue or by using different RNA
amplification schemes.
Although the global change in the cochlear transcriptome

caused by loss of the BK� subunit appears to be small, a handful
of important genes may change in ways that could compensate
for the loss of the BK� subunit. In particular, other channels or
transporters would be most likely to compensate for the loss of
the BK� subunit. To address this possibility, expression differ-
ences in transcripts expressed in the cochleae from Slo�/� or
Slo�/� mice that had the phrase “channel” (Fig. 7B, black sym-
bols) or “transporter” (Fig. 7B, gray symbols) in the annotations
provided by Affymetrix (see “Experimental Procedures”) were
compared. A striking correspondence for this subset of tran-
scripts (R2 � 0.99 for channels; R2 � 0.98 for transporters) was
observed, suggesting that there is no transcriptional compen-
sation in other known channels or transporters that could
explain the normal cochlear function observed in the Slo�/�

mice.
Finally, in all three experiments, querying across the entire

cochlear transcriptome revealed only a single transcript, eosi-
nophil-associated ribonuclease 3 (Ear3; GenBankTM number
NM_017388.1; Affymetrix Probe ID 1422412_x_at), that
changes expression levels by at least 2-fold in at least two of
three experiments between cochleae from Slo�/� and Slo�/�

mice. The levels of this transcript were reduced (�0.5-fold) in
two of the experiments and increased (�1.5-fold) in the third
experiment. Because differences in transcript expression
caused by loss of the BK� subunit would exhibit a consistent
direction of change across experiments, changes in the opposite
directions observed forEar3probably reflect randombiological
noise.
Slo�/� Mice Are Resistant to Noise-induced Hearing Loss—

The lack of observable hearing deficit in Slo�/� inbred on the
FVB strain and the previously reported progressive hearing loss
observed in mice lacking the BK� subunit inbred on the

C57BL/6 strain (24) suggested that BK channels may be
required only under extreme levels of hair cell activity and serve
to protect or maintain normal hearing. To test this hypothesis,
8-week-old Slo�/� and Slo�/� mice were exposed to 1 h of
105-dB SPL sound stimulus. TSs were determined for Slo�/�

and Slo�/� mice by comparing the ABRs and DPOAEs meas-
ured 5 days after exposure to their prenoise-exposed values.
Although both groups of mice were temporarily deafened by
the noise stimulus (had ABR thresholds greater than 100 dB
SPL measured immediately after noise exposure; data not
shown), Slo�/� showed significantly reduced TSs by their ABR
measurements (p � 0.005–0.02) over a range of frequencies
(Fig. 8A). Average TSs measured for the DPOAE were also less
for Slo�/� than Slo�/� mice, although this difference was not
statistically significantly different (Fig. 8B). 20 days following
the original noise exposure, organs of Corti fromnoise-exposed
mice were examined to identify changes in morphology that
might underlie the differences in sensitivity to NIHL (Fig. 8C).
Hair cell morphology and afferent innervation were examined
by immunostaining against calretinin (red) and NF200 (blue),
respectively. Actin-enriched stereocilia were examined by
labeling the same samples with fluorescein isothiocyanate-con-
jugated phalloidin (green). Fig. 8C shows three-dimensional
images reconstructed from stacks of confocal micrographs. No
consistent differences in the morphology of the IHCs were
observed between the two genotypes.

DISCUSSION

The ability to manipulate gene expression in the mouse has
made it a prominent model for studying the molecular mecha-
nisms of hearing. We examined mice lacking the BK� (Slo�/�)
and also the BK�1 and BK�4 (�1/4�/�) subunits to examine
their contribution to mammalian cochlear function. Our find-
ings corroborate previous reports of normal hearing in �1�/�

mice and additionally show that the BK�4 subunit is not essen-
tial for normal cochlear function. BK currents isolated from
IHCs from �1/4�/� mice appear to inactivate, a property not
explained by potassium accumulation artifacts or series resist-
ance errors. Two additional � subunits, BK�2 and �3, have
been cloned and are known to cause inactivation of BK currents
(11, 14, 15, 51). Although our array data suggest the BK�2 sub-
unit is expressed in the mouse cochlea (data not shown), the

TABLE 1
Transcripts detected as enriched in the cochlea compared to cerebellum from Slo�/� mice
Numerous cochlea-specific transcripts are found to be enriched (greater than 2-fold) in the cochlea compared with the cerebellum from Slo�/� mice, validating the utility
of microarray experiments to detect differences in transcript expression.

Transcript Protein Enrichment GenBankTM ID Probe ID
-fold

Apod Apolipoprotein D 5 NM_007470.1 1416371_at
Cldn9 Claudin 9 4 NM_020293.1 1450524_at
Organ of Corti 10 kDa Protein 115 AY078071.1 1426193_at
Otoa Otoancorin 2 AY055122.1 1428037_at
Otog Otogelin 4 NM_013624.1 1420797_at
S100a1 S100 calcium-binding protein A1 5 BC005590.1 1417421_at
S100a6 S100 calcium-binding protein A6 (calcyclin) 4 NM_011313.1 1421375_a_at
S100a8 S100 calcium-binding protein A8 (calgranulin A) 135 NM_013650.1 1419394_s_at
S100a9 S100 calcium-binding protein A9 (calgranulin B) 133 NM_009114.1 1448756_at
S100a10 S100 calcium-binding protein A10 (calpactin) 5 AV295650 1456642_x_at
S100a11 S100 calcium-binding protein A11 (calgizzarin) 11 NM_009115.1 1460351_at
S100a13 S100 calcium-binding protein A1 5 NM_009113.1 1418704_at
S100b S100 protein � polypeptide 3 NM_009115.1 1419383_at
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presence of these subunits in mouse IHCs is not known. An
antibody against the BK�2 subunit has recently become avail-
able and could be used to determine its expression in hair cells.
Generation of transgenic animals deficient in the BK�2 subunit
would be ideal for determining whether this subunit regulates
BK currents in IHCs and contributes to cochlear function
in vivo.
Immunostaining indicated normal architecture of the hair

cells in Slo�/� mice, although very subtle differences may be
revealed by electrophysiology (35) or ultrastructural analysis.
Immunostaining also revealed the absence of BK channels from
the IHCs in Slo�/� mice.Whole-cell patch clamp recordings of
IHCs from Slo�/� mice verified the absence of a fast activating
potassium current. Similarly, other researchers have found
negligible currents in IHCs frommice lacking the BK� subunit
when recording in conditions that isolate only BK currents (26,
45). These findings provide further evidence that IK,f is medi-
ated by the BK channel and, importantly, show that IHCs from
Slo�/� mice do not possess another compensatory fast activat-
ing outward current. These experiments suggest that Slo�/�

mice are ideal subjects for testing the specific contribution of
the BK� subunit tomammalian hair cell function. Examination
of the cochlear function of Slo�/� mice by measurement of the
ABRs andDPOAEs revealed two startling findings: 1) no essen-
tial contribution of the BK� subunit to normal hearing and 2)
increased resistance to or enhanced recovery fromNIHL in the
absence of the BK� subunit.
Because our findings contrastedwith previous results report-

ing progressive hearing loss in mice lacking the BK� subunit
(24), we were concerned that the normal cochlear function of
Slo�/�mice could be explained by differences in the cells tested
by each assay or by transcriptional compensation. First, ABRs
measure IHC function over a range of sound frequencies (1–32
kHz in our experiments), whereas patch clamp recordings of
IHCs are restricted to cells in the apical turn responsible for
transducing low frequencies. However, physiological charac-
terization of the frequency-placemap in themouse cochlea (52)
suggests that the IHCs we recorded from (1 mm from the most
apical end) respond to sound frequencies of 8 kHz and, thus, are
well within the range of frequencies assessed by ABRs. Second,
the recording temperature could affect the presence of com-
pensatory currents in IHCs. In our experiments, patch clamp
recordings were performed at room temperature, whereas
ABRs were measured at physiological temperature. However,
patch clamp experiments have been performed at both room
and physiological temperature in mammalian IHCs (18, 19, 40)
and indicate that compensatory currents do not appear at
higher temperatures. Third, the age of the mouse from which
the IHCswere isolated could affect interpretation of our results.
Patch clamp recordings of IHCs becomemore difficult in older
animals, restricting our recordings to IHCs from 3-week-old
mice. In contrast, to test for progressive age-related hearing
loss, auditory thresholds were assessed in 12-week-old mice.
Therefore, Slo�/� mice may have hearing deficits at younger
ages that become developmentally compensated. However,
these results would contradict previous observations of normal
hearing in mice lacking the BK� subunit at younger ages with
progressive impairment at older ages (24). Furthermore, we
found that the Slo�/� mice showed normal sound-evoked star-
tle responses at the expected age for the onset of hearing (�2
weeks), suggesting no gross delay in the maturation of hearing
in Slo�/� mice (data not shown). Finally, analysis of gene
expression microarrays detected no compensatory differences
in channel or transporter transcript expression (at ratios of less
than 0.5 or greater than 2.0) in the entire cochlea of Slo�/�mice
that could explain their normal cochlear function. Although

FIGURE 7. Regulation of other gene products does not compensate for
the loss of the BK� subunit in Slo�/� mice. To identify transcripts in the
cochlea that might change their expression in response to the loss of the BK�
subunit, DNA microarrays were used to compare gene expression in cochleae
from 8-week-old Slo�/� and Slo�/� mice and also in comparison with the
cerebellum from Slo�/� mice. Comparison of the relative expression of all
transcripts on the microarray from the cochleae from Slo�/� or the cerebel-
lum from Slo�/� mice relative to cochleae from Slo�/� mice illustrates that
microarray experiments are able to detect tissue-specific differences in tran-
script expression and yet detect few differences between the cochleae from
Slo�/� and Slo�/� mice (A). Comparison of transcripts that specifically encode
channels or transporters reveals few differences in transcript expression lev-
els in the cochleae from Slo�/� and Slo�/� mice (B).
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compensation may not occur at the level of transcription, we
were able to detect tissue-specific differences in gene expres-
sion and still found no reproducible differences in transcript
expression between cochleae from Slo�/� and Slo�/� mice.
The results of ourmicroarray experiments corroborate findings
in other tissues (31) and are in agreement with the previous
observation that calcium and KCNQ current expression in
IHCs are indistinguishable betweenwild type andBK� subunit-
deficient mice (45).
Because we found no evidence suggesting that the normal

cochlear function of Slo�/� mice was caused by differences in
the populations of cells assayed or transcriptional compensa-
tion, we suspected that our results differed from those pub-
lished previously (24) because of the strains of mice used to
inbreed the two transgenic lines. The strain (C57BL/6) used to
inbreed the mice of the previous study shows age-related hear-
ing loss due to expression of the age-related hearing loss gene
(53–55) and also greater susceptibility to noise-induced hear-

ing loss (56). The strain (FVB/NJ)
used to inbreed the mice in our
experiments shows no age-depend-
ent change in auditory thresholds
(as assessed by ABR (43) or DPOAE
levels (29)). Since loss of the BK�
subunit appeared to accelerate
hearing loss in a strain (C57BL/6)
already predisposed for age-related
hearing loss and NIHL, we hypoth-
esized that BK channels are
required only under extreme levels
of hair cell activity and serve to pro-
tect or maintain normal hearing.
Therefore, we tested Slo�/� and
Slo�/� mice for their sensitivity to
NIHL 5 days following noise expo-
sure. In contrast to expectation, we
found that Slo�/� mice were more
resistant to NIHL than Slo�/� mice.
Although longer time points
(greater than 2 weeks) should be
examined to determine the perma-
nent threshold shifts, we found that
average TSs were reduced for both
ABRs and DPOAEs, suggesting that
Slo�/� mice show reduced sensitiv-
ity to or greater recovery from
NIHL. Interestingly, TSs were only
significantly reduced for thresholds
measured by ABRs, suggesting that
IHCs may be particularly protected
by the absence of the BK� subunit.
Differences in TSs may also arise
from differences in the afferent (45)
or efferent excitability.
A number of mechanisms could

be considered to explain the sur-
prising finding that the absence of
the BK� subunit confers resistance

to NIHL. First, differences in the intrinsic excitability of the
IHCs from Slo�/� and Slo�/� mice could affect their suscepti-
bility to NIHL. However, the loss of a hyperpolarizing current
would be expected tomake IHCs from Slo�/� micemore excit-
able, rendering the primary afferents more susceptible to glu-
tamate excitotoxicity and subsequent NIHL. Second, noise
trauma is associated with reduced cochlear blood flow (57).
Vascular differences between Slo�/� and Slo�/� mice could
affect their sensitivities to NIHL. However, mice deficient for
the BK� subunit are hypertensive (58) and, thus, more likely to
have reduced blood flow in themicrocirculation of the cochlea.
Third, NIHL is known to be associated with oxidative stress,
caspase activation, and apoptosis of IHCs (57, 59). Although
not specifically shown in the cochlea, excessive potassium
efflux is an essential mediator of early apoptotic cell shrinkage
(60, 61), and oxidation has been shown to enhance BK channel
activity (62). Therefore, the absence of the BK� subunit may
prevent a noise-induced apoptotic potassium efflux. Indeed,

FIGURE 8. Slo�/� mice show increased resistance to noise-induced hearing loss. 8-Week-old Slo�/� and
Slo�/� mice were exposed to 1 h of 105 dB SPL OBN with a center frequency of 10 kHz and a bandwidth from
8 to 16 kHz as described under “Experimental Procedures.” Threshold shifts (TSs) were determined 5 days later.
Slo�/� showed significantly reduced TSs by their ABR measurements (p � 0.005– 0.02) over a range of frequen-
cies (A). Average TSs measured for the DPOAE were also less for Slo�/� than Slo�/� mice, although this differ-
ence was not statistically significantly different across GM frequencies examined (B). Three-dimensional recon-
structions of immunostained IHCs from Slo�/� and Slo�/� mice 25 days after the original noise exposure were
generated from stacks of confocal micrographs as described under “Experimental Procedures” (C). IHCs were
triple-stained with a polyclonal calretinin antibody (red), monoclonal NF200 antibody (isotype IgG1; cyan), to
stain afferent nerve fibers that contact the IHCs, and a fluorescein isothiocyanate-conjugated phalloidin to
label actin (green). Reconstructions reveal no consistent morphological differences between IHCs from noise-
exposed Slo�/� and Slo�/� mice.
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blockade of BK currents by IBTX significantly reduces potas-
siumaccumulation on the external IHCmembrane (see supple-
mental materials). Although immunostaining revealed no signs
of increased IHC shrinkage in apical turns from Slo�/� and
Slo�/� mice, hair cells basal to the tonotopic site of the exposed
noise frequency are known to be more susceptible to noise-
induced damage (63). Thus, future experiments should investi-
gate pathological differences in basal turns of the cochlea.
Finally, noise-induced damage in the cochlea has been docu-
mented in detail in CBA mice and is known to affect multiple
cell types (63). The loss of the BK� subunit from any of these
cell types, some of which are known to express the BK� subunit
(spiral ganglion cells (22)) or have altered excitability in the
absence of the BK� subunit (primary afferents (45)), could pre-
vent noise-induced damage and should be investigated further.
Although thresholds determined from ABR and DPOAE

suggest normal cochlear functioning in mice lacking the BK�,
�1, and �4 subunits, it would be surprising if BK channels play
no role in normal mammalian hearing. Our experiments can-
not exclude changes in the response properties of auditory
nerve fibers or subsequent behavioral changes in sound local-
ization or other timing-dependent tasks. In fact, we did observe
an increase in the first peak latency in the ABRs of Slo�/� mice
compared with Slo�/� mice. The first peak represents trans-
mission across the IHC-afferent dendrite synapse. This delayed
latency is consistent with previous observations of a larger IHC
membrane time constant observed previously in BK channel-
deficient mice (45). This previous study also used auditory
nerve recordings to show that BK channel-deficient mice have
deteriorated precision of spike timing (45). Nonetheless, the
results of our experiments suggest that overall BK channels play
a less obvious role in normal mammalian cochlear function
than predicted from the nonmammalian cochlea. Although
more extensive characterization of the sensitivity of BK-defi-
cient mice to NIHL needs to be performed, the initial observa-
tion of increased resistance to NIHL in the absence of BK chan-
nels and the lack of observable transcriptional compensation
suggest that BK channels play a direct role in mediating NIHL.
Indeed, characterization of BK� subunit-deficient mice (this
study) (45) suggests that noise-induced pathology of the
cochlea may be triggered not only by the intensity but also the
temporal coding of sound. Therefore, BK channels should be
considered an important target in the study and prevention of
NIHL.
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