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ABSTRACT

Cochlear and type I vestibular hair cells of mammals
express negatively activating potassium (K+) conduc-
tances, called gK,n and gK,L respectively, which are
important in setting the hair cells’ resting potentials
and input conductances. It has been suggested that
the channels underlying both conductances include
KCNQ4 subunits from the KCNQ family of K+ chan-
nels. In whole-cell recordings from rat hair cells, we
found substantial differences between gK,n and gK,L in
voltage dependence, kinetics, ionic permeability, and
stability during whole-cell recording. Relative to gK,L,
gK,n had a significantly broader and more negative
voltage range of activation and activated with less
delay and faster principal time constants over the
negative part of the activation range. Deactivation of
gK,n had an unusual sigmoidal time course, while gK,L

deactivated with a double-exponential decay. gK,L, but
not gK,n, had appreciable permeability to Cs+. Unlike
gK,L, gK,n’s properties did not change (‘‘wash out’’)
during the replacement of cytoplasmic solution with
pipette solution during ruptured-patch recordings.
These differences in the functional expression of gK,n

and gK,L channels suggest that there are substantial
differences in their molecular structure as well.
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INTRODUCTION

In hair cells from several well-studied inner ear epi-
thelia from nonmammals, there are relatively few ion
channels open at resting potential: 5%–20% of the
100 or so transduction channels at the resting bundle
position (Hudspeth and Corey 1977; Fettiplace
1992), plus small percentages of voltage-gated and
Ca2+-gated channels (Art and Fettiplace 1987; Hud-
speth and Lewis 1988; Fuchs et al. 1988; Sugihara and
Furukawa 1989; Smotherman and Narins 1999). As a
consequence, the hair cells have large input resis-
tances and generate receptor potentials that are tens
of millivolts in response to modest transduction cur-
rents. Many mammalian hair cells, in contrast, have
significant numbers of open voltage-gated K+ chan-
nels at resting potential, with correspondingly low
input resistances. These channels are deactivated by
hyperpolarizing voltage steps and therefore do not
belong to the families of inwardly rectifying or
hyperpolarization-activated channels that dominate
at resting potential in other hair cells.

In the cochlea, a negatively activating conduc-
tance, gK,n, is found in outer hair cells of all turns and
is largest in the basal turn (Housley and Ashmore
1992; Mammano and Ashmore 1996). Recently, gK,n

has also been reported in inner hair cells of both

Correspondence to: Ruth Anne Eatock Æ Department of Otolar-
yngology Æ Baylor College of Medicine Æ One Baylor Plaza Æ Hous-
ton, TX 77030 Æ Telephone: (713) 798-5145 or 5144; fax: 713-798-
8552; email: eatock@bcm.tmc.edu

JARO 5: 270–284 (2004)
DOI: 10.1007/s10162-004-4051-4

270

JARO
Journal of the Association for Research in Otolaryngology



apical and basal turns of the mouse cochlea (Oliver et
al. 2003; Marcotti et al. 2003). gK,n is not found in
neonatal cells but is acquired at about the same time
as the onset of hearing in the second postnatal week
(Marcotti and Kros 1999; Marcotti et al. 2003). Upon
its acquisition, the input resistance of hair cells falls,
proportionately reducing the voltage change per unit
transduction current and the membrane time con-
stant. Both effects may be significant in enhancing
sound processing—the attenuation of the steady-state
receptor potential may reduce nonlinearities and the
smaller time constant will expand the receptor po-
tential bandwidth. gK,n may also be an important part
of an hypothetical K+ recycling pathway within the
cochlea. By this scheme, K+ enters hair cells through
mechanoelectrical transduction channels in the
bundle, exits the hair cell via gK,n and other K+-
selective channels located at the synaptic pole of the
hair cell (Santos–Sacchi et al. 1997), then travels
through a system of gap junctions to the stria vascu-
laris (reviewed in Santos–Sacchi 2000; Kikuchi et al.
2000; Wangemann 2002).

gK,n is blocked by low concentrations of linopirdine
(Marcotti and Kros 1999), a selective blocker of
members of the KCNQ family of voltage-gated K+

channels. Each KCNQ channel, like other K+ chan-
nels, comprises four a subunits that together form a
pore. There are five known KCNQ a subunits
(KCNQ1–5). When expressed in heterologous sys-
tems such as oocytes or cell lines, KCNQ a subunits
can form homomultimeric channels of four identical
subunits. In addition, KCNQ3 can form heteromul-
timers in combination with KCNQ2 (Wang et al.
1998), KCNQ4 (Kubisch et al. 1999), and KCNQ5
(Schroeder et al. 2000). The M current of sympa-
thetic and brain neurons is thought to flow through
KCNQ2/3 and/or KCNQ3/5 heteromultimers
(Wang et al. 1998; Schroeder et al. 2000; Shah et al.
2002). There may be additional (b) subunits; KCNQ1
associates with KCNE1 (minK) and possibly KCNE5
subunits to form a cardiac delayed rectifier current,
IKs (Sanguinetti et al. 1996; Angelo et al. 2002). Given
that KCNQ4 subunits are expressed by both outer
and inner hair cells of mouse and rat cochleas (Ku-
bisch et al. 1999; Beisel et al. 2000; Kharkovets et al.
2000; Oliver et al. 2003) and that gK,n is the only
known linopirdine-sensitive conductance in these
cells (Marcotti and Kros 1999; Marcotti et al. 2003), it
follows that gK,n includes KCNQ4 subunits.

Type I hair cells of the vestibular organs of mam-
mals, birds, and reptiles also express a negatively acti-
vating voltage-gated conductance (Correia and Lang
1990), called gKI for ‘‘type-I-specific’’ K+ conductance
(Rennie and Correia 1994) or gK,L for ‘‘low-voltage-
activated’’ K+ conductance (Eatock et al. 1994). gK,L is a
very large conductance that confers an unusually low

input resistance (10–50 MX) (Rennie et al. 1996;
Rüsch and Eatock 1996b; Chen and Eatock 2000). gK,L

resembles gK,n in its negative voltage range of activation
and in its relatively late appearance in hair cell devel-
opment, during the first postnatal week in the mouse
utricle (Rüsch et al. 1998) and slightly later in the rat
utricle (Eatock and Hurley 2003). This timing is coin-
cident with the appearance on type I cells of distinctive
calyceal afferent endings (Rüsch et al. 1998). Kubisch
et al. (1999) and Kharkovets et al. (2000) reported high
KCNQ4 mRNA expression and immunoreactivity,
respectively, in vestibular epithelia beginning in the
first postnatal week, leading them to suggest that gK,L

channels, like gK,n channels, include KCNQ4 subunits.
gK,L and gK,n have different sensitivities to K chan-

nel blockers, however. gK,L is relatively insensitive to
linopirdine (Rennie et al. 2001), which potently
blocks gK,n (Marcotti and Kros 1999). gK,L is sensitive
to 4-aminopyridine (Griguer et al. 1993; Rennie and
Correia 1994; Rüsch and Eatock 1996a; Brichta et al.
2002), but gK,n is not (Mammano et al. 1995; Oliver et
al. 2003). Published records of voltage-evoked cur-
rents in type I and outer hair cells also suggest kinetic
and other differences, but differences in experimen-
tal protocols make it difficult to draw firm conclu-
sions. Knowing whether gK,n and gK,L are related at
the biophysical and molecular levels is of value in
thinking about the functions and evolution of nega-
tively activating conductances in hair cells. Our goal
in these experiments was to obtain data permitting
direct comparisons of the biophysical properties of
gK,n and gK,L. We found marked differences in their
voltage range of activation, kinetics, and permeability.
Either the proposal that both gK,n and gK,L are
KCNQ4 channels is wrong, or the subunits express
themselves very differently in the two hair cell types,
e.g., through associations with different subunit
partners or such post-translational modifications as
phosphorylation (see Discussion).

METHODS

Whole-cell currents were recorded from outer hair
cells isolated from the apical turns of rat cochleas on
postnatal days (P) 14–17, several days after hearing
onset (Rübsamen and Lippe 1998). At this age, several
measures of outer hair cell function have matured,
including the cochlear microphonic potential
(reflecting outer hair cell transduction) (Uziel et al.
1981) and the amplitude of electromotility (Beurg et
al. 2001). The outer hair cell currents are compared
with results from type I hair cells isolated from the
sensory epithelium of the rat utricle on P16–P24. At
this age, type I hair cells in mice and rats have acquired
gK,L (Rüsch et al. 1998; Eatock and Hurley 2003).
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Preparation of hair cells

All procedures for handling animals were approved
by the animal care review committee of Baylor Col-
lege of Medicine. Long–Evans rats were deeply anes-
thetized with pentobarbital sodium (Nembutal, 50–
100 mg/kg IP) and then decapitated.

Outer hair cell solutions. Salts, enzymes, and other
compounds were obtained from Sigma (St. Louis,
MO) unless otherwise stated. For dissections and cell
dissociation, we supplemented Leibovitz’s L-15 med-
ium (Gibco BRL, Gaithersburg, MD) with 10 mM N-
2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES) and then further modified its Ca2+ level in
one of two ways. For the dissection and recordings, we
added 2 mM Ca2+ (‘‘high-Ca2+ L-15’’). High-Ca2+ L-
15 contains (in mM) 139 Na+, 5.8 K+, 3.3 Ca2+, 1.8
Mg2+, 147 Cl–, 0.8 SO4

2–, 0.8 HPO4
2–, 0.4 H2PO4

1–,
plus amino acids and vitamins. For the enzymatic and
mechanical dissociation steps, we added 1.2 mM
EGTA to reduce Ca2+ to 100 lM (‘‘low-Ca2+ L-15’’).
Both solutions were adjusted to pH 7.3 and had
osmolalities of 315–325 mmol/kg.

Vestibular hair cell solutions. The external medium
(‘‘vestibular medium’’) used for all procedures (dis-
section, dissociation, and standard recording) con-
tained (in mM) 144 Na+, 5.8 K+, 1.3 Ca2+, 0.9 Mg2+,
154.2 Cl–, 10 HEPES, and 5.6 D-glucose. The solution
was supplemented with vitamins and amino acids as
in Eagle’s Minimal Essential Medium. The pH was 7.4
and osmolality was 315–325 mmol/kg.

Isolation of hair cells. Both dissociation procedures
had an enzymatic and a mechanical component.
Enzymes were dissolved in low-Ca2+ L-15 for outer
hair cells and in vestibular external medium for ves-
tibular hair cells. The enzyme treatment included
immersion in solution containing crude papain
(500 lg/ml) and 300 lg/ml L-cysteine at 37�C. This
step took 30 min for cochlear hair cells and 40–
60 min for vestibular hair cells. The papain step was
followed by immersion in solution containing
500 lg/ml bovine serum albumin (BSA) for ‡10 min
at 22–25�C. Vestibular hair cells had an additional
enzyme treatment (below) to ease removal of the
otolithic gel and otoconia overlying the bundles.

To obtain outer hair cells, we first exposed the
sensory epithelium (organ of Corti) by removing the
bony wall of the cochlea and the tectorial membrane.
The organ of Corti in the apical turn was peeled off
and treated with papain and BSA solutions, as de-
scribed above. Hair cells in this turn of the rat cochlea
at this age have characteristic frequencies £ 6 kHz
(Muller 1991). The epithelium was then transferred
to an experimental chamber containing 200 ll low
Ca2+ L-15 medium, and hair cells were mechanically
isolated by gentle trituration with a 10-ll plastic pip-

ette tip. Outer hair cells were recognized by their
elongated cylindrical shape.

To obtain vestibular hair cells, we opened the otic
capsule medially to expose the utricle. The utricle was
transferred to vestibular medium containing protease
XXVII or XXIV (50 lg/ml for 10 min at 22–25�C).
This treatment loosened the overlying otoconial
membrane, which was then peeled off. The utricular
epithelium was treated with papain and BSA solu-
tions, as described above, then transferred to the
recording chamber, where hair cells were brushed off
the epithelium with a fine probe. We selected type I
hair cells for recording by their distinctive amphora
shape.

Recording

The dissociated cells were viewed at 600· with No-
marski optics on an inverted microscope (Olympus
IMT-2, Olympus Corporation, Lake Success, NY).
Currents were recorded with the whole-cell variant of
the patch clamp method (Hamill et al. 1981) at room
temperature (22–25�C). We used the ruptured-patch
method of whole-cell recording for outer hair cells
but the perforated-patch method (Horn and Marty
1988) for type I hair cells because gK,L’s properties
change during ruptured-patch recordings (as dis-
cussed in Results). In the perforated-patch method,
pore-forming antibiotic molecules permit passage of
small monovalent ions but not larger molecules,
reducing disruption of internal second messengers.
Use of this method reduces drift in the properties
of gK,L.

Outer hair cells. Pipettes were pulled from thin-
walled R6 glass (1.5-mm outer diameter; Garner Glass
Company, Claremont, CA) and usually filled with a
standard K+ solution, containing (in mM) 160 KCl,
3.5 MgCl2, 0.1 CaCl2, 5 HEPES, 10 EGTA, 2.5 Na2-
ATP, 0.1 Na–cAMP, and 0.1 Li3–GTP; osmolality 290–
310 mmol/kg and adjusted to pH 7.4 with 25 mM
KOH for a final K+ concentration of 160 mM. With
5.8 mM K+ in the high-Ca2+ L-15 recording medium,
the equilibrium potential for K+ (Ek) was –84 mV. In
some experiments we used a solution in which Cs+

was substituted for K+. For most recordings, cells were
bathed with the high-Ca2+ L-15 medium. In several
experiments this was replaced by Cs+ external med-
ium, similar to the vestibular medium but with all K+

replaced by Cs+. Pipette resistances ranged from 3 to
5 MX in our standard solutions. Voltages are cor-
rected for a liquid junction potential of –4 mV, esti-
mated using JPCalc software (Barry 1994).

Currents were recorded with an EPC-7 patch
clamp amplifier (List-Medical, Darmstadt, Germany),
and digitized with a 12-bit data acquisition board
(DigiData 1200; Axon Instruments, Foster City, CA)
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controlled by pClamp 8.1 software (Axon Instru-
ments). Currents were low-pass filtered at 2–3 kHz
with an 8-pole Bessel filter (Frequency Devices,
Haverhill, MA) and sampled at over twice the filter
frequency. For 300-ms voltage step protocols, (e.g.,
Figs. 1 and 5) the sampling interval was 10 ls
throughout the recording. For 3-s voltage step pro-
tocols, (e.g., Fig. 2) the sampling interval was 10 ls
during the tail current and 200 ls for the rest of the
trial.

Linear membrane capacitance and series resis-
tance were taken from the settings of the amplifier’s
compensation circuitry that nulled the capacitive
transients produced by small voltage steps (2–10 mV).
We obtained an average linear capacitance of
16 ± 0.4 pF (SEM; n = 43). Outer hair cells also have
considerable gating current (nonlinear capacitance)
associated with the electromotile function of their
lateral membranes (Ashmore 1990; Santos–Sacchi
1991), which produces uncompensated transients at
voltage transitions. Peak nonlinear capacitances for
rat outer hair cells of this age (P14) are, on average,
7.5 pF (Oliver and Fakler 1999). Series resistances
were compensated with the patch clamp circuitry by
50%–60%, leaving residual series resistance (Rs) val-
ues of 8 ± 2.7 MX (n = 100 measurements from 43
cells; range = 4.6–20.8 MX). Therefore, the voltage
clamp time constant is, on average, Rs · Cm = (8 MX)
· (16 + 7.5 pF) = 180 ls. Because this value is 5–50-
fold less that the shortest activation and deactivation
time constants that we measured, (See Figs. 3 and 4)
the clamp time did not interfere with our kinetic
measurements.

Type I vestibular hair cells. Whole-cell currents were
recorded using the perforated patch variant of the
whole-cell patch clamp method. The pipette solution
contained (in mM) 196.5 K+, 5 Mg2+, 0.1 Ca2+, 35.2
Cl–, 80 SO4

2–, 5 HEPES, 5 EGTA, plus 240 lg/ml
Amphotericin B. The pH was 7.4 and the osmolality
was �280 mmol/kg. With 5.8 mM K+ in the external
medium, Ek was –89 mV. Borosilicate pipettes were
pulled and heat-polished to final pipette resistances
of between 1.5 and 3 MX in our standard solutions.
The calculated junction potential of 9 mV was sub-
tracted from voltages offline.

Currents were recorded with an Axopatch 200A or
200B patch clamp amplifier (Axon Instruments).
Series resistance was estimated and compensated 70%
with the intrinsic circuitry of the amplifier. In a
sample of 33 cells, the mean uncompensated series
resistance was 11 ± 0.6 MX (range = 4.5 – 18 MX)
and the mean residual series resistance following
compensation (Rs) was calculated to be 3 ± 0.2 MX
(range = 1.4 – 5.4 MX). The average membrane
capacitance was 4 ± 0.2 pF (n = 33 cells), yielding an
average clamp time constant of (3 MX) · (4

pF) = 12 ls. As this was 200-fold faster than the fastest
time constant that we measured, (See Fig. 4) the
clamp time did not interfere with kinetic measure-
ments. Currents were filtered and sampled as de-
scribed for outer hair cells.

Analysis

Analyses and fits were done with Origin software
(versions 6.1–7, OriginLab Software, Northampton,
MA), which uses a Levenberg–Marquardt least-
squares fitting algorithm. Voltages in activation
curves were corrected offline for errors introduced by
uncompensated series resistance. Results are shown
as means ± standard errors of the mean (SEM). Mean
values were compared with the two-tailed Student’s
t-test, with p < 0.05 as the criterion for statistical
significance.

Activation curves. CThe voltage dependence of
steady-state activation was expressed as conductance–
voltage (activation) curves. Data for the curves were
generated by delivering voltage steps at multiple
potentials and measuring the peak tail current at the
offset of each step (illustrated in Fig. 2). The tail
current is proportional to the activation level
reached by the ion channels during the step. Sig-
moidal curves were fit with the following Boltzmann
function:

I ðV Þ ¼ Imin � Imax

1 þ e ½ðV �V1=2Þ=S � þ Imax ð1Þ

where I(V ) is current at voltage V, Imax is maximum
current, V1/2 is voltage corresponding to half-maxi-
mal activation, and S is the voltage corresponding to
an e-fold increase in I(V ). In some cells, activation
curves had two sigmoidal components and were fit
with a sum of Boltzmanns:

I ðV Þ ¼ Imin � I1

1 þ eðV �V1Þ=S1
þ I1 � I2

1 þ eðV �V2Þ=S2
þ I1 þ I2 ð2Þ

V1 and V2 are the V1/2 values, S1 and S2 are S values,
and I1 and I2 correspond to the maximum currents
for each Boltzmann component.

Kinetics. Activation kinetics were characterized
with a relatively short delay, followed by a slower
activation, and were fit with an equation used previ-
ously to fit gK,L (Rüsch and Eatock 1996a):

I ðtÞ ¼ ISS �
ðISS � I0Þ
ðs1 � s2Þ

ðs1e�t=s1 � s2e�t=s2Þ ð3Þ

where I(t) is the current at time t, ISS is the steady-
state current, I0 is the initial current, and s1 and s2 are
the two time constants.
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The sigmoidal deactivation time course of gK,n was
also fit with Eq.(3), while deactivation for gK,L was fit
with the sum of two exponentials:

I ðtÞ ¼ I0 þ A1e�t=s1 þ A2e�t=s2 ð4Þ

where A1 and A2 are the amplitudes of the expo-
nential terms.

RESULTS

Whole-cell voltage-gated currents were recorded from
43 outer hair cells from the apical turn of the cochlea.
The cells had a mean linear membrane capacitance
of 16 ± 0.4 pF (range = 8.9 – 21.0 pF). Twenty-eight
of the cells were recorded with the K+ internal solu-
tion and had a mean zero-current potential of –
64 ± 0.8 mV (range = –58 to –76 mV) in high-Ca2+ L-
15; thus, our holding potential of –64 mV matched
the average resting potential in standard solutions.
The remaining 15 cells were recorded with the Cs+

internal solution.
For comparison, we report data from 18 type I hair

cells isolated from the rat utricle (P16–P24). Zero-
current potentials were not routinely measured but
were always negative to the holding potential of –
69 mV, as shown by the outward holding current. The
mean linear capacitance of a larger dataset of cells
from animals in the same age range was 4 ± 0.2 pF
(n = 33 cells, range = 2–6 pF). Since linear mem-
brane capacitance is proportional to surface area, the
type I cells have about one-quarter the surface area of
the outer hair cells.

Voltage dependence of activation

Activation curve for gK,n. Marcotti and colleagues
(1999) reported that during the second and third
weeks after birth, outer hair cells in the apical turn of
the mouse cochlea may express several voltage-gated
conductances. These include an outwardly rectifying
conductance with a relatively positive activation range
that resembles a K+ conductance expressed at earlier
stages (gK,neo) plus two conductances that are at least
partly activated at the resting potential: a large con-
ductance that is deactivated by strong hyperpolariza-
tions (gK,n) and a small conductance that is further
activated with hyperpolarization (gK1, a fast inward
rectifier). Figure 1 illustrates these three conduc-
tances in a rat outer hair cell recorded in control
solutions and in the presence of the KCNQ blocker,
linopirdine. Activation curves were generated from
tail currents taken at –34 mV following iterated 300-
ms or 3-s voltage steps (see voltage protocols in Figs. 1
and 2), then were fit by single or double Boltzmann
functions [Eqs. (1) and (2), Methods]. The fits yiel-

ded values for V1/2, the voltage corresponding to half-
maximal activation, and S, the voltage range over
which the current increases e-fold.

In 5 of 28 outer hair cells recorded with K+ internal
solution, the activation curve had two components. In
mouse outer hair cells, Marcotti and Kros (1999)
showed that the double Boltzmann activation curve
reflects a transitional stage in development, before
gK,neo has disappeared but after gK,n has been ac-
quired. Fits of Eq. (2), the sum of two Boltzmanns,
to the five activation curves yielded a mean V1/2 for
the more positive component of –11.7 ± 2.02 mV
(range = –17.5 to –6.4 mV) and a mean S value of
5.2 ± 0.35 mV. If we assume that this component is
related to gK,neo in immature mouse outer hair cells
and is therefore a K+ conductance, then the mean
peak amplitude of 97 ± 28.0 pA at –34 mV gives a
maximal conductance of 1.9 nS [gmax ¼ Imax/(V –
EK); V ¼ –34 mV; EK ¼ –84 mV].

The more negatively activating conductance, gK,n,
had a mean V1/2 of –91.2 ± 1.06 mV (range = –83.0
to –105.9 mV) and S value of 12.6 ± 0.46 mV (n = 24
cells; the five cells above plus 19 cells with activation
curves well fit by a single Boltzmann). These values
agree closely with the original description by Housley
and Ashmore (1992). The mean peak amplitude of
the fits to tail currents [Imax, Eq. (1)] was 335 ± 43.7
pA, similar to the value for mouse apical outer hair
cells in the same age range (Marcotti and Kros 1999)
and corresponding to a gmax of 6.8 nS.

Pharmacological isolation of gK,n. To isolate gK,n, we
added 10 lM linopirdine to the high-Ca2+ external
solution (Fig. 1B). This dose is considered to be
selective for KCNQ channels (Wang et al. 1998) and
blocks more than 95% of the current that is deacti-
vated by stepping from –84 to –124 mV in mouse
outer hair cells (Marcotti and Kros 1999). In the cell
in Figure 1, linopirdine spared gK,neo (V1/2 =
)12.5 mV) and much of gK1 (V1/2 = –72.0 mV). In six
cells studied with linopirdine, the mean V1/2 and S
values of the linopirdine-sensitive current (Fig. 1D)
were –93.0 ± 3.24 mV and 13.4 ± 1.53 mV, indistin-
guishable from the values obtained by fitting control
data over the voltage range –124 to –44 mV. Thus,
gK,n dominated gK1 in the whole-cell activation curve
over this voltage range. gK1 contributed to the ped-
estal of current at –124 mV, a voltage at which gK,n

was largely deactivated. Linopirdine reduced the
current at –124 mV, however, suggesting that lino-
pirdine also partly blocks gK1 at this dosage.

The total block of gK,n by 10 lM linopirdine stands
in marked contrast to its effects on gK,L in mature
gerbil and pigeon type I hair cells (Rennie et al. 2001),
These effects are both weaker and more complex.
Linopirdine (10 lM) blocked the conductance at –70
to –80 mV by a small amount but had no effect on
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steady-state outward currents. Linopirdine (200 lM)
blocked inward currents by 20%–40% but again had
very little effect on outward currents. A more potent
KCNQ blocker, XE991, did not affect steady-state
outward currents but blocked steady-state inward
currents by �50%. We have obtained similar results
with both linopirdine and XE991 on gK,L in rat utric-
ular type I cells (unpublished results).

Comparison with the activation curve for gK,L. Figure 2
compares the activation curves of gK,n and gK,L. gK,L

had a narrower operating range (S = 6.0 ± 0.56 mV,
n = 18) and more positive V1/2 (–80.4 ± 1.90 mV)
than did gK,n. These values from perforated-patch
recordings of rat utricular type I cells agree with val-
ues obtained from ruptured-patch recordings of ro-
dent type I cells. S = 5.4 ± 0.19 mV in 57 mouse
utricular cells (Rüsch and Eatock 1996a),

4.8 ± 0.9 mV in 35 rat semicircular canal cells (Chen
and Eatock 2000), and 4.9 ± 0.20 mV in 20 rat utric-
ular cells (M. Saeki and R.A. Eatock, unpublished).
V1/2 had a mean value of –74 ± 1.6 mV in 35 rat
semicircular canal cells (Chen and Eatock 2000) but
was not normally distributed in the utricular cells;
rather, it varied broadly between –50 and –90 mV
(Rüsch and Eatock 1996a; M. Saeki and R.A. Eatock,
unpublished).

Some of the variability in V1/2 values reported for
gK,L reflects variation with time during ruptured-
patch recordings (Rennie and Correia 1994; Rüsch
and Eatock 1996a; Chen and Eatock 2000). In one
example, the activation curve for gK,L shifted +24 mV
with a time constant of 26 min (See Fig. 4 in Chen
and Eatock 2000). In contrast, we found that gK,n’s
activation curve did not change with time following

FIG 1. gK,n and other voltage-dependent currents in a rat outer hair
cell, revealed by their voltage dependence and sensitivity to the
KCNQ blocker, linopirdine. Whole-cell currents were recorded from
an outer hair cell isolated from the apical turn of a P17 rat cochlea.
A–C Whole-cell currents evoked by the voltage protocol shown
below, in control solution (high-Ca2+ L15) (A), control + 10 lM li-
nopirdine (B) and wash (high-Ca2+ L15) (C). Voltage protocol shown
at the bottom. From the holding potential of –64 mV, voltage was
stepped to –124 mV, which in control solutions deactivated gK,n

(A,C) (arrow in A), and then to a series of steps between –134 and +
36 mV; gK,n was reactivated by steps positive to –124 mV. At the
offset of the iterated voltage steps, the voltage was stepped to –
34 mV and peak tail currents were measured. These currents, which
reflect the activation state of the channels at the end of the preceding
voltage steps, are plotted as functions of the prepulse voltage in E.

Linopirdine (B) blocked the current component that deactivated
during the hyperpolarizing step (arrow in A), and much of the current
during the iterated voltage steps. D. The linopirdine-blocked current
(through gK,n), obtained by subtracting records in B from records in
A. E. Activation curves generated from tail currents at the offset of the
iterated voltage steps; the tail current voltage was –34 mV. In control
and wash, the curves are fit by the sum of two Boltzmanns [Eq.(2)],
with V1/2 and S values of –91.3 mV and 11.9 mV, respectively, and –
12.0 mV and 5.3 mV (control data). Linopirdine fully blocked gK,n,
partly blocked (see text) an inwardly rectifying conductance (gK1 ;
V1/2 = –73.5 mV, S = 11.3 mV), and did not affect the more posi-
tively activating outward rectifier (gK,neo, V1/2 = –13.25 mV,
S = 3.7 mV). The linopirdine-sensitive activation curve (gK,n, from
D) is well fit by a single Boltzmann with V1/2 = –89.4 mV and
S = 12.2 mV.
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the onset of ruptured-patch recording. In paired
comparisons, activation curves taken at the onset of
recording and 10–30 min later were not significantly
different: mean V1/2 values were –91.2 ± 2.20 and –
91.8 ± 2.47 mV (n = 8 cells; mean interval between
activation curves: 17.5 min, range = 10–32).

Kinetics

Activation kinetics. The activation and deactivation
time courses of gK,n were fit originally with monoex-
ponential functions (Housley and Ashmore 1992).
Close inspection of our records revealed that the time

course was sigmoidal, i.e., activation (and deactiva-
tion, see next section) followed a brief delay. We
therefore fit the activation of gK,n with Eq. (3)
(Fig. 3A), which we have previously used to fit the
sigmoidal activation of gK,L (Rüsch and Eatock
1996a). An example of fits of Eq. (3) to gK,L activation
is shown in Figure 3B. Averaged fast and slow time
constants from such fits are separately plotted as
functions of voltage in Figures 3D and 3E, respec-
tively. Over most of the voltage range the time con-
stants of outer and type I hair cells differed
significantly. As the membrane voltage changed from
approximately –30 to –90 mV, mean fast time con-
stants for gK,n increased from 1 to 7 ms while those

FIG. 2. Differences in the voltage dependences of gK,n and gK,L.
Whole-cell currents were recorded from a P16 outer hair cell (Aa) and
a P17 type I cell (Ba) with 3-s voltage step protocols (top panels). Aa.
Steps to –124 mV from a holding potential of –64 mV deactivated
gK,L. Ba. Steps to –129 mV from a holding potential of –69 mV
deactivated gK,L. Depolarizing steps reactivated the conductances.
Ab, Bb. At the offset of the iterated voltage steps, the voltage was
stepped to –34 mV (Aa) and –39 mV (Ba) and tail currents were
measured (at the arrows) for plotting against prepulse voltage in c. Ac,
Bc. Activation curves for the tail current data shown in Ab,Bb (filled
circles) are fit with a Boltzmann function [Eq.(1) thick lines, yielding

V1/2 and S values of –93. 6 mV and 12.4 mV (AC, gK,n) and –82.4 mV
and 5.0 mV (Bc, gK,L), near the mean values for our samples of outer
hair cells and type I hair cells, respectively. In this outer hair cell,
unlike the cell in Figure 1, the activation curve is well fit by a single
Boltzmann, with no indication of a second outward rectifier at
depolarized potentials. This is not related to the long-duration iter-
ated voltage steps, as a similar activation curve was obtained with
300-ms voltage steps (Ac, (triangles and thin line: V1/2 and S values of
–92.8 mV and 12.3 mV). In the type I cell, in contrast, the activation
curve taken after 300-ms voltage steps (triangles) was positively
shifted (thin line): V1/2 = –68.1 mV and S = 8.19 mV.
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for gK,L increased from 12 to 120 ms. Thus, gK,n acti-
vated with a significantly shorter delay (see compari-
son of normalized currents in Fig. 3C). The slow time
constants overlapped positive to –30 mV, but as volt-
age became more negative they diverged, with max-
ima of �1200 ms at –79 mV (gK,L) and 100 ms at
)94 mV (gK,n).

The large size of gK,L raises concerns about the
effects of imperfect voltage clamp on measured
kinetics. However, the slowest time constants
(Fig. 3C) were obtained under conditions when
voltage clamp errors should be minimal: following
the hyperpolarizing prepulse, which, by shutting off
gK,L, greatly increased input resistance and minimized

FIG. 3. Differences in the activation kinetics of gK,n and gK,L. A,B.
Fitting of activation kinetics with Eq.(3) for (A) gK,n from a P16 outer
hair cell and (B) gK,L from a P19 type I hair cell. Voltage was first
stepped to –124 mV for 500 ms (A) and –129 mV for 200 ms (B) to
fully deactivate the conductances, then stepped to the values indi-
cated by each trace. gK,n: V 1/2= –87.5, S = 14.1 mV, no second
outward rectifier, average of 3 traces at each voltage; gK,L: V1/2 =
)83.6, S = 5.0 mV, not averaged. C. Currents from A and B at two

similar command voltages, normalized to the current at 3 s for

comparison of kinetics. gK,L activated much more slowly at voltages

near –90 mV and with a longer delay at voltages near –50 mV. Note

that the reversal potentials for these K+ conductances were

approximately –80 mV, so that current was inward at –90 mV and

outward at –50 mV. D,E. Fast (D) and slow (E) time constants as

functions of voltage. Triangles values for gK,n averaged from 5

OHCs. Circles, values for gK,L averaged from 4–5 type I hair cells,

except for the data points at –29 mV, which are averages of fits from

two cells (sslow = 13.4, 27.2 ms; sfast = 13.4, 11.9ms).
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current flow, and during steps to voltages near EK,
where currents are small.

Because of the slow time course of gK,L near V1/

2, voltage steps longer than 1 s were needed for an
activation curve that was truly steady state (Fig. 2B).
Shorter voltage steps produced a shifted V1/2 esti-
mate, with the direction of the shift determined by
whether a hyperpolarizing step preceded the iter-
ated voltage steps. A hyperpolarizing prepulse
deactivated gK,L, which did not fully reactivate dur-
ing 300-ms steps for voltage steps near V1/2; thus,
the V1/2 estimate was shifted positively from its true
value (Fig. 2Bc). Without a hyperpolarizing pre-
pulse, gK,L was substantially activated at the holding
potential and did not fully deactivate in 300 ms for
voltage steps near V1/2, shifting the V1/2 estimate
negatively (not shown). These data suggest that
published activation curves and I–V relations for
gK,L may not represent steady state, as they were
collected with voltage steps that were often less
than 1 s and sometimes much less (e.g., Rennie
and Correia 1994; Rüsch and Eatock 1996a,b;
Brichta et al. 2002; Chen and Eatock 2000; Masetto
et al. 2000).

For gK,n, activation and deactivation were fast en-
ough that activation curves generated with 300-ms
and 3-s voltage steps did not differ significantly (n = 5
cells, paired t-tests; Fig. 2Ac). For 300-ms and
3-s steps, respectively, mean V1/2 values were
)93.8 ± 3.50 mV and –92.3 ± 2.67 mV and mean S
values were 12.7 ± 0.88 mV and 13.1 ± 2.26 mV.

Deactivation kinetics. gK,L deactivates with a double-
exponential time course, whether recorded with the
ruptured-patch method (Ricci et al. 1996; Rüsch and
Eatock 1996a) or the perforated-patch method
(Fig. 4). Deactivation of gK,n, in contrast, had a slower
and sigmoidal onset (Fig. 4). We observed sigmoidal
deactivation in both control records and in linopir-
dine-sensitive currents. It is unlikely that inward rec-
tifier contamination causes the sigmoidal appearance
because we saw sigmoidal deactivation in a hair cell
lacking gK1. Sigmoidal deactivation can also be seen
in published records of gK,n, (e.g., Fig. 3 in Housley
and Ashmore 1992; Fig. 4 in Santos–Sacchi et al.
1997).

Sigmoidal deactivation is consistent with the
channel having to progress through multiple open
states before entering a closed state. The hyperpo-
larization-activated conductance, gh, also shows sig-
moidal deactivation (DiFrancesco et al. 1986; Holt
and Eatock 1995). Although gh is found in some
hair cells (Holt and Eatock 1995; Sugihara and
Furukawa 1996; Rüsch and Eatock 1996b), it has
not been described in outer hair cells. Even if gh

were present, it would activate at voltages that
deactivate gK,n.

Cesium permeability

Internal Cs+ substantially blocks many K+ channels,
but not gK,L (Griguer et al. 1993; Rennie and Correia
1994; Rüsch and Eatock 1996a; Chen and Eatock
2000). Figure 5E shows that when Cs+ was substituted
for K+ in the internal solution, gK,L carried large
currents in either direction. In contrast, gK,n passed
only inward current under these conditions (Fig. 5B).
The net whole-cell currents reversed at about 0 mV,
corresponding to a permeability ratio for Cs+ and K+

(PCs/PK) of 0.04 (from the Goldman–Hodgkin–Katz
equation and assuming negligible Na+ permeation).

Comparison of Figures 5B and 5E suggests that
internal Cs+ can flow out through gK,L channels but

FIG. 4. Differences in the deactivation kinetics of gK,n and gK,L. gK,L

deactivation followed a single- or double-exponential decay func-
tion, while gK,n deactivation had a sigmoidal onset. A. Steps from
)64 to –124 mV (gK,n) or -69 to –129 mV (gK,L) caused deactivation

of currents through both gK,n, and gK,L; thin traces are for gK,n from

5 outer hair cells, thick traces are for gK,L from 5 type I cells. Cur-

rents are normalized to the peak current at the beginning of the step.

B. Fits (thick lines) to the deactivation of two of the data traces in A
(thin lines; obscured by fits except at the step onset). The type I data

were fit by a double-exponential function [eq.(4)]: A1 = –264 pA,

s1 = 2.5 ms, A2 = –684 pA, s2 = 26.8 ms. The OHC data were fit

by Eq.(3): s1 = 7.8 ms, s2 = 33.1 ms.
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not gK,n channels. However, Rennie and Correia
(2000) found that when they recorded from type I
cells with a high–Na+/0–K+ pipette solution and a
standard external medium, K+ entering the cell
through gK,L channels led to K+ accumulation inside
the cell (‘‘K+ loading’’). It therefore seemed likely
that some of the outward current in our Csi/Ko

recordings from type I cells (Fig. 5E) was carried by
K+ that had entered the cell at the holding potential
and during hyperpolarizing voltage steps. [In the
example in Figure 6, �1 nA of inward current flowed
at the holding potential of –69 mV for the 10-s in-
tertrial interval. If the inward holding current were
carried entirely by K+, and we make the unrealistic
assumption that there was no equilibration with the
pipette solution, then the holding current would in-
crease the K+ concentration in the cell (volume �1
pl) to �100 mM during the intertrial interval, shifting
EK negatively to approximately –70 mV]. During

subsequent depolarizing voltage steps, some of the
outward current would be carried by the accumulated
K+ until it was depleted. Consistent with this inter-
pretation, there was a shift in the current’s reversal
potential from about –65 mV early in the 3-s voltage
step (arrow b in Fig. 6) to about –40 mV late in the
step (arrow c in Fig. 6). The decay of the outward
current during the steps positive to –65 mV may re-
flect the change in K+ driving force as the accumu-
lated intracellular K+ depletes.

If we suppose that by the end of 3-s depolarizing
steps (arrow c in Fig. 6) the internal K+ in the vicinity
of the channels had decayed to the level in the pip-
ette solution (0 mM), then a reversal potential of
)40 mV corresponds to PCs/PK = 0.15. This is half of
a previous estimate based on the reversal potential of
gK,L when voltage was stepped from –64 mV [rup-
tured-patch recording, Cs+ pipette solution, standard
external K+ (Rüsch and Eatock l996a)]. In that study,

FIG. 5. gK,L, but not gK,n, is Cs+ permeable. Left column: Currents
in control conditions, with high internal K+ and 5.8-mM external K+.
Middle column (different cells): With an internal Cs+ solution, gK,n

(B) carried only inward current but gK,L (E) still passed both inward
and outward current. Right column (same cells as middle column):
When, in addition, external K+ was replaced with Cs+, all current
through gK,n was blocked (C; residual slope conductance = 600 pS)

but outward current still flowed in the type I cell (F). Current and
voltage axes on the left apply to all panels in a row. In standard
solutions, relatively small voltage steps applied to the type I cell (D)
elicited very large currents through gK,L. Currents are from a P16
OHC (A), a P17 OHC (B,C), a P24 type I cell (D), and a P23 type I
cell (E,F).
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as in the present one, it is possible that K+ influx
through open gK,L channels at –64 mV led to appre-
ciable K+ levels on the cytoplasmic side of the chan-
nels. Without an accurate value for intracellular K+

concentration, we cannot be certain of the true PCs/
PK value. The 0.15 value is similar to PCs/PK estimates
for neuronal M channels (Cloues and Marrion 1996;
Block and Jones 1996) and heterologously expressed
KCNQ4 channels (Kubisch et al. 1999).

Relative to gK,n, the maximum current amplitude
of gK,L in standard recording conditions (Figs. 2 and
5A,D) was larger by as much as an order of magni-
tude, although the type I cells had just one-quarter
the membrane surface area of the outer hair cells.
Thus, gK,L channels were present at much higher
density than were gK,n channels; Chen and Eatock
(2000) estimated gK,L channel density to be �150
channels/lm2 in type I cells from rat semicircular
canals. We were concerned that the difference be-
tween gK,n and gK,L in the outward current under Csi/
Ko conditions reflected a difference in K+ loading
rather than a difference in Cs+ permeability. To
eliminate K+ loading, we replaced external K+ with
Cs+ (Fig. 5C,F). This change eliminated inward but
not outward current in type I cells (Fig. 5F); the
outward current must have been carried by Cs+. In
outer hair cells, in contrast, almost all current was
blocked (Fig. 5C). The mean residual conductance in
six outer hair cells was 1.6 ± 0.44 nS.

The block of inward current through gK,L in Csi/
Cso conditions (Fig. 5F) was somewhat unexpected.
In experiments on type I cells in which Cs+ was the
only external cation (Rennie and Correia 2000),
there was significant inward current. Thus, in our
experiments in which the external solution contained
5.8 mM Cs+ and 144 mM Na+ (Fig. 5F), the external
Na+ may have interfered with Cs+ permeation from
the outside. Rennie and Correia (2000) found an
anomalous mole fraction effect when they varied the
relative concentrations of K+ and Cs+ ions: the con-
ductance was greatest when only K+ was present,
smaller when only Cs+ was present, but smallest of all
when both K+ and Cs+ were present at substantial
concentrations. gK,L differs in this regard from neu-
ronal M current (carried by KCNQ channels, see
Introduction) which does not show anomalous mole-
fraction behavior (Block and Jones 1996).

DISCUSSION

As described in the Introduction, Kharkovets et al.
(2000) had strong reasons to suggest that both gK,n

and gK,L comprise KCNQ4 subunits, possibly in
combination with other subunits. This proposal
would have been supported had we found similar
biophysical properties, but instead we found marked
differences. The activation range of gK,n was broader,
had a more negative midpoint, and was less sensitive
to washout than that of gK,L. The kinetics of activation
and deactivation differed in quantity (gK,n being fas-
ter) and quality (gK,n’s sigmoidal deactivation). The
pores differed in their permeability to Cs+. Other
studies have shown pharmacological differences. gK,n

is blocked by relatively low doses of the KCNQ4
blocker linopirdine, unlike gK,L (Rennie et al. 2001).
gK,L is sensitive to 4-aminopyridine (Griguer et al.
1993; Rennie and Correia 1994; Rüsch and Eatock
1996a; Brichta et al. 2002), but gK,n is not (Mammano
et al. 1995; Oliver et al. 2003). These major biophys-
ical and pharmacological differences indicate
important differences in channel structure. The
channels may not be related at all, or they may share
subunits (e.g., KCNQ4) but have different a- and/or
b-subunit partners or more subtle differences
reflecting post-translational modifications.

Functional considerations

Both of these negatively activating conductances are
acquired relatively late in hair cell differentiation,
during the first two to three weeks of postnatal life
(Rüsch et al. 1998; Marcotti and Kros 1999; Eatock
and Hurley 2003; Marcotti et al. 2003). While we can
calculate certain aspects of their impact on the

FIG. 6. Changes in the reversal potential of gK,L during long voltage
steps may result from significant K+ flux through gK,L. Standard ves-
tibular external medium and Cs+ pipette solution for perforated patch
recordings. Same cell as in Figure 5B,C. After a 200-ms step to
)129 mV, the peak currents (b, arrow) reversed at approximately

)65 mV. With time during 3-s steps positive to –69 mV, however, the

reversal potential shifted positively, reaching approximately –40 mV

at the end of the steps (c). The change in reversal potential is shown

clearly by the reversal of current polarity during the steps at –59 and

–49 mV (thick traces).
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receptor potential, their roles are not firmly estab-
lished. Speculation has centered on different aspects
of function for the outer hair cells and type I cells.

By reducing the input resistance, gK,n and gK,L

attenuate the steady-state receptor potential and re-
duce the membrane time constant, sm. The latter
effect moves the corner frequency for low-pass filter-
ing by the membrane capacitance to higher fre-
quencies. Marcotti and Kros (1999) found that the
postnatal acquisition of gK,n by outer hair cells in the
mouse apical turn reduces sm sevenfold, from
11.8 ± 1.36 ms (n = 11) to 1.6 ± 0.10 ms (n = 15),
raising the low-pass corner frequency for charging the
membrane capacitance from about 10 to 100 Hz. The
effect of gK,L on type I hair cells is even more extreme
because its extraordinarily large size produces
unusually low input resistances. In the rat utricle, type
I hair cells have a median input resistance of 37 MX
(n = 55) vs. 1.2 GX for type II hair cells (n = 39)
(ruptured-patch recordings, M. Saeki and R.A. Ea-
tock, unpublished results). Assuming membrane
capacitances of 4 pF (our mean value), the median
membrane time constants of rat utricular type I and
type II hair cells are about 160 ls and 5 ms, respec-
tively, corresponding to low-pass corner frequencies
of about 1000 and 30 Hz. Similarly, the membranes
of type I and type II hair cells from gerbil semicircular
canals have low-pass corner frequencies of 400–
5000 Hz and 40 Hz, respectively (Rennie et al. 1996).
The significance of the higher bandwidth of type I
cells is not known. Head movement energy falls off at
high frequencies, with the highest known effective
stimuli in the range of 20–30 Hz (Angelaki 1998;
Hullar and Minor 1999). Moreover, type I hair cells
acquire bandwidth at the cost of receptor potential
gain, so that it is not clear whether type I or type II
cells generate larger receptor potentials at high
stimulus frequencies.

Several authors have suggested that gK,n is impor-
tant in K+ circulation within the cochlea (see Intro-
duction). Its appearance at hearing onset in the hair
cell’s basal membrane might reflect the emerging
need for cochlear hair cells to rapidly clear K+ flowing
in through apical transduction channels (Kennedy et
al. 2003; Marcotti et al. 2003). In type I hair cells, gK,L

appears at the same time as calyx afferent endings,
which tightly envelop most of the basolateral mem-
brane—an arrangement not conducive to K+ clear-
ance from the extracellular space. Indeed, it has been
argued that accumulation of K+ in the space between
the hair cell and calyx (the cleft) may constitute a
form of nonquantal synaptic transmission from the
type I cell to the calyx ending (Goldberg 1996). In-
creased cleft K+ will depolarize the calyx by depolar-
izing Ek, provided that the calyx membrane facing the
hair cell (the calyx inner face) has a K+ conductance.

Ultrastructural localization of KCNQ4 immunoreac-
tivity suggests that the calyx inner face is well en-
dowed with KCNQ4 channels (Kharkovets et al. 2000;
Lysakowski and Price 2003). An alternative kind of
nonquantal transmission at this synapse may be ep-
haptic transmission via direct current flow into the
calyx ending (Trussell 2000). As current leaves the
hair cell, it flows along the synaptic cleft or into the
calyx ending. At most synapses, most of the current
exiting the presynaptic terminal flows through the
low-resistance extracellular space. Ephaptic transmis-
sion may be enhanced at the type I hair cell–calyx
interface by the relatively high resistance of the
extracellular space—a thin shell—and the relatively
low resistance of the postsynaptic membrane (as
suggested by immunostaining evidence for numerous
KCNQ4 channels). While such putative nonquantal
pathways might operate at these synapses, chemical
transmission certainly also occurs, given that type I
hair cells have abundant synaptic ribbons and vesicles
(Lysakowski and Goldberg 1997).

The vulnerability of gK,L to washout during
recording and to agents such as nitric oxide (Chen
and Eatock 2000), cGMP (Behrend et al. 1997; Ren-
nie 2002) and protein kinase inhibitors (Eatock et al.
2002) suggests that gK,L might be modulated in vivo.
Suppression of gK,L would enhance input resistance
and the gain of conventional (quantal) transmission
from the type I hair cell to the calyx ending (see
Discussion in Chen and Eatock 2000).

Comparison with KCNQ conductances

When we compare gK,n and gK,L with heterologously
expressed KCNQ conductances or with native M or
M-like conductances, we find, for each of the hair cell
conductances, some differences and some similari-
ties. Heterologously expressed KCNQ channels and
M channels have more positive activation ranges than
either gK,n or gK,L, with V1/2 values ranging from –5 to
–50 mV (Biervert et al. 1998; Schroeder et al. 2000;
Selyanko et al. 2000; Pan et al., 2001). gK,n behaves
like other KCNQ channels (Robbins et al. 1992) in
being insensitive to 4-aminopyridine (Mammano et
al. 1995; Marcotti et al. 2003), which blocks gK,L

(Rennie and Correia 1994; Rüsch and Eatock 1996a;
Brichta et al. 2002). The block of gK,L by 4-amino-
pyridine has a substantial voltage- (or state-) depen-
dent component that is relieved at depolarized
potentials (Brichta et al. 2002). gK,L has a PCs/Pk value
comparable to that of M channels (Cloues and Mar-
rion 1996; Block and Jones 1996) and heterologously
expressed KCNQ4 channels (Kubisch et al. 1999), but
unlike M channels (Block and Jones 1996) it displays
anomalous mole-fraction behavior (Rennie and Cor-
reia 2000).
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None of these comparisons can rule in or out a
particular molecular composition for gK,n or gK,L. K+

conductances may share a subunits but have distinct
properties; a relevant example is provided by gK,n and
heterologously expressed KCNQ4 channels (gKCNQ4).
Despite strong evidence that gK,n is carried by
KCNQ4-containing subunits, gK,n has a more negative
activation range, faster kinetics, and much greater
sensitivity to linopirdine than does gKCNQ4. Heterol-
ogous expression experiments have shown that the
same KCNQ genes can give rise to distinct ion chan-
nels through splice variation (Pan et al. 2001), asso-
ciation with other subunits (e.g., Wang et al. 2000), or
phosphorylation (Gamper et al. 2003). Channels
formed by coexpressing KCNQ4 with KCNQ3, which
is also expressed in the cochlea and vestibular organs
(Kubisch et al. 1999), have an activation range and
linopirdine sensitivity somewhat closer to those of gK,n

channels (Kubisch et al. 1999). Yet the properties are
still quite far apart: The activation V1/2 was more
positive by 70 mV and the half-blocking linopirdine
dose was more than 100-fold larger for KCNQ3/4
channels than for gK,n channels. These discrepancies
illustrate the challenges of understanding the
molecular basis of ion channel properties in vivo.

The evidence that gK,n is a KCNQ4 conductance is
not ironclad but leaves little room for doubt. As re-
viewed in the Introduction, KCNQ4 is expressed at
both the message and protein levels by the cells that
have gK,n, and that expression coincides with the
developmental appearance of gK,n. Importantly, gK,n is
the only cochlear hair cell conductance that is
blocked by KCNQ blockers, i.e., there are no other
candidates for the KCNQ4 conductance. The pub-
lished evidence that gK,L includes KCNQ4 subunits is
somewhat less firm. On the positive side, KCNQ4
mRNA expression in vestibular epithelia and KCNQ4-
like immunoreactivity in type I hair cells coincide
with the developmental acquisition of gK,L (Kharko-
vets et al. 2000). There is also a preliminary report
that transfection of mouse utricular hair cells with a
dominant negative form of KCNQ4 eliminates gK,L

expression (Holt et al. 2004). There are, however,
several reasons to question the identification of gK,L

as a KCNQ4 conductance. First, the data from the
present study argue for significant molecular differ-
ences relative to gK,n, which is almost certainly a
KCNQ4 conductance. Second, in vestibular epithelia
there are other potential ion channel candidates for
the KCNQ4 mRNA: Type II vestibular hair cells have a
conductance that is not gK,L and that is sensitive to
KCNQ blockers (Rennie et al. 2001; K.M. Hurley and
R.A. Eatock, unpublished results). Finally, pre-
liminary reports suggest that much of the KCNQ4
immunostaining that has been attributed to the type I
hair cell is actually in the calyx ending (Lysakowski

and Price 2003) and that gK,L is sensitive to blockers
of the ether-a-go-go family of K+ channels (Hurley
and Eatock 2002). The contradictory observations on
gK,L even raise the possibility that it comprises more
than one channel type, i.e., that type I cells have
multiple negatively activating K+ channel types, with
different ones dominating in different developmental
stages, zones of the epithelia, or experimental con-
ditions.
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