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Bal, Ramazan and Donata Oertel.Potassium currents in octopus
cells of the mammalian cochlear nucleus.J Neurophysiol 86:
2299–2311, 2001. Octopus cells in the posteroventral cochlear nu-
cleus (PVCN) of mammals are biophysically specialized to detect
coincident firing in the population of auditory nerve fibers that provide
their synaptic input and to convey its occurrence with temporal
precision. The precision in the timing of action potentials depends on
the low input resistance (;6 MV) of octopus cells at the resting
potential that makes voltage changes rapid (t ; 200 ms). It is the
activation of voltage-dependent conductances that endows octopus
cells with low input resistances and prevents repetitive firing in
response to depolarization. These conductances have been examined
under whole cell voltage clamp. The present study reveals the prop-
erties of two conductances that mediate currents whose reversal at or
near the equilibrium potential for K1 over a wide range of extracel-
lular K1 concentrations identifies them as K1 currents. One rapidly
inactivating conductance,gKL, had a threshold of activation at270
mV, rose steeply as a function of depolarization with half-maximal
activation at245 6 6 mV (mean6 SD), and was fully activated at
0 mV. The low-threshold K1 current (IKL) was largely blocked by
a-dendrotoxin (a-DTX) and partially blocked by DTX-K and tityus-
toxin, indicating that this current was mediated through potassium
channels of the Kv1 (also known asshakeror KCNA) family. The
maximum low-threshold K1 conductance (gKL) was large, 5146 135
nS. BlockingIKL with a-DTX revealed a second K1 current with a
higher threshold (IKH) that was largely blocked by 20 mM tetraeth-
ylammonium (TEA). The more slowly inactivating conductance,gKH,
had a threshold for activation at240 mV, reached half-maximal
activation at216 6 5 mV, and was fully activated at130 mV. The
maximum high-threshold conductance,gKH, was on average 1166 27
nS. The present experiments show that it is not the biophysical and
pharmacological properties but the magnitude of the K1 conductances
that make octopus cells unusual. At the resting potential,262 mV,
gKL contributes;42 nS to the resting conductance and mediates a
resting K1 current of 1 nA. The resting outward K1 current is
balanced by an inward current through the hyperpolarization-activated
conductance,gh, that has been described previously.

I N T R O D U C T I O N

The low input resistance of octopus cells causes synaptic
responses to be brief and voltage changes in response to
synaptic current to be small. Octopus cells require the summa-
tion of many synaptic inputs within a period of 1 ms to fire and
thus detect coincident firing among their inputs (Golding et al.
1995). In requiring the summation of many small inputs to

produce a brief but robust synaptic response, the temporal jitter
in the timing of individual auditory nerve inputs is lost in the
firing of octopus cells. In vivo octopus cells convey the timing
of broadband transients or periodicity in sounds with a tempo-
ral jitter ,200 ms (Godfrey et al. 1975; Oertel et al. 2000;
Rhode and Smith 1986; Rhode et al. 1983). Octopus cells can
fire at rates#800 action potentials/s (Rhode and Smith 1986).
Tones typically evoke a single, sharply timed action potential
at the onset of the stimulus; in responses to tones,800 Hz,
octopus cells can fire at every cycle (Friauf and Ostwald 1988;
Godfrey et al. 1975; Rhode and Smith 1986; Smith et al. 1993).

Octopus cells have been recognized in all mammals includ-
ing humans (Adams 1986; Hackney et al. 1990; Osen 1969;
Willard and Martin 1983; Willott and Bross 1990). They
occupy the octopus cell area, a region that is defined by a clear
border in the caudal and dorsal part of the PVCN (Kolston et
al. 1992; Wickesberg et al. 1994; Willott and Bross 1990).
Their axons form one of the ascending pathways through the
brain stem. They project contralaterally through the interme-
diate acoustic stria to excite neurons in the superior paraolivary
nucleus (SPN) and in the ventral nucleus of the lateral lemnis-
cus (VNLL) (Adams 1997; Schofield 1995; Schofield and Cant
1997; Smith et al. 1993; Vater et al. 1997; Warr 1969). The
influence of octopus cells on the inferior colliculus is indirect
and inhibitory as neurons in the SPN are GABAergic (Kulesza
and Berrebi 1999) and neurons in the VNLL that are innervated
by octopus cells are glycinergic (Saint Marie et al. 1997). It has
been suggested that these pathways play a role in the recogni-
tion of temporal patterns in natural sounds.

Several conductances contribute to the low input resistance
of octopus cells. In the initial studies of octopus cells made
with sharp electrodes in current-clamp experiments, it was not
possible to measure the input resistance but the dramatic in-
crease of the input resistance in the hyperpolarizing voltage
range in the presence of Cs1 was the first clue that a hyper-
polarization-activated conductance contributed to the resting
properties of octopus cells (Golding et al. 1995). Recordings
with patch-clamp electrodes showed that octopus cells have
input resistances of;6 MV (Bal and Oertel 2000; Golding et
al. 1999). The pharmacological sensitivity to 4-aminopyridine
(4-AP) (Golding et al. 1999) and toa-DTX (M. Ferragamo and
D. Oertel, unpublished results) indicated that a low-threshold
K1 conductance balanced the hyperpolarization-activated con-
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ductance at rest and played a role in shaping the voltage
changes produced by synaptic currents. To understand the
properties of these conductances, they were examined under
voltage clamp. The large amplitude and relatively depolarized
voltage range of activation allows the hyperpolarization-acti-
vated, mixed-cation conductance,gh, to contribute to the shap-
ing of synaptic responses and to contribute a large steady
current at the resting potential (Bal and Oertel 2000). The
present study describes K1 conductances, one of which bal-
ancesgh.

M E T H O D S

Coronal slices of the PVCN from mice (ICR strain) of between 17
and 20 postnatal days were used for these experiments. After decap-
itation, the head was immersed in normal physiological saline con-
taining (in mM) 130 NaCl, 3 KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3
MgSO4, 20 NaHCO3, 3 HEPES, and 10 glucose, saturated with 95%
O2-5% CO2, pH 7.4, between 25 and 31°C (Golding et al. 1995,
1999). After the brain was removed from the skull, it was cut coro-
nally at the midcollicular level. The rostral surface of the specimen
was mounted on a Teflon block with a cyanoacrylate glue (Superglue).
Two slices, 180mm thick, were then cut using an oscillating tissue
slicer (Frederick Haer, Newbrunswick, ME). These were transferred
to a storage chamber containing fresh, oxygenated saline at 33°C for
#2 h. The slices were transferred to a recording chamber of;0.3 ml
in which it was continuously perfused at about 6 ml/min with oxy-
genated saline whose temperature was kept at 33°C with a custom-
made, feedback-controlled heater.

Slices were visualized with a Zeiss Axioskop with a363 water-
immersion lens. Octopus cells were initially identified by their char-
acteristic location within a heavily myelinated fiber bundle just ventral
and caudal to the translucent granule cell region. Illumination under
bright-field conditions with the field diaphragm nearly closed made
octopus cells appear bright among dark bundles of myelinated fibers.
On breaking in to an octopus cell, its characteristic responses to
injected current were used to confirm the visual identification (Bal and
Oertel 2000; Golding et al. 1995, 1999).

All measurements of potassium currents were made under condi-
tions in which they could be isolated from other currents. The control
solution contained (in mM) 138 NaCl, 4.2 KCl, 2.4 CaCl2, 1.3 MgCl2,
10 HEPES, and 10 glucose, pH 7.4 when saturated with 100% O2. The
hyperpolarization-activated current,Ih, was blocked by the extracel-
lular application of 50 nM ZD7288 (Bal and Oertel 2000). Voltage-
sensitive sodium current was blocked by 1mM tetrodotoxin (TTX)
(Golding et al. 1999). Voltage-sensitive calcium current was blocked
by 0.4 or 0.25 mM CdCl2 in most experiments. Synaptic currents were
blocked with 40mM 6,7-dinitroquinoxaline-2,3-dione (DNQX; Tocris
Cookson, Avonmouth, UK). In experiments that concerned the high-
threshold K1 conductance, 50 nMa-dendrotoxin (a-DTX; Alomone
Labs, Jerusalem, Israel) was added to the control solution. When TEA
was applied, it was substituted for Na1. Test solutions were applied to
the chamber by redirecting the flow of liquid through a system of
tubing and valves. Unless otherwise stated, all chemicals were ob-
tained from Sigma (St. Louis, MO).

Pipettes were generally of low resistance (3–6 MV). They were
pulled from borosilicate glass (1.2 mm OD). They were filled with a
solution that consisted of (in mM) 108 potassium gluconate, 9
HEPES, 9 EGTA, 4.5 MgCl2, 14 phosphocreatinine (tris salt), 4 ATP
(Na salt), and 0.3 GTP (tris salt); pH was adjusted to 7.4 with KOH
(Forscher and Oxford 1985).

Current- and voltage-clamp recordings were performed with stan-
dard whole cell patch-clamp techniques using an Axopatch-200A
amplifier. Data were low-pass-filtered at 5–10 kHz. Current and
voltage records were sampled at 10–40 kHz and were digitized
on-line using a Digidata 1320 interface (Axon Instruments, Foster

City, CA) and fed both to a chart recorder and to an IBM-compatible
personal computer for storage and further analyses. Stimulus gener-
ation, data acquisition, and off-line analysis of digitized data were
done using pClamp software (version 8.03; Axon Instruments). After
the formation of high-resistance seals (.1 GV), negative pressure was
applied to obtain the whole cell configuration. Series resistance varied
from 6 to15 MV. All reported results were from recordings in which
$95% of the series resistance could be compensated on-line; no
corrections were made for errors in voltage that resulted from uncom-
pensated series resistance. In these experiments, the actual voltage
was maximally 6 mV less positive than stated. All voltage measure-
ments have been compensated for a junction potential of212 mV.

Statistical analyses were performed off-line. The results are given
as means6 SD, with n being the number of cells in which the
measurement was made. Significant differences between the groups
were evaluated using a paired Student’st-test.

R E S U L T S

Data reported here were obtained from recordings of 153
octopus cells, each lasting between 20 min and 2 h. All
reported measurements were made while the hyperpolariza-
tion-activated current was blocked by 50 nM ZD7288, voltage-
sensitive Na1 currents were blocked by with 1mM TTX, and
excitatory synaptic currents were blocked by 40mM DNQX.
In most experiments, 0.4 mM Cd21 was added to block
Ca21currents. Inhibitory synaptic currents have not been ob-
served in octopus cells (Gardner et al. 1999; Golding et al.
1995).

Definition of IKL and IKH

Depolarizing voltage steps from a holding potential of290
mV evoked large outward currents. The threshold for the
appearance of voltage-sensitive outward current was270 mV.
The current increased steeply in amplitude with steps to more
depolarized potentials and then decayed with relatively slow
time course to a steady-state value that was 23% of the peak
(Fig. 1A). In the absence of pharmacological blocking agents,
the peak outward currents saturated the amplifier at voltages
more depolarized than240 mV. The activation of the outward
current was rapid so that its beginning was superimposed on
the capacitative current and could not be resolved reliably.
Voltage steps from290 to240 mV evoked currents that took
1.7 6 0.2 ms (n 5 6) to reach half-peak amplitude. To
characterize the large, voltage-sensitive outward current in
octopus cells required that the components be isolated and
identified.

Previous experiments in current clamp have shown that
octopus cells have voltage-sensitive Ca21 currents (Golding et
al. 1999). The question arose therefore to what extent voltage-
sensitive Ca21 currents and Ca21-activated K1 currents con-
tribute to the outward current. When external Ca21 was re-
placed with Mg21 or 0.25 mM Cd21 was added to the bath, the
amplitude and the shape of outward current evoked by pulses
up to 240 mV did not change measurably (data not shown).
Over the voltage range290 to 240 mV under the present
conditions, therefore Ca21 and Ca21-activated K currents are
negligible.

Blockers of K1 channels blocked most of the outward
current and provided an initial separation and identification of
the currents.a-DTX blocked a low-threshold current, leaving
a high-threshold current that was sensitive to TEA.a-DTX has
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been shown to be a selective blocker for low-threshold K1

outward currents in other types of neurons (Brew and Forsythe
1995; Gamkrelidze et al. 1998; Halliwell et al. 1986; Harvey
1997; Owen et al. 1997; Reid et al. 1999; Southan and Rob-
ertson 2000). Figure 1B shows thata-DTX blocked 96% of the
outward current over the voltage range between about270 and
240 mV. This experiment shows that the identical current can
be isolated on the basis of its voltage sensitivity and on the
basis of its pharmacological sensitivity toa-DTX and serves as
a test for the specificity ofa-DTX. The a-DTX-sensitive
current had a low threshold of activation, about270 mV,
serving as the basis for our referring to this current as the
low-threshold potassium current,IKL. Its activation was rapid,
requiring on average 1.7 ms to reach the half-peak amplitude.
Over ;0.5 s, this current inactivated to;50%. As octopus
cells have resting potentials near262 mV (Bal and Oertel
2000; Golding et al. 1995, 1999), this current is partially
activated when octopus cells are at rest. In the presence of 50
nM a-DTX, the voltage of octopus cells could be stepped to
more depolarized potentials and revealed another outward cur-
rent with a higher threshold that was sensitive to 20 mM TEA
(Fig. 1D). This current had a threshold of activation at about
240 mV and is thus termed the high-threshold potassium
current,IKH (Fig. 1,D andE). Voltage steps from290 to210
mV evoked a current whose activation was partly obscured by
the capacitative current; it rose to half-peak-amplitude in 1.5
ms. This current inactivated more slowly than thea-DTX-
sensitive current.

Pharmacological experiments showed that 4-AP and TEA
did not discriminate betweenIKL and IKH. While 5 mM 4-AP
blockedIKL, it also decreased the amplitude ofIKH. The effects
of TEA on IKL were investigated in five octopus cells. TEA, at
10–20 mM, reduced the peak amplitude ofIKL by between 30
and 40% (data not shown).

Sensitivity to blockers of Kv1 channels

The finding thatIKL was sensitive toa-DTX suggested that
this current was mediated through ion channels of the Kv1
family (Harvey 1997; Hopkins 1998; Hopkins et al. 1994;
Owen et al. 1997; Stu¨hmer et al. 1989). A more detailed study
was therefore undertaken of the sensitivity ofIKL to a-DTX
and other toxins reported to be specific for Kv1 channels.
a-DTX is derived from the venom of the green mamba snake.
Tests of the specificity of this toxin on homomeric channels in
expression systems show thata-DTX is relatively unselective
among the various Kv1 homomers. It blocks Kv1.2 channels
with somewhat higher affinity than Kv1.1, Kv1.3, and Kv1.6
channels (Dolly and Parcej 1996; Grissmer et al. 1994; Harvey
1997; Owen et al. 1997; Tytgat et al. 1995). DTX-K is derived
from the venom of black mamba snakes and is a blocker
relatively more specific for Kv1.1 homomeric channels (Owen
et al. 1997; Robertson et al. 1996; Wang et al. 1999a,b).
Tityustoxin Ka, derived from the venom of scorpions, is re-
ported to be specific for homomeric channels that contain the
Kv1.2 a subunits (Hopkins 1998; Werkman et al. 1993). The

FIG. 1. Octopus cells have pharmacologi-
cally distinct low-threshold (IKL) and high-
threshold (IKH), voltage-sensitive outward
currents.A: long, depolarizing voltage steps
evoked a transient outward current that inac-
tivated quickly but only partially. From a
holding potential of290 mV, voltage pulses
were stepped from280 to240 mV in 5-mV
steps. B: currents evoked by similar but
shorter voltage steps illustrate howIKL was
isolated. The currents in the middle panel,
measured in the presence of 50 nMa-DTX,
were subtracted from those in theleft panel
recorded under control conditions.Right: the
difference currents, thea-DTX-sensitive cur-
rent. C: current-voltage relationships of the
peak whole cell currents in control saline (}),
in the presence ofa-DTX (Œ), and the differ-
ence currents (●). D: in the same cell and in
the continued presence of 50 nMa-DTX,
depolarizing steps between280 and210 mV
evoked outward currents with higher thresh-
olds (left). These currents were largely
blocked by 10 mM TEA (middle). The dif-
ference currents (right) represent the TEA-
sensitive, IKL. E: I-V relationships of the
peaks ofa-DTX-sensitive currents,IKL (●),
TEA-sensitive-a-DTX insensitive currents
IKH (}), and the residual currents (Œ) are
shown. The currents were recorded in the
presence of 1mM TTX, 50 nM ZD7288 and
40 mM M DNQX (but not extracellular
Cd21).
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actions of these blockers on heteromeric channels is less well
characterized (Hopkins 1998; Hopkins et al. 1994; Tytgat et al.
1995). In some combinations ofa subunits, sensitivity to the
toxins seems to be conferred by a single toxin-sensitive subunit
while in other combinations of subunits sensitivity depends on
all four a subunits (Hopkins 1998).

A comparison of the sensitivity ofIKL to the less selective
Kv1 channel blocker (a-DTX) and the more selective blockers
of Kv1.1 (DTX-K) and Kv1.2 (tityustoxin) is shown in Fig. 2.
a-DTX (50 nM) blocked 90% of the peak outward current
(Fig. 2A); the unblocked current had a high activation threshold
(Fig. 2B), indicating that it represented mainlyIKH. 40 nM
DTX-K blocked maximally 78% and tityustoxin maximally
58% of the outward current. The unblocked portions of the
current had low activation thresholds, indicating that each of
these toxins blocked only part ofIKL (Fig. 2, D and F).
Dose-response curves (Fig. 2G) show that the concentrations
of all toxins used in the experiments illustrated in Fig. 2,A–F,
are at saturating levels. Half-maximal blocking concentrations
were 5, 10, and 3 nM fora-DTX, DTX-K, and tityustoxin,
respectively. The effects of these toxins were irreversible.
These results support the conclusion thatIKL is mediated
through K1 channels of the Kv1 family. These findings indi-
cate thatIKL in octopus cells is generated through a heteroge-
neous population of Kv1 channels. About 20% lack Kv1.1 and
;45% lack Kv1.2.

Reversal potential of IKL

The reversal potential ofIKL was measured from the tail
currents obtained with a conventional double-pulse protocol.
The tail currents were evoked by repolarizing to a range of
potentials between262 and2102 mV after a depolarizing
pulse to250 mV for 15 ms (Fig. 3A). The reversal potential
was measured in saline that contained 10 mM TEA, 1mM
TTX, 0.25 mM Cd21, and 50 nM ZD7288 to suppress other
voltage-sensitive currents,IKH, INa, ICa, andIh. The amplitude
of the tail current was plotted as a function of the step potential
(Fig. 3B). At a normal potassium concentration of 4.2 mM, the
current reversed at275.66 3.8 mV (n 5 20). The dependence
of the reversal potential on the extracellular K1 concentration
was determined by repeating the experiment in saline in which
KCl was substituted for equimolar NaCl to give final K1

concentrations of 17 and 34 mM. Figure 3C shows that the
reversal potential ofIKL roughly obeys the Nernst relationship
for K1, confirming the conclusion thatIKL is largely carried
by K1.

The measurement of the reversal potential ofIKL deviated
somewhat from the theoretical potassium equilibrium poten-
tial. TheI-V relationship in Fig. 3B deviates from linearity over
the voltage range negative to the reversal potential. Also the
dependence of the reversal potential on the extracellular K1

concentration deviated from the Nernst relationship at negative
potentials; at 4.2 mM [K1]o the measured reversal potential
was 276 mV, whereas the equilibrium potential for K1 was
285 mV. There are several possible explanations and inter-
pretations for these deviations. First, the magnitude of the tail
current was measured 0.7 ms after the onset of the second step
to avoid possible artifacts from the transient capacitative cur-
rent, but over such a time period the tail currents can be
distorted. A voltage dependence of the decay of tail currents

can cause a relative underestimation of the tail currents in the
negative voltage range where they decline most rapidly. Sec-
ond, it is also possible that the outward current might have
been contaminated withIh, a current that is strongly activated
at hyperpolarized voltages and that may not have been blocked
completely by ZD7288 (Bal and Oertel 2000). Third, it is likely
that not all parts of the octopus cell were equally well clamped
under all conditions. Fourth, it is possible thatIKL is not
absolutely specific for K1. Fifth, similar deviations in mea-
surements of the reversal potential in avian auditory neurons

FIG. 2. IKL is sensitive toa-dendrotoxin (a-DTX), DTX-K, and tityustoxin
K-a, specific blockers of Kv1 potassium channels. The effects of toxins were
assayed in separate cells by measuring to what extent they blocked the peak
outward current in response to step depolarizations of 500-ms duration to
between280 mV and235 or240 mV from a290-mV holding potential.A:
a-DTX blocked ;91% of the peak outward current.B: the current-voltage
relationships of peak outward currents in the absence (■) and presence (●) of
a-DTX are shown for the recording given inA. Most of the unblocked portion
of the current activated at high-threshold.C: DTX-K blocked 67% of the peak
outward current in this neuron.D: the current-voltage relationships for the
recording inC show that the unblocked portion of the current had a low
activation threshold.E: tityustoxin Ka blocked 58% of the peak outward
current.F: the current-voltage relationships for the recording given inE. The
unblocked portion of the current had a low activation threshold.G: dose-
response relationships fora-DTX (n 5 6), DTX-K (n 5 3), and tityustoxin
K-a (n 5 3). Block of IKL is expressed as the percent ratio of peak amplitude
in the presence of the blocker to peak amplitude in the absence of the blocker
measured in response to voltage steps to240 mV.
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have been attributed to the extracellular accumulation of K1

(Rathouz and Trussell 1998). Several of these possibilities
were assessed in separate experiments.

The reversal potential was measured in recordings in the
cell-attached configuration from cell bodies using similar
voltage protocols (Fig. 4). In these experiments, the intra-
cellular content was not disturbed, currents are not affected
by imperfections in the space-clamp, and there is unlikely to
be any extracellular accumulation of K1. Recordings were
made with pipettes that contained extracellular saline with
50 nM ZD7288, 1mM TTX, 10 mM TEA, and 0.25 mM
Cd21. At the end of the recordings, the resting potential was
measured in the whole cell mode. The mean reversal poten-
tial measured in these experiments was277 6 3 mV (n 5
3), a value that corresponded closely to the reversal poten-
tial measured in the whole-cell configuration. The nonlinear
I-V relationship of the tail currents under these conditions
indicates that neither space-clamping nor K1 accumulation
were the cause of the distortions of the measurements under
whole cell conditions.

The possibility that space-clamp artifacts or K1 accumula-
tion affected measurements of the reversal potential ofIKL was
tested further by measuring the reversal potential of outward
currents in outside-out patches. In these measurements, the
reversal potential under normal conditions was found to be
274 6 2 mV (n 5 3, data not shown), a value close to that
measured in whole cell recordings and deviating from the
equilibrium potential of285 mV.

The most likely explanation for the deviation from theoret-
ical behavior is that the presence of some residualIh contam-
inates measurements of the reversal potential at negative po-
tentials. Ih in octopus cells has a threshold of activation
between235 and240 mV and is strongly activated at more
hyperpolarized potentials (Bal and Oertel 2000). The current is
small near its reversal potential,238 mV, where deviations of
the reversal potential ofIKL from EK are small, and it is large
at more hyperpolarized potentials where the driving force is
larger and the conductance is more strongly activated. If 50 nM
ZD7288 blocked 91% of a current measured to be between 1
and 2 nA at rest, the restinggh would be expected to contribute
between;0.1 and 0.2 nA at the resting potential and between
0.2 and 0.4 nA at2110 mV.

Voltage sensitivity of the activation of IKL

The potassium currents measured in whole cell recordings of
octopus cells are large, requiring additional manipulations to
measure the voltage sensitivity ofgKL over the physiological
range. Steps from290 to235 mV often evoked currents that
exceeded 20 nA, not only exceeding the limits of the amplifier
but also subjecting the measured currents to distortion by the
series resistance. To overcome these technical problems, low
concentrations ofa-DTX were used to reduce peak currents to
workable levels. In these experiments,IKL was evoked with
steps to245 mV, then between 5 and 8 nMa-DTX was
applied. The ratio of the peak current in the presence and
absence ofa-DTX indicated what fraction ofIKL was blocked
by the low concentration ofa-DTX and determined the cor-
rection factor ofgKL in the following measurement. The dif-

FIG. 3. Measurement of the reversal potential ofIKL in whole cell record-
ings. A: tail currents were measured with a double-pulse protocol. These
measurements, made in the presence of 4.2 mM extracellular K1, indicated
that the tail currents reversed near277 mV. B: instantaneous current-voltage
(I-V) relationship for the data inA measured 0.7 ms after the step change in
voltage. The tail currents reversed near277 mV.C: the dependence of reversal
potential on extracellular K1 concentration. The points are means from mul-
tiple experiments: [K1]o 5 4.2 mM (n 5 20), [K1]o 5 17 mM (n 5 4), and
[K1]o 5 34 mM [K1]o (n 5 4).

FIG. 4. Measurement of the reversal potential in the cell-attached-config-
uration with a pipette that contained normal extracellular saline with 4.2 mM
K1, as well as 50 nM ZD7288, 1mM TTX, 0.25 mM Cd21, and 10 mM TEA1

which had been substituted for Na1. A: the tail currents forIKL were measured
with a voltage protocol shown in the inset.B: I-V relationship for the data in
A. The tail currents reversed at about278 mV.
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ference between currents measured in low and high (60 nM)
concentrations ofa-DTX could then be used to reveal the
voltage sensitivity of the unblocked portion ofgKL. The results
of these experiments are illustrated in Fig. 5. In the presence of
8 nM a-DTX, the outward current evoked by a step to245 mV
was reduced by 76.5% (not shown) and outward currents
evoked by depolarizing steps to 0 mV could be measured (Fig.
5A). IKL rises steeply in the voltage range near the resting
potential as both the conductance and the driving force increase
(Fig. 5B). The voltage sensitivity ofgKL was derived from the
relationshipgKL 5 IKL/(Vm 2 EK). The totalgKL was derived
by applying a correction factor based on the measurement of
the proportion ofIKL blocked by a low concentration ofa-DTX
(Fig. 5C).

The voltage sensitivity ofgKL in a group of octopus cells is
presented in Fig. 5D. The conductance,gKL, has a threshold
near 270 mV, rises steeply in the voltage range near the
resting potential and reaches a maximum;0 mV. The sigmoi-
dal relationship can be fit by a Boltzmann function. This
analysis indicates thatgKL is half-activated at245 6 6 mV
(n 5 12) and has a slope factor of 96 2 mV (n 5 12). The
mean maximumgKL for measured in 12 octopus cells was
514 6 135 nS.

Inactivation of IKL

The decline inIKL in the presence of continuing depolariza-
tion indicates thatIKL inactivates. The decay of current asso-
ciated with inactivation in Fig. 1A can best be described by
double exponentials of roughly equal weight with time con-
stants in the range of 200 and 20 ms. Knowing thatgKL is

activated at rest in the steady state and that this activation is
functionally significant, the rate and voltage dependence of
inactivation was studied in 11 neurons. After the membrane
was conditioned for 1 s toholding potentials between240 and
2105 mV in 5-mV steps, the neuron was depolarized to a fixed
test potential,245 mV (Fig. 6A). The normalized peak current
amplitudes were plotted as a function of holding membrane
potentials (Fig. 6B). In octopus cells,gKL does not inactivate
completely even at very depolarized potentials. The voltage
dependence ofgKL was fit by a Boltzmann function withV1/2
andk values are 646 3 and 56 0.6 mV, respectively (n 5 11).
Near the resting potential,262 mV, ;40% of the gKL is
inactivated; inactivation was maximal at voltages more depo-
larized than250 mV.

Measurement of activation and inactivation allows an esti-
mate to be made of the current that is mediated throughgKL at
rest. At 262 mV, gKL would be expected to have a peak
activation of;70 nS. Inactivation would be expected to reduce
this conductance by 40% to 42 nS. At the resting potential and
under normal ionic conditions, thereforegKL is expected to
mediate a current of;1 nA.

Recovery from inactivation of IKL

Recovery from inactivation ofIKL depended on the duration
and voltage of the recovery period. Inactivation was assayed
with a test pulse that followed a conditioning pulse after
various intervals. Figure 7A illustrates the results of one such
experiment. The cell was held at2100 mV to remove inacti-
vation of IKL completely (Fig. 6B). A depolarizing pulse to
245 mV was used initially to activate and inactivateIKL. A

FIG. 5. Voltage dependence ofgKL activation.A: the current traces were evoked with a voltage protocol given in theinset. Left:
IKL was reduced to measurable amplitudes by 8 nMa-DTX, which reduced the peak outward current at240 mV by 76.5%.Middle:
60 nM a-DTX blocked IKL, leaving IKH and the leak currents.Right: the difference between the currents in theleft andmiddle
panelsrevealsIKL, reduced to 23.5%, over a wide voltage range.B: plot of the partially blockedIKL as a function of the voltage.
C: the conductance derived from the currents inB, gKL, without (●) and with (■) the application of a correction factor 4.25. The
corrected relationship was fitted with a Boltzmann equation, showing thatgKL was half-activated at241 mV and had a slope factor,
k of 10 mV. D: the relationships of corrected conductance as a function of voltage for 11 experiments show that thresholds are
consistently around270 mV and that the maximum conductance varied among octopus cells.
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similar test pulse after intervals that varied between 10 and
2,000 ms at2100 mV was used to assess inactivation. Recov-
ery proceeded with an exponential time course whose time
constant was 1186 14 ms (n 5 4) with a complete recovery
after ;300 ms (Fig. 7B). The time constant of recovery de-
pended on the voltage of the recovery period, ranging between
about 100 ms at2100-mV holding potentials and 150 ms near
the resting potential (Fig. 7C).

Voltage sensitivity of IKH

The high-threshold outward current,IKH, was defined by its
insensitivity to a-DTX and its sensitivity to 20 mM TEA.
Figure 8 illustrates the properties of this current. Using a
bathing saline that contained 50 nMa-DTX, 1 mM TTX, 0.25
mM Cd21 and 50 nM ZD7288 to suppressIKL, INa, ICa andIh,
a-DTX-insensitive outward currents were evoked by voltage
steps from a holding potential of290 mV (Fig. 8A, left). In the
presence of 20 mM TEA, those outward currents were reduced
(Fig. 8A, middle) (experiments that are not illustrated showed
that;30% of the remaining outward current could be blocked
by 5 mM 4-AP). The difference between these families of
currents revealed the TEA sensitive,a-DTX-insensitive cur-
rent that we define asIKH. As the block ofIKH by 20 mM TEA
is probably not complete, the amplitude ofIKH is underesti-
mated with this method of separating currents. This current has
a threshold of activation near240 mV (Fig. 8B). The voltage
sensitivity of the underlying conductance was examined by
converting current to conductance using Ohm’s Law and plot-

ting conductance as a function of voltage (Fig. 8C). The
relationship was sigmoidal, having a threshold for activation at
about240 mV and saturating at around130 mV. The peak
gKL as a function of voltage was described by a Boltzmann
function withV1/2 at 216 6 5 mV (n 5 7) and a slope factor
of 10 6 4 mV (n 5 7). The maximum conductance,gKHmax
was 1166 27 nS (n 5 7). Long depolarizing pulses reveal that
IKH inactivated by;85% (Fig. 8D).

Reversal potential of IKH

The reversal potential ofIKH was measured with a similar
voltage protocol as that described forIKL (Fig. 9A). In control
saline, the tail current forIKH reversed at276 6 4 mV (n 5
6; Fig. 9B), a value within 1 mV of the reversal potential
measured forIKL. The finding that the deviation from the
equilibrium potential for K1 of both IKL and IKH are similar
argues that a common factor influences both. The results are
consistent withIh affecting measurements of the reversal po-
tential when the reversal potential is in the hyperpolarizing
voltage range.

Inactivation of IKH

In the presence of 50 nMa-DTX, a long voltage step to
variable voltages activatedIKH. The decay of current with
continued depolarization shows thatIKH inactivates. Inactiva-
tion of IKH was slow (Fig. 8D); its decay followed a double
exponential time course with a dominant (85%) time constant
in the range of 500 ms and a second in the range of 25 ms.

FIG. 6. Voltage dependence ofIKL steady-state inactivation.A: the currents
were evoked by the 2-pulse voltage protocol shown in theinset. Tail currents
in the second voltage step to245 mV reflected activation and inactivation of
gKL by the previous voltage step of long enough duration to reach a steady
state.B: plot of the peaks of tail currents as a function of the voltage of the
previous step reveals the voltage dependence of steady-state inactivation. The
plot was fit by a Boltzmann function withV1/2 at 264.26 2.7 mV and a slope
of 5 6 0.6 mV (n 5 11).

FIG. 7. Recovery ofIKL from inactivation is time and voltage dependent.A:
IKL was evoked by a depolarizing voltage pulse to245 mV for 200 ms from
a holding potential2100 mV and then depolarized to the same potential after
various intervals, 10, 50, 100, 300, 1,000, 2,000, and 4,000 ms.Top: the
voltage protocol;bottom: 7 superimposed current records. The current traces
were recorded from a single neuron in saline containing 0.25 mM Cd21, 1 mM
TTX, and 10 mM TEA.B: normalized peak current amplitudes were plotted as
a function of the interpulse interval. The time course of the recovery, extracted
by fitting a single exponential to this relationship was 1186 14 ms (n 5 4).
C: time course of the recovery differed as a function of holding potential. Time
constants of recovery from inactivation are plotted as a function of holding
potential.
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Figure 10 shows an experiment in which variable voltage
steps of 1.5 s were applied; inactivation did not reach a steady
state over this time period but octopus cells tended not to
tolerate longer depolarizations. Inactivation was assayed with a

subsequent voltage step to145 mV. The peaks of responses to
the test pulse varied as a function of the level of the previous
depolarization. A plot of the conductance, derived from the
peak tail currents, as a function of the previous voltage step
shows a sigmoidal shape that can be fit with a Boltzmann
function. TheV1/2 and slope factor values are 546 6 and 106
2 (n 5 6) mV, respectively. The fact that inactivation did not
reach steady state means that the maximal inactivation was
underestimated; Fig. 10B shows maximal inactivation to be
75% whereas it can reach 85%.

Contribution of K1 currents to membrane excitability

To gain an appreciation for the biological consequences of
these conductances on octopus cells, the effects ofa-DTX,
4-AP and TEA on firing properties of octopus cells were
examined in current-clamp experiments. The voltage-clamp
experiments show that the application of 50 nMa-DTX
blockedIKL almost completely. Whena-DTX was applied in
current clamp, octopus cells depolarized and became more
excitable (Fig. 11). The input resistance increased from 6.26
2.5 to 206 6 MV (n 5 10), resulting in an increase in the
membrane time constant from 0.226 0.04 (n 5 5) to 1.96 1
ms (n 5 5; Fig. 11B). In the presence ofa-DTX, repetitive
slow action potentials could be evoked with depolarizing cur-
rent. The peaks of the first in the train of action potentials
occurred later and varied more than under control conditions
(Fig. 11C). The latencies from the onset of the current pulse to
the peaks of action potentials evoked with depolarizing cur-

FIG. 8. Voltage sensitivity ofIKH andgKH. A: currents were evoked with depolarizing steps from a holding potential of290
mV in the presence of 1mM TTX, 0.25 mM Cd21, 50 nM ZD7288, and 60 nMa-DTX to suppressINa, ICa, Ih, andIKL, respectively.
Left: family of currents was evoked whenIKL was blocked bya-DTX. Middle: similar family of currents evoked in the additional
presence of 20 mM TEA.Right: difference of currents at the left and middle reveals the TEA-sensitive current.B: voltage
dependence of the peakIKH was plotted as a function of the step potential with which it was evoked.C: the current values were
converted into conductance,gKL (●), and normalized. This plot was fit with a Boltzmann function with a half-activation voltage
at2166 5 mV (n 5 7) and a slope factor of 106 4 mV (n 5 7). D: the family ofIKH recorded;5 s shows that in the steady-state
IKH inactivated by;85%.

FIG. 9. Measurement of the reversal potential forIKH with whole cell
recording.A: currents were evoked with a depolarizing voltage step to145
mV. Tail currents were recorded during subsequent steps to various voltages in
the presence of 4.2 mm K1. B: current-voltage relationship for the tail currents
in A shows that the tail currents reversed near275 mV.
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rents of 1 nA were shifted from 0.586 0.08 (n 5 10) to 1.86
0.8 ms (n 5 9) by a-DTX; latencies of action potentials in
responses to current pulses of 5 nA changed from 0.356 0.08
(n 5 10) to 0.696 0.3 ms (n 5 9). a-DTX also caused a 6.26
2.5 mV depolarizing shift of the resting potential. The subse-
quent application of 20 mM TEA, which was demonstrated in
voltage-clamp experiments to blockIKH, eliminated the repet-
itive firing and allowed octopus cells to be depolarized to a
plateau potential that lay positive to 0 mV that was presumably
maintained by voltage-sensitive Na1 and Ca21 currents. These
experiments show thatgKL contributes to the setting of the
resting potential and of the input resistance and time constant
of the resting octopus cell. It also shapes the peaks of action
potentials and decreases their temporal jitter. As expected, the
application of TEA affected only the most depolarized elec-
trophysiological responses, preventing the repolarization of
large action potentials (Fig. 11C).

D I S C U S S I O N

This study provides a description of voltage-sensitive K1

currents,IKL and IKH, and their underlying conductances,gKL
andgKH, in octopus cells of the ventral cochlear nucleus. These
currents are both identified as K1 currents by their reversal
potentials. The mamba snake toxin,a-DTX, blocks 90% of the
K1 current that is activated at potentials more negative than
245 mV but leaves a K1 current that was activated at more
positive potentials. This toxin was used to separateIKL from
IKH in the voltage range where both are activated so that these
currents could be studied in isolation. The sensitivity ofIKL to
the dendrotoxins and to tityustoxin indicates thatIKL is prob-
ably mediated through voltage-sensitive K1 channels of the
Kv1 family. The high- and low-threshold K1 conductances

FIG. 10. Voltage dependence of inactivation forIKH. A: currents were
evoked with a 2-step voltage protocol as shown in theinset. A 1st step to
various levels activatesIKH to varying degrees and is long enough to allow the
current to inactivate. The current traces show thatIKH had not quite reached
steady state. The 2nd step to a fixed voltage was used to assay inactivation of
the current.B: conductance was derived from tail currents in responses to the
second voltage pulse in 7 cells. The sigmoid relationship was fitted by a
Boltzmann function, showing a midpoint at254 6 6 mV and a slope of 106
2 mV (n 5 6).

FIG. 11. The role of voltage-sensitive K1

currents in controlling the resting potential
and the excitability of octopus cells.A: fam-
ilies of superimposed voltage responses to
current pulses. Amplitude of current pulses
ranged between23.5 and 5 nA and were
presented in 0.5-nA increments. Application
of 50 nM of a-DTX resulted in a depolariz-
ing shift of resting potential and the genera-
tion of multiple large, broad action poten-
tials. B: voltage-current relationships were
plotted before and after application of
a-DTX, illustrating that the input resistance
of the cell increased.C: records from a dif-
ferent octopus cell show that following 50
nM of a-DTX application, the application of
20 mM TEA and 5 mM 4-AP increased the
input resistance further. Voltage traces show
responses to families of depolarizing current
pulses that varied between 0.5 and 5 nA in
0.5-nA increments.
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differ in their voltage sensitivity. The threshold ofgKL lay at
270 mV, and activation was maximal at voltages positive to 0
mV. This conductance is activated over the entire physiologi-
cal voltage range of octopus cells. It contributes both to setting
the resting potential near262 mV and to the shaping of
responses to synaptic activation through the auditory nerve
(Golding et al. 1995). In contrast, the threshold ofgKH is at
240 mV and it is maximally activated at130 mV. This
conductance affects only the largest, suprathreshold events. It
does not affect the resting properties of octopus cells and it
does not contribute to the shaping of small synaptic potentials.
The biophysical specializations of octopus cells are generated
with K1 conductances whose biophysical and pharmacological
properties are conventional but which are represented in octo-
pus cells in unusually large quantities.

IKL and IKH are K1 currents

Measurements of the reversal potentials for bothIKL andIKH
deviated from the theoretical equilibrium potential,EK, when
the external concentration of K1 was low, raising the question
whether these currents are always carried by K1. Under control
conditions, bothIKL andIKH reversed at about276 mV when
EK was284.5 mV. Similar deviations have been documented
in bushy cells of the mammalian cochlear nucleus (Manis and
Marx 1991) and their avian homologs (Rathouz and Trussell
1998). When the extracellular K1 concentration was raised,
shiftingEK to more depolarized levels, the reversal potential of
gKL matchedEK. The finding that a depolarized reversal po-
tential for IKL was measured also in cell-attached and outside-
out configurations indicates that the deviation from the theo-
retical EK was not produced by space-clamp errors. Several
observations indicate that the deviation fromEK arose from the
contamination of K1 currents withIh. First, the deviation was
similar for bothIKL and IKH, indicating that a common factor
affected both measurements. Second, the deviation was ob-
served in the voltage range whereIh was activated, and it was
not observed outside that voltage range. Third, 50 nM ZD7288
leaves 7% ofIh unblocked (Bal and Oertel 2000); in cells with
an unusually largegh whose voltage range of activation is
unusually depolarized, the remaining current is substantial and
can account for the deviation. Fourth, deviation was similar in
whole cell cell-attached and outside-out patch configurations,
arguing against mechanisms that involve depletion or accumu-
lation. We conclude that bothIKL and IKH are K1 currents.

Activation and inactivation of IKL at rest

The observations thatgKL is activated at the resting potential
and that the maximumgKL is large indicate thatgKL contributes
substantially to shaping synaptic responses. This conductance
had an activation threshold near270 mV and was half-maxi-
mally activated at245 mV. At rest,262 mV, a substantial
proportion of the mean maximum peak conductance is 5146
135 nS,;70 nS, is activated. However, some of that conduc-
tance,;40%, will be inactivated, leaving a restinggKL of 42
nS and a restingIKL of ;1 nA. This resting K1 outward
current is roughly balanced by an inward current,Ih, which has
been estimated to be on average 1.4 nA (between 0.9 and 2.1
nA) (Bal and Oertel 2000; Oertel et al. 2000).

High- and low-threshold K1 currents in auditory
brain stem nuclei

The K1 conductances in octopus cells bear a striking resem-
blance to conductances in other auditory neurons. In cochlear
nuclear bushy cells and their avian homologs as well as in
neurons of the medial nucleus of the trapezoid body, low- and
high-threshold K1 conductances have been described (Brew
and Forsythe 1995; Manis and Marx 1991; Rathouz and
Trussell 1998; Reyes et al. 1994). While the methods for
separation of currents varied, the low-threshold conductances
were sensitive to dendrotoxins (Brew and Forsythe 1995;
Rathouz and Trussell 1998). In octopus cells, the maximum
gKL, 514 6 135, is at least six times larger than in any other
auditory or nonauditory neurons in which it has been mea-
sured. Estimates of the maximumgKL in other auditory neu-
rons are as follows: isolated bushy cells, 15 nS (Manis and
Marx 1991); avian nucleus magnocellularis, 68 nS (Rathouz
and Trussell 1998); and neurons of the medial nucleus of the
trapezoid body, 10 nS (Brew and Forsythe 1995). High-thresh-
old conductances in octopus cells were also larger than in other
cells, but the difference was smaller. Comparison of magni-
tudes ofgKH is made difficult by the differences in techniques
for defining the high-threshold conductance. In octopus cells,
the maximumgKH averaged 116 nS. In neurons of the medial
nucleus of the trapezoid body, maximumgKH is roughly 32 nS
(Brew and Forsythe 1995). In avian homologs of bushy cells,
it was 44 nS (Rathouz and Trussell 1998). Roughly the total
maximalgK in octopus cells is at least eight times that in other
neurons in auditory brain stem (Brew and Forsythe 1995;
Manis and Marx 1991; Rathouz and Trussell 1998). The max-
imal total gK is 10–100 times larger in octopus cells than in
nonauditory neurons in the CNS (e.g., Bardoni and Belluzzi
1993; Schofield and Ikeda 1989; Wu and Barish 1992).

Low-threshold K1 conductances that are sensitive toa-DTX
and that belong to the Kv1 family are widespread in the
nervous system. They have been shown to play a role in the
hippocampus (Halliwell et al. 1986) and in central vestibular
neurons (Gamkrelidze et al. 1998). They have been shown to
regulate excitability in not only cell bodies but also in axons
and axon terminals (Reid et al. 1999; Southan and Robertson
2000; Zhou et al. 1999).

IKL is mediated through K1 channels of the Kv1 family

Native channels of the Kv1 family are generally thought to
comprise foura and four b subunits. Combinations ofa
subunits form functional homomeric as well as heteromeric
channels in vitro, even in the absence ofb subunits, indicating
that thea subunits form the pore of the channel and control its
gating. Theb subunits of Kv1 channels in mammalian cells
affect the expression and modulate the biophysical properties
of the channels (Coleman et al. 1999). Kvb subunits accelerate
inactivation and cause a hyperpolarizing shift in the activation
curve of Kv1 channels (Accili et al. 1997; Heinemann et al.
1996; Rettig et al. 1994; Uebele et al. 1998).

A group of peptide toxins has recently been developed and
characterized that has proven to be specific for channels of the
Kv1 family. These peptide toxins includea-DTX, its close
homologue DTX-I, DTX-K, d DTX, and tityustoxin. When
tested on homomeric channels in expression systems,a-DTX
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and DTX-I potently block Kv1.2 channels, and with lower
potency, they also block Kv1.1, Kv1.3, and Kv1.6 channels
(Dolly and Parcej 1996; Grissmer et al. 1994; Harvey 1997;
Hopkins 1998; Owen et al. 1997; Tytgat et al. 1995). DTX-K
specifically blocks Kv1.1 homomers and has little effect on
other Kv1 channels (Robertson et al. 1996; Wang et al.
1999a,b).d DTX blocks Kv1.1 channels with high potency
(Hopkins 1998). Tityustoxin has been shown specifically to
block homomeric Kv1.2 channels (Hopkins 1998; Werkman et
al. 1993). In general these toxins also block heteromers that
contain a single subunit for which they are specific (Hopkins
1998; Hopkins et al. 1994; Wang et al. 1999a). There are
exceptions, however; the tityustoxin block of Kv1.2/Kv1.4
heteromers does not fit this model (Hopkins 1998).

It is likely that Kv1 channels exist as heteromers in octopus
cells. Manganas and Trimmer (2000) suggest that Kv1.1 and
Kv1.2 a subunits require coassembly with another member of
the Kv1 family, one possibility being Kv1.4, to be expressed at
the surface of mammalian cells. Biochemical and immunohis-
tochemical studies confirm this conclusion and indicate that
Kv1.1 a subunits form heteromultimers with either Kv1.4 or
Kv1.2 or both (Coleman et al. 1999; Koch et al. 1997; Shamo-
tienko et al. 1997). Coexpression of Kv1 subunits inXenopus
oocytes resulted in the formation of heterotetrameric channels
with pharmacological and biophysical properties distinct from
those of corresponding homotetrameric channels subunit (Hop-
kins 1998; Hopkins et al. 1994; Isacoff et al. 1990; Ruppers-
berg et al. 1990; Sheng et al. 1993; Tytgat et al. 1995; Wang et
al. 1993).

None of the homomeric channel currents of Kv1.1, Kv1.2,
and Kv1.4 in vitro expression systems has identical pharma-
cological and biophysical properties toIKL in octopus cells.
Instead,IKL in octopus cells combines the features of homo-
meric channels. The low threshold ofIKL resembles that of
Kv1.1 homomeric channels (Grissmer et al. 1994; Hopkins et
al. 1994; Stu¨hmer et al. 1989). The rapid inactivation resem-
bles that of Kv1.4 homomeric channels (Dolly and Parcej
1996; Stu¨hmer et al. 1989). The properties of inactivation
resemble those of Kv1.1 and Kv1.2 channels (Hopkins et al.
1994).

IKL in octopus cells is likely to be generated through a
heterogeneous population of heteromeric channels that contain
Kv1.1 and/or Kv1.2 as well as Kv1.4. These subunits are
strongly expressed in octopus cells. In situ hybridization shows
the expression of mRNA for Kv1.1 and Kv1.2 (Grigg et al.
2000). Immunohistochemical evidence has also revealed the
presence of Kv1.1 and Kv1.2 (Wang et al. 1994) and Kv1.4
(Fonseca et al. 1998) proteins in octopus cells. The differential
sensitivity ofIKL to a-DTX, DTX-K, and tityustoxin suggests
that the population of K1 channels that mediatesIKL is heter-
ogeneous. DTX-K, specific for Kv1.1 channels (Dolly and
Parcej 1996; Wang et al. 1999a), blocks maximally 70% of
IKL. Tityustoxin blocks maximally;60% of IKL, indicating
that 40% of channels lack Kv1.2 subunits (Hopkins 1998;
Werkman et al. 1993). Assuming that a single Kv1.1 or Kv1.2
subunit renders channels sensitive to DTX-K and tityustoxin,
respectively, an assumption known not to apply to all combi-
nations of subunits (Hopkins 1998), then;30% of channels
lack Kv1.1 subunits and;40% lack Kv1.2 subunits.

Octopus cells haveb subunits. Fonseca et al. (1998) have
observed that the subunits, Kvb1 and Kvb2, are abundantly

expressed in octopus cells.b subunits may account partially for
the rapid inactivation and hyperpolarized activation threshold
of IKL.

Molecular basis for IKH is unknown

IKH is characterized by its high-threshold,240 mV, by its
insensitivity toa-DTX, and by its sensitivity to 20 mM TEA.
It is not possible to attribute this current to a particular family
of K1 channels. Ion channels in the Kv3, orShaw, family
generally have high-thresholds and vary in inactivation. Octo-
pus cells have been examined for the presence of mRNA for
the Kv3.1 subunit. While the present study shows thatgKH is
larger in octopus cells than in bushy cells, both mRNA and
protein is present at lower levels in octopus than in other
cochlear nuclear cells including bushy cells (Grigg et al. 2000;
Perney and Kaczmarek 1997).
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