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Abstract

The avian basilar papilla is tonotopically organized such that hair cells along the sensory epithelium respond best to acoustic
stimulation at differing frequencies. This specificity arises due to the mechanics of the cochlea itself and intrinsic electrical properties
of the hair cells. Tall hair cells show membrane voltage oscillations in response to step current injection that may allow cells to act as
electrical resonators, boosting the response at the resonant frequency. These oscillations and the underlying currents have been
studied in enzymatically isolated cells. This study uses a whole chick (Gallus domesticus) basilar papilla preparation where the entire
epithelium and its afferent connections are intact. With this preparation, a map of changes in potassium currents of tall hair cells was
produced. All cells recorded from expressed two K� currents, a calcium-activated K� current, IK�Ca�, and a voltage-activated K�

current, IK. Also, apical cells expressed an inward rectifier K� current, IIR. The amplitude of total outward current increases in a
gradient along the tonotopic axis. Pharmacological blockers were used to separate the outward K� currents. These experiments
showed that both currents individually increase in magnitude along a gradient from apex to base. Finally, measurements of
oscillation frequency in response to current steps suggest a discontinuous change in the electrical resonances at about 33% from the
apex. This study demonstrates a new preparation to study the electrical properties of hair cells in more detail along the tonotopic axis
of the chick basilar papilla. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

An important function of the cochlea is to break
down complex sounds into their constituent frequen-
cies. To accomplish this task, hair cells at di¡erent re-
gions of the cochlea are most sensitive to speci¢c fre-
quencies of acoustic stimulation. In birds, mammals
and some reptiles, hair cells located at the apex of the
cochlea best transduce low frequencies while cells lo-
cated at the base best transduce high frequencies (von
Bëkësy, 1960). This gradient in frequency selectivity is
partly achieved through changes in the mechanical
properties such as variation in the passive mechanical

properties of the basilar membrane (von Bëkësy, 1960)
and length of hair cell bundles (Tilney and Saunders,
1983). In addition to mechanical variations along the
cochlea, the hair cells of many amphibians (Lewis and
Hudspeth, 1983; Pitchford and Ashmore, 1987), reptiles
(Crawford and Fettiplace, 1981; Art and Fettiplace,
1987; Fuchs and Evans, 1988) and birds (Fuchs et al.,
1988) are thought to be tuned as a result of intrinsic
electrical properties which allow cells to act as electrical
resonators. When depolarized by current injection, the
hair cells of these animals exhibit damped, sinusoidal
membrane voltage oscillations that arise from the in-
trinsic membrane conductances. This property of hair
cells may act to boost responses to acoustic stimuli
when the resonant frequency of the cell and the stim-
ulus frequency are matched.

Electrical tuning in avian auditory hair cells has been
studied previously in tall hair cells, which receive the
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majority of a¡erent endings. In contrast, short hair cells
have a larger proportion of e¡erent endings (Tanaka
and Smith, 1978; Fischer, 1992). In the basilar papilla,
tall and short hair cells can be distinguished based on
morphological criteria (Takasaka and Smith, 1971,
1978) and location within the papilla (Hirokawa,
1978; Fischer, 1992).

Tall hair cells show membrane properties and ionic
conductances that di¡er depending on their location
within the papilla. Three identi¢ed currents that con-
tribute to the tonotopic variation in electrical resonance
found in tall hair cells (Fuchs et al., 1988) are: a de-
layed recti¢er (IK); a Ca2�-activated K� current
(IK�Ca�) ; and an inward Ca2� current (Fuchs and Evans,
1990; Fuchs et al., 1990). It has been shown that while
the kinetics of the Ca2� current do not change, there is
a clear gradient in the magnitude of the current along
the length of the papilla (Martinez-Dunst et al., 1997).
This may, in turn, a¡ect the magnitude of IK�Ca�. Pre-
vious work has also shown that there are basic phar-
macological and kinetic di¡erences between IK�Ca� and
IK. IK�Ca� has faster kinetics and can be blocked by 10
mM tetraethylammonium (TEA). In contrast, IK has
slower kinetics and can be blocked by 0.8 mM 4-amino-
pyridine (4-AP) (Fuchs and Evans, 1990). It can be
postulated that it is the di¡erential distribution and
magnitude of the K� currents that determine the reso-
nant frequency of a hair cell.

The purpose of this study was to create a preparation
useful for further investigating the physiological expres-
sion and tonotopic map of the outward K� currents in
tall hair cells along the chick basilar papilla. While pre-
vious studies by Fuchs and colleagues were conducted
on hair cells dissociated from identi¢ed regions of the
papilla, our study used an intact basilar papilla prepa-
ration in which the entire sheet of sensory epithelium
and a¡erent connections remain intact. This approach
allowed greater resolution in the mapping of ionic cur-
rents along the papilla while avoiding the possible alter-
ation of ion channel properties due to enzymatic disso-
ciation. We found that across cells, the peak magnitude
of the total outward K� currents follows an exponential
rise, with as much as a 10-fold increase in total current
from apex to base. In addition, it was found that both
IK and IK�Ca� individually increase in amplitude from
apex to base. Recordings performed in current-clamp
mode suggested that despite the gradients in outward
current magnitude, the hair cells recorded from fell into
one of two categories depending on their location.
More apical cells showed voltage oscillations below 30
Hz while more basal cells showed oscillations above 120
Hz, and a gradient of increasing oscillation frequency
toward the base. Preliminary results were presented pre-
viously (Pantelias et al., 1998).

2. Materials and methods

2.1. Preparation

1^10 day old post-hatch White Leghorn chicks (Gal-
lus domesticus) were used for these studies. By hatching,
the response properties of the chick auditory system are
nearly mature in every respect that has been studied
except for the sensitivity to the highest frequencies
(Saunders et al., 1973; Rebillard and Rubel, 1981;
Tucci and Rubel, 1990). The majority of data were
taken from 1^5 day old chicks and there were no ap-
parent di¡erences in cellular response properties among
the ages. Fertilized eggs were obtained from HpN In-
ternational (Redmond, WA, USA) and kept in a hu-
midity- and temperature-controlled incubator until
hatched when they were transferred to warm brooding
cages with a 12:12 h light:dark cycle with food and
water ad libitum. Useful data were collected from 36
animals. The University of Washington Animal Care
Committee approved animal maintenance procedures
and experimental protocols.

Animals were sacri¢ced by rapid decapitation. The
tympanic membrane was removed followed by the col-
umella and the oval window to expose the basilar pa-
pilla. Bone and cartilage around the entire cochlea was
cleared to allow access. The basilar papilla was pinched
with ¢ne forceps at the extreme basal tip and lifted out
of its bony casing. Following removal, the basilar pa-
pilla was placed in Hanks' bu¡ered saline solution
(HBSS), pH 7.4 (Life Technologies, Grand Island,
NY, USA). The overlying tegmentum vasculosum was
removed and the basilar papilla was transferred to a
solution of HBSS and 0.01% collagenase type I (Sigma).
After approximately 3 min, the tectorial membrane
could be lifted o¡ of the sensory epithelium and the
papilla was transferred back to HBSS and stored at
4³C until the recording chamber was prepared, 30
min^1 h later.

Individual basilar papilla were placed in the record-
ing chamber with the apical surfaces of the hair cells
facing up. The tissue was held in place by a set of nylon
threads secured to a horse-shoe-shaped platinum
weight, and viewed through a 40U immersion objective
on an Axioskop (Zeiss, Germany) upright microscope
equipped with infra-red illumination and Nomarski op-
tics. The chamber was continuously superfused with
oxygenated (95:5 O2/CO2) arti¢cial perilymph (in
mM: 130 NaCl, 26 NaHCO3, 1.3 NaH2PO4, 3 KCl,
2 CaCl2, 1 MgCl2, 10 dextrose) through a gravity feed
system with the excess siphoned o¡ by vacuum. In ex-
periments calling for more than one solution, all solu-
tions were kept in separate lines until converging at a
Warner Inst. Corp. (Hamden, CT, USA) P6 manifold
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placed about 2 cm from the recording chamber to allow
for quick solution changes. A Ca2�-free solution was
used in which the Ca2� of the standard arti¢cial peri-
lymph external solution was replaced with an equimolar
amount of Mg2�. In the text and ¢gures, this solution
will be referred to as the low-Ca2� external solution.
TEA solutions were made by adding 0.1, 0.5, 1, 5 or
10 mM TEA (Sigma) to the standard external solution.
4-AP solutions were made by adding 0.8 mM 4-AP to
the standard external solution, and the Cs� solution
was made by adding 5 mM CsOH to the standard ex-
ternal and correcting the pH to 7.2. Experiments were
performed at a room temperature of 22.4³C.

Only cells that had a smooth, luminescent appear-
ance under the microscope were used for recordings.
Cells that looked swollen, granular or had begun to
bleb were avoided. Only tall hair cells were selected
for this study. To be sure that only tall hair cells were
used, cells were only recorded from along the superior
edge of the papilla. Cells were recorded with the pipet
attached to their baso-lateral surface. In many cases
this surface was accessible for recording due to the
curve of the papilla along the superior edge. The patch
electrodes were lowered from above at an angle to
reach between the apical surfaces of the hair cells and
nestle up against the baso-lateral surface. However, if
cells in areas of interest along the tonotopic axis for a
particular experiment could not be reached, a glass mi-
cropipet pulled as ¢ne as possible was used to create a
trough. The micropipet was drawn gently across the
apical surface of the basilar papilla such that the tip
just barely touched the papilla. The trough would ex-
pose a pathway for the recording pipet to the baso-
lateral surface of the hair cells. The positions of all
hair cells studied were recorded from the infra-red video
image onto a map of the basilar papilla, and expressed
as percent distance from apical tip of the sensory epi-
thelium.

2.2. Recording techniques

Whole-cell, tight-seal recordings (Hamill et al., 1981)
were made on individual tall hair cells using a patch-
clamp ampli¢er with a capacitive headstage (Axopatch
200, Axon Instruments, Burlingame, CA, USA). Patch
pipets were fabricated from hematocrit tubing (VWR
Scienti¢c, San Francisco, CA, USA) and pulled on a
vertical puller (David Kopf Instruments, Tujunga, CA,
USA). Electrodes were ¢lled with an internal solution
containing (in mM): 1 MgCl2, 35 KCl, 105 Kgluconate,
5 EGTA, 10 HEPES and bu¡ered to pH 7.2 with KOH.
Open-tip resistance measured in the grounded bath sa-
line ranged between 5 and 6 M6 and the junction po-
tential of the internal solution was 37 mV. All mem-
brane potentials indicated have been corrected for

junction potential. During each recording, a series re-
sistance was monitored regularly and compensated 85%
using the ampli¢er's analog controls. Recordings in
which series resistance exceeded 14 M6 were discarded
from the analysis. All recordings were corrected
for uncompensated series resistance. Voltage-clamp
traces are shown without leak subtraction because of
the presence of a variable inward recti¢er current in
some cells.

Recordings were ¢ltered at 2 kHz (8-pole Bessel) and
sampled at 20 kHz. Data were digitized at 16-bit reso-
lution (ITC-16, Instrutech Corp., Great Neck, NY,
USA) and stored by computer (Power Macintosh
6500/250) for o¡-line analysis. Synapse 2.2 software
(Synergy Research Corp., Bethesda, MD, USA) was
used to write stimulus protocols and record hair cell
responses. Data were analyzed using either Cricket
Graph III (Cricket Software, Malvern, PA, USA) or
Microsoft Excel 5 (Microsoft Corp., Redmond, WA,
USA) and ¢gures were constructed using either Igor
Pro 3.03 (WaveMetrics, Lake Oswego, OR, USA) or
Canvas 3.5 (Deneba Software, Miami, FL, USA). A
total of 45 cells yielded recordings with low series resis-
tance and very small leak currents, as determined by
current versus voltage (I/V) analysis, and were subse-
quently used in this study.

3. Results

Using the intact basilar papilla preparation, we inves-
tigated the physiology of chick auditory hair cells. This
preparation allowed the results of the recordings to be
mapped in detail along the epithelium. Whole-cell re-
cordings using this preparation showed that there was a
continuous tonotopic increase in the total amount of
the cells' outward currents from apex to about 60%
towards the base where cells have a characteristic fre-
quency of about 2 kHz (Chen et al., 1994). Hair cells
located more than 60% towards the base were not re-
corded from in the study because their health was ques-
tionable due to either a granular appearance or to bleb-
bing. The main outward current of tall hair cells
consisted of two distinct types of potassium currents,
a voltage-activated K� current, IK, and a calcium-acti-
vated K� current, IK�Ca� (Fuchs and Evans, 1990). In
this study, all tall hair cells recorded displayed both
outward K� currents. Apical tall hair cells also showed
an inward recti¢er K� current (IIR). In addition, both
outward K� currents showed an increase in magnitude
from apex to base. The combination of these two K�

currents created the tonotopic gradient in amplitude of
outward current seen in this study.

Fig. 1 shows the increase in total outward current
from apex to base of the chick basilar papilla. For all
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voltage-clamp traces shown, the holding membrane po-
tential (VH) was 367 mV and step commands are 150
ms in duration presented in 10 mV increments. The cells
in Fig. 1 were located at the apical tip (A), 9% (B), 22%
(C) and 40% (D) from the apex. There was a continu-
ous increase in outward current recorded in voltage-
clamp mode as distance from the apex increases. Notice
the change in scale in C and again in D. During hyper-
polarizing steps to 3117 mV, an inward recti¢er current
(IIR) was activated in the more apical cells (A, B and C)
and was not present in the most basal cell (D). The
position of each cell is shown in the schematic of a
surface view of the papilla. In this and subsequent ¢g-
ures, the basal end is towards the right.

I/V graphs for three representative cells along the

tonotopic axis of the basilar papilla are shown in Fig.
2. This ¢gure compares the magnitude of the outward
currents for a cell located at the apical tip (Fig. 2A), a
cell located 15% from apex to base (Fig. 2B) and a cell
located 45% from apex to base (Fig. 2C). Note the
di¡erences in scales for the currents in each of the I/V
curves. The graphs in Fig. 2 were generated by measur-
ing steady-state current at the end of 150 ms voltage
steps delivered at 10 mV increments from VH =377 for
Fig. 2A and VH =367 for Fig. 2B,C. These plots show
that the outward current activated in all three cells be-
tween 355 and 345 mV. The I/V plots also show that
IIR was absent in hyperpolarizing steps in the most
basal cell. In the majority of basal cells, IIR was not
seen.

Fig. 1. Voltage-clamp recordings of tall hair cells along the basilar papilla shown with a schematic of the papilla depicting each cell's location.
A: Voltage clamp of a cell at the apical-most tip. B: Cell 9% from apex. C: Cell 22% from apex. D: Cell 40% from apex. All cells were
clamped to a holding potential of 367 mV and voltage steps (corrected for residual series resistance here and in all subsequent ¢gures) were
150 ms in duration. Notice the change in scales in C and D. Inset at the bottom shows the schematic of the basilar papilla (apex to left) with
position of hair cells recorded for this and all subsequent ¢gures indicated by dots.
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3.1. Outward currents

Two distinct outward currents were resolved based
on their kinetics and pharmacology. Recordings shown
in Fig. 3 exemplify this. These recordings were from a
cell located 1% from the apex. Two components of out-
ward current with di¡erent activation time constants (d)
can be seen in Fig. 3A,B. The traces are from the same
voltage-clamp series of the same cell presented on dif-
ferent time scales. The two current components were
separately ¢tted to single exponentials in order to cal-
culate the d. The initial outward component was quite
fast, which is shown in Fig. 3A where voltage steps
from VH =367 mV to the voltages indicated beside
each trace yield ds of 0.69, 0.47 and 0.40 ms. The sec-
ond component was much slower, as shown in Fig. 3B,
where single exponential ¢ts give d of 27.70, 11.74 and
11.22 ms. Fig. 3C shows recordings from the same cell
when bathed in 10 mM TEA. The fast component was
reduced, allowing the remaining current to be ¢tted
more cleanly to a single exponential curve from onset.

Voltage steps similar to those in Fig. 3B were applied
giving d of 29.91, 13.55 and 11.24 ms, which are very
similar to the d calculated for the slow component in
the absence of TEA (as shown in Fig. 3B).

3.2. Ca2+ and TEA sensitivity of the outward currents

The calcium dependence of the outward currents was
tested by bathing the basilar papilla in a solution where
an equimolar amount of Mg2� replaced Ca2� (n = 16).
Generally, the low-Ca2� external solution did not a¡ect
the resting membrane potential or it caused a slight
hyperpolarization of less than 5 mV. The sensitivity of
the outward currents to TEA was tested by bathing the
basilar papilla in solutions with various molarities of
TEA ranging from 0.1 mM to 10 mM (n = 6). The ad-
dition of TEA to the bath did not a¡ect the resting
membrane potentials of the cells. The separation of
the outward currents using these pharmacological ma-
nipulations is demonstrated in Fig. 4. Fig. 4 shows that
both of these manipulations substantially reduced the

Fig. 2. I/V curves for three tall hair cells at various positions along the basilar papilla. There is an increase in total outward current from a
cell at the apical tip (A), 15% from the apex (B) and 45% from the apex (C). Notice the change in scales for each curve. The inward recti¢er
(IIR) was present in the two more apical cells (A and B) and not present in the more basal cell (C). The I/V curves were made by measuring
the current 140 ms into 150 ms voltage steps given in 10 mV increments from VH =377 (A) or 367 (B and C).

HEARES 3684 17-5-01

A.A. Pantelias et al. / Hearing Research 156 (2001) 81^94 85



faster outward current component while the slower cur-
rent remains. Based on previous work (Fuchs and
Evans, 1990; Art et al., 1993), it is likely that the
TEA sensitive current is IK�Ca� while the remaining cur-
rent, that is not blocked by TEA and has slower ki-
netics, is IK. The left panel of Fig. 4A shows voltage-
clamp recordings from a cell located near the apical tip
of the basilar papilla. When this cell was bathed in 10
mM TEA, the initial fast outward IK�Ca� was eliminated
leaving most of the slow voltage-activated IK. Eliminat-
ing IK�Ca� in this cell revealed a rapidly activating in-
ward current likely to be ICa. To test whether this in-
ward current was, in fact, ICa, the cell was superfused
with a low-Ca2�+10 mM TEA solution. As shown in
the trace marked `low Ca2�+TEA', this procedure elim-
inated the rapidly activated inward current, again sug-
gesting that the current was ICa. The right panel of Fig.
4A shows that the inward current returned in a ¢rst
wash-out when Ca2� was added back to the 10 mM
TEA solution, and IK�Ca� returned in a second wash-
out when the 10 mM TEA solution was replaced with
control superfusate.

The e¡ect of low external Ca2� on a cell located more
basally is shown in Fig. 4B. This cell is located 58%
from the apex. When the hair cell was bathed in low-
Ca2� solution, the amount of total outward current
decreased. As with the apical cell, the low-Ca2� sensi-
tive current is likely to be IK�Ca� while the residual,
slower outward current is IK. Previous studies on chick
tall hair cells have shown that reducing the external
Ca2� in basal cells abolished almost all the outward
current (Fuchs and Evans, 1990). In the present study,
however, although IK�Ca� is quite large, there is still a
signi¢cant amount of outward current, IK, activated in
the low-Ca2� solution.

Fig. 4C shows the sensitivity of the outward currents
to TEA of the same basal cell as pictured in Fig. 4B.
Voltage-clamp recordings were made in control super-
fusate and with the addition of 10 mM TEA. Similar to
results obtained by bathing basal cells in a low-Ca2�

solution, the addition of TEA to the external solution
reduced the outward current signi¢cantly by blocking
IK�Ca�. Again, notice that there was still a substantial
amount of the slower activating IK left after IK�Ca�

Fig. 3. Comparison of the kinetics of the fast and slow current components in a single tall hair cell located 1% from the apex. A: The fast cur-
rent component elicited by 150 ms voltage steps from a VH of 367 mV to the voltages indicated next to each trace is shown on an expanded
time scale. The current is activated immediately after the onset of the steps. When ¢tted to single exponential curves ds of 0.69, 0.47 and 0.40
ms, respectively, are found. B: The slow component of the same cell shown in A on a longer time scale and ¢tted to single exponential curves
with d of 27.70, 11.74 and 11.22 ms. The ¢t was started at the point where the fast component levelled o¡ and the slow component began to
rise. C: The fast component was then blocked by the addition of 10 mM TEA to the external solution leaving just the slow component and
the d were re-calculated to be 29.91, 13.55 and 11.24 ms for similar voltage steps.
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is blocked. The current began to recover in the wash-
out.

3.3. 4-AP sensitivity of the outward currents

In order to separate the two outward currents fur-
ther, 0.8 mM 4-AP was added to the external solution
(n = 16). Previous work has shown that this concentra-

tion of 4-AP e¡ectively blocks the voltage-activated IK

in turtle hair cells while not signi¢cantly a¡ecting IK�Ca�
(Goodman and Art, 1996b). Fig. 5A shows the e¡ect of
4-AP on the outward current of a representative apical
tall hair cell. The cell was held at 367 mV and was
given 150 ms voltage steps. In the presence of 0.8
mM 4-AP in the external solution, the outward current
was substantially reduced. In addition, the activation

Fig. 4. E¡ect of low-Ca2� external solution and TEA on the outward currents of tall hair cells. The locations of the cells are depicted on the
schematic. A: This cell is located 2% from the apex. In voltage clamp, 10 mM TEA (trace marked `10 mM TEA') reduced the fast component
of the outward current and revealed an inward current that is blocked by superfusing the cell in a 10 mM TEA, low-Ca2� external solution
(trace marked `low Ca2� and TEA'). The right panel shows that the inward current returned when the cell was bathed again in just 10 mM
TEA. The fast component recovered during the wash with control superfusate. Holding potential for all recordings was 367 mV and all volt-
age steps were 150 ms in duration. B: E¡ect of low-Ca2� external solution on a hair cell, 58% from the apex. Replacing external Ca2� with
Mg2� reduced the magnitude of the outward current, which almost fully recovered in the wash. C: E¡ect of TEA in the external solution on
the same cell located 58% from the apex. The addition of TEA reduced the outward current most notable at onset. The current partially recov-
ered in wash. In all voltage-clamp traces for this cell, the cell was held at 367 mV and stepped for 150 ms to 38 mV.
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kinetics of the residual outward current became much
faster. Based on the known pharmacological and ki-
netic di¡erences between the two outward K� currents,
treatment with 0.8 mM 4-AP had blocked IK leaving
the faster, 4-AP insensitive IK�Ca�. IK only partly recov-
ered after a long wash of 20 min or more. Fig. 5B
shows the subtraction current calculated from the volt-
age-clamp trace in control external solution and the
voltage-clamp trace in 0.8 mM 4-AP for steps to +2
mV. This trace represents an approximation of IK. No-
tice that the subtraction current activates more slowly
than the residual IK�Ca�. The subtraction current also

shows a small amount of fast outward current, which
suggests that some IK�Ca� may also have been blocked
by 4-AP.

As shown in Fig. 4, the residual current present in
basal hair cells when bathed either in low-Ca2� or TEA
solution was also proposed to be IK, based on its slower
speed and its pharmacology. To test this assumption,
0.8 mM 4-AP was added to the external solution while
recording from a more basal cell. If IK was still present
in basal cells then a signi¢cant amount of the total out-
ward current should be blockable by 4-AP. Fig. 5C
shows the results of this experiment in a cell located

Fig. 5. E¡ect of 4-AP on the current responses of tall hair cells. A: Voltage-clamp recording demonstrating that outward current was greatly
reduced with the presence of 0.8 mM 4-AP in the external solution. The current partially recovered in the wash. For all three traces, the cell
was held at 367 mV and stepped for 150 ms to +2 mV. B: The subtraction current of this apical cell at +2 mV (control current minus current
in 4-AP) shown on an expanded time scale. This represents the current blocked by 4-AP. C: The e¡ect of 4-AP on the outward current of a
hair basal cell located 41% from the apex. Voltage-clamp recordings of this cell show that there was a substantial amount of outward current
that was blockable by 0.8 mM 4-AP. The blocked current partially recovered in the wash. All three traces show 150 ms voltage steps from
VH =367 to +12 mV. D: The subtraction current at +12 mV of the control trace and the 4-AP trace shown on an expanded time scale.
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41.3% from the apex. The cell was held at 367 mV and
stepped to +12 mV for 150 ms. The addition of 0.8 mM
4-AP to the external solution did reduce the amount of
outward current by eliminating the slower current com-
ponent. As a result, the remaining outward current was
the faster current component. The 4-AP sensitive cur-
rent is expressed in Fig. 5D as the subtraction current
of the control voltage-clamp trace and the voltage-
clamp trace in 4-AP for steps to +12 mV. As in the
apical cell, the subtraction current had slower activation
kinetics than the unblocked current. The subtraction
current is, again, an approximation of the blocked IK.
Therefore, both apical and more basal cells have signi¢-
cant amounts of both IK and IK�Ca�, which are at least
partially separable using these pharmacological manip-
ulations.

3.4. E¡ect of external Cs+ on IIR

Low-frequency apical hair cells, in addition to the
two outward potassium currents, also have an inward
recti¢er potassium current, IIR, that is activated at hy-
perpolarized potentials. Our observations and previous
studies of isolated chick hair cells (Fuchs and Evans,
1990) indicate that more basal, high-frequency hair cells
do not have this current. Likewise, turtle hair cells
tuned to the lower frequencies have IIR, and as reso-
nance frequency increases, IIR decreases. Blocking IIR in
turtle hair cells resulted in a distinct decrease in the
quality of resonance (Goodman and Art, 1996a). In
addition, it has been shown in both turtle hair cells of
the lower frequencies (Goodman and Art, 1996a) and
chick isolated apical hair cells (Fuchs and Evans, 1990)
that 5 mM Cs� in the external solution can block IIR.
Therefore, this concentration of Cs� was used in our
experiments to block this current (n = 6).

Fig. 6 shows the e¡ect of 5 mM Cs� in the external
solution on IIR in a cell at the apical tip. Fig. 6A, in the
trace marked `control', shows that IIR was activated by
a 150 ms voltage step from VH =367 to 3112 mV. The
same voltage step with the addition of Cs� to the ex-
ternal solution shows that IIR was blocked, as can be
seen in the trace marked, `5 mM Cs�'. The current
returned to near normal as the Cs� was washed out.
The e¡ect of blocking IIR on the voltage/current rela-
tionship of the steady-state outward current of an ap-
ical tall hair cell is shown in Fig. 6B. Steady-state cur-
rent was measured at the end of 150 ms voltage steps
given in 10 mV increments from VH =367. In Cs�, the
response to hyperpolarizing steps £attens re£ecting the
block of IIR. For all apical cells recorded in Cs� con-
taining external solution (n = 6), there was no signi¢cant
e¡ect on the outward currents measured at more depo-
larized voltage steps.

3.5. Mapping of the papilla

Since the entire intact basilar papilla was explanted in
each of our preparations, we could determine the rela-
tionships between various electrophysiological charac-
teristics and the positions of the hair cells along the
length (tonotopic axis) of the papilla. Fig. 7 presents
these data for steady-state current (Fig. 7A), current
in low external Ca2� (Fig. 7B) and the subtraction cur-
rent in low external Ca2�, which approximates IK�Ca�
(Fig. 7C). In Fig. 7, the position of each cell along
the papilla is indicated on the abscissa and the param-
eter value is indicated on the ordinate. In Fig. 7A, the
solid line describes the best ¢t exponential regression
with the r2 value indicated at the bottom right. Sample
size (n) is indicated in all three graphs at the bottom
right. For the three graphs shown in Fig. 7, holding

Fig. 6. E¡ect of external Cs� on IIR of apical hair cells. A: Voltage-clamp recording of a hair cell located near the apex of the papilla showing
the a¡ect of 5 mM Cs� in the external solution on IIR. A 150 ms voltage step from VH =367 mV to 3112 mV demonstrates that IIR is acti-
vated in control external solution, reduced in the presence of 5 mM Cs� and partially recovers in the wash. B: Plot of current versus mem-
brane voltage for control (closed circles) and 5 mM Cs� (open squares) external solution.
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potentials for the cells were near their resting membrane
potential of near 367 mV. Cells with series resistances
of 14 M6 or more were eliminated as well as cells that
showed a signi¢cant (s 0.2 nA) Ohmic conductance at
potentials around the holding potential determined dur-
ing I/V analysis. In this way, cells used for these graphs
had little leak current. The locations of the cells were
measured as a percentage of total papilla length with
0% denoting the apical tip. It is apparent in Fig. 7 that
we were unable to achieve adequate recordings from
hair cells in the basal one-third of the papilla. This
problem also plagued previous studies (e.g. Fuchs and
Sokolowski, 1990). In our preparations, the basal hair
cells would become unhealthy and bleb. It is unknown
why these hair cells do not remain healthy in vitro.

Fig. 7A shows the relationship between total, steady-
state outward current and location on papilla. Total
steady-state current for all cells plotted in Fig. 7A
was measured at the end of a 150 ms voltage step. All
voltages were corrected for residual series resistance re-
sulting in a variability in command potentials. There-
fore, for each cell, the amount of current at 37 mV was
interpolated from the amount of current recorded at
voltage steps to potentials less than and greater than
37 mV. When the results were mapped against place
on papilla, it is best ¢t by an exponential rise in total
current amplitude as a function of position from apex
to base (r2 = 0.73).

This current measurement, therefore, is the sum of
both outward K� currents, IK�Ca� and IK. The measure-
ment of the outward current also will be in£uenced by
the inward Ca2� current, which will lead to an under-
estimation of the outward current all along this map.
However, these measurements cannot be done in the
absence of the Ca2� current since one of the currents
of interest, IK�Ca�, is Ca2� dependent. Despite the pres-
ence of ICa which increases in amplitude from apex to
base (Martinez-Dunst et al., 1997), the opposing out-
ward current clearly shows a dramatic increase from
apex to base, demonstrating that the trend in the mag-
nitude of outward current is still observable. Further-
more, ICa was measured with Ba2� as the current carrier
and it was found that this current increases only over a
range of about 100 pA over 1.7 mm of basilar papilla
length (Martinez-Dunst et al., 1997). Another possible
concern, for apical cells in particular, is IIR. However,
as can be seen in Fig. 6B, the presence of IIR does not
a¡ect the measurement of total outward steady-state
current at the depolarized membrane potentials used
here.

Fig. 7B shows the relationship between the voltage-
activated IK and place on the papilla. IK was measured
at steady-state, at the end of a 150 ms voltage step
under low-Ca2� conditions. Therefore, the majority of
current measured would be IK. Current at 37 mV is

Fig. 7. Maps of total outward steady-state current (A), outward
current in low Ca2� (B), and the subtraction current from voltage-
clamp traces in control external and in low-Ca2� external solution
(C), plotted against location on papilla expressed as a percentage
from apex to base with 0% denoting the apical tip. Holding poten-
tials were near resting membrane potentials for all cells (between
367 and 377 mV). Sample sizes indicated in each graph by n.
A: Total outward steady-state current was measured at the end of
voltage steps. Current at 37 mV was interpolated from values for
voltage steps above and below 37 mV. The data were ¢tted to an
exponential with an r2 value of 0.73. B: Steady-state outward cur-
rent in low-Ca2� external solution was used to estimate IK, since
IK�Ca� was largely blocked. Current at 37 mV was calculated as was
described in A. C: The subtraction current was calculated to esti-
mate the magnitude of IK�Ca�.

HEARES 3684 17-5-01

A.A. Pantelias et al. / Hearing Research 156 (2001) 81^9490



plotted and was measured as described for Fig. 7A.
When these results are plotted against place on papilla,
an increase in current magnitude is seen from apex to
base.

Fig. 7C shows the relationship between the subtrac-
tion current and place on the basilar papilla. The mag-
nitude of this current was measured by subtracting the
amount of outward current activated at 37 mV in con-
trol external and the amount of outward current acti-
vated at 37 mV in low-Ca2� external solution. This
subtraction approximates the magnitude of IK�Ca�,
which is present in control external but is not present
in low external Ca2�. When these values are plotted
against place on papilla, an increase in magnitude is
seen from apex to base. For all three graphs, note the
changes in scales.

3.6. Current-clamp recording of membrane voltage
oscillations

We recorded from 20 cells in current-clamp mode in
which we observed the membrane voltage responses of
cells during steps of depolarizing current injections. All
cells displayed a damped, sinusoidal membrane voltage
oscillation similar to responses reported by Fuchs and
Evans (1990). However, the frequency of these oscilla-
tions was either on the order of 12^23 Hz or above 120
Hz. Cells located in the apical 35% of the basilar papilla
showed the slower oscillations while cells more basal
abruptly began to display the faster oscillations. No
cells were recorded from that oscillated between 25
and 120 Hz despite that fact there was a smooth gra-

dient in the locations of the cells along the tonotopic
axis. Fig. 8 shows typical examples of these oscillations
for both frequency groups. Fig. 8A shows a cell located
14.8% from the apex which, when depolarized with +30
pA current injection, oscillated at 16 Hz. Fig. 8B, how-
ever, shows a more basal cell, located 45% from the

Fig. 9. Map of oscillation frequency versus location on papilla ex-
pressed as a percentage from apex to base with 0% denoting the ap-
ical tip. Oscillation frequency was measured at the best resolved fre-
quency. Notice the sharp increase in frequency that occurs between
30 and 35% from the apex. While oscillation frequency was not re-
lated to position in the apex, cells more than 30% from the apex ex-
pressed higher frequency oscillations as the base was approached.

Fig. 8. Current-clamp recordings of two tall hair cells from di¡erent areas of the basilar papilla. A: A cell 14.8% from the apex was depolar-
ized with a 150 ms, +30 pA step of injected current. Oscillation frequency was 16 Hz. B: A cell 45% from the apex was depolarized with a
20 ms, +50 pA current step to reveal oscillations of 190.5 Hz.
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apex which when depolarized with +50 pA of injected
current, oscillated at 190.5 Hz.

Fig. 9 shows an analysis of oscillation frequency ver-
sus location on the papilla (n = 20). For apical cells the
amplitude of injected current which yielded the best
resolved oscillations (highest peak to trough ratio)
used to measure frequency was between +10 and +30
and for basal cells it was between +20 and +90 pA. The
graph shows that cells located in the apical 30% all
show very slow oscillations ranging from about 12 to
23 Hz and there is no apparent tonotopic organization.
On the other hand, cells 35% or further from the apex
show oscillations above 120 Hz and are organized along
the tonotopic axis with respect to oscillation frequency.

4. Discussion

Anatomical studies of the chick cochlea have shown
variations in hair cell morphology and innervation pat-
terns. For example, there are gradients in the morphol-
ogy of stereocilia bundles (Tilney and Saunders, 1983)
and gradients in the morphology of cell bodies between
the two extreme forms, tall hair cells and short hair cells
(Hirokawa, 1978; Fischer, 1992). In addition, the pat-
tern of innervation of the basilar papilla changes from
the tall hair cells being much more heavily innervated
by a¡erent than e¡erent ¢bers, to basal short hair cells
that have mostly or only e¡erent endings (Tanaka and
Smith, 1978; Hirokawa, 1978; Manley et al., 1989;
Fischer, 1992). Observations of these changes have led
to the question of functional variation. For example,
the morphological di¡erences of very apical hair cells
from the hair cells along the rest of the epithelium have
been postulated to re£ect a di¡erence in function (La-
vigne-Rebillard et al., 1985). Similarly, observations of
anatomical variation raise the question of whether the
hair cells' phenotypes play a role in auditory frequency
selectivity (Hirokawa, 1978).

The issue of peripheral frequency tuning in birds
gained indirect support from physiological recordings
of the cochlear ganglion, VIIIth nerve ¢bers, and cen-
tral nervous system (Rubel and Parks, 1975; Manley,
1979; Manley et al., 1985; Temchin, 1988). These stud-
ies demonstrated that the nerve, cochlear ganglion and
central terminations are tonotopically organized; a
property that could have originated in the cochlea. It
was already established that there was mechanical tun-
ing in the chick cochlea with von Bëkësy's (1960) ob-
servations that the basilar membrane optimally vibrated
at di¡erent frequencies along the length of the papilla.
The question remained, however, as to whether avian
hair cells are capable of sharpening this tuning through
electrical resonance as demonstrated in hair cells of
reptiles and amphibians (Crawford and Fettiplace,

1981; Lewis and Hudspeth, 1983; Art and Fettiplace,
1987; Pitchford and Ashmore, 1987; Fuchs and Evans,
1988). Direct evidence for electrical resonance in the
chick cochlea was provided by studies of isolated tall
hair cells (Fuchs et al., 1988). This resonance is the
result of the interaction of the cell's membrane currents.
The tonotopy of resonance is thought to be determined
by the tonotopy of the magnitudes of these currents.
The goal of our studies was to map changes in the
outward K� conductances, which are essential to gen-
erating electrical resonance in chick tall hair cells
(Fuchs and Evans, 1990), in order to get a clearer
understanding of how the physiology of tall hair cells
changes along the length of the basilar papilla of nor-
mal chicks. These data can then be compared with ani-
mals in which genetic or environmental manipulations
have been made. We think it will be of particular inter-
est to compare the results presented here with similar
observations on regenerating hair cells.

4.1. K+ currents

The initial fast activating outward current found in
avian tall hair cells is blocked by Ca2�-free solutions,
and shows sensitivity to the potassium channel blocker
TEA. This initial fast outward current displays kinetics
and pharmacology very similar to the calcium-activated
potassium current (IK�Ca�) as described in dissociated
chick tall hair cells (Fuchs et al., 1988; Fuchs and
Evans, 1990), isolated chick vestibular hair cells (Oh-
mori, 1984), turtle auditory (Art et al., 1993) and frog
saccular hair cells (Lewis and Hudspeth, 1983).

The slow outward current component, in contrast, is
una¡ected by Ca2�-free solution, insensitive to TEA
but quite sensitive to 4-AP. It is voltage-activated at
about 350 mV. The voltage activation, kinetics and
pharmacology seem to categorize this current as a de-
layed recti¢er potassium current (IK�DR�). Although ki-
netics and pharmacology vary, IK�DR� can display slow
kinetics (Hille, 1992; Johnston and Wu, 1995) and rel-
ative insensitivity to TEA (Tasaki and Hagiwara, 1957;
Stan¢eld, 1970; Wong and Binstock, 1980). A current
bearing properties very similar to IK�DR� has been re-
ported in dissociated chick hair cells (Fuchs and Evans,
1990) as well as turtle cochlear hair cells (Art et al.,
1993).

4.2. Basilar papilla maps

When the results of these experiments are mapped
along the length of the papilla, several interesting ob-
servations are evident. First, the amount of steady-state
outward current of tall hair cells increases exponentially
from apex to base. There is also a tonotopic increase in
the magnitude of IK ; however, the rise is not as dra-
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matic. In addition, the subtraction current, which is an
approximation of IK�Ca�, also increases in magnitude
from apex to base. These results re£ect the gradients
in the two individual outward K� currents as one trav-
els along the length of the basilar papilla. It can be seen
that IK and IK�Ca� increase in magnitude as the base of
the papilla is approached, resulting in basal hair cells
displaying much larger outward currents. This result
brings to mind frequency^place maps described in the
chick cochlea by a variety of investigators (Manley et
al., 1987; Chen et al., 1994; Jones and Jones, 1995;
Ryals and Rubel, 1982, 1985a,b). The increase in speed
and amplitude of tall hair cells' currents may re£ect the
increase in frequency that the cells are tuned to from
apex to base. Our results, in addition, show that tall
hair cells of the apex, which show low-frequency oscil-
lations, as well as hair cells 50^60% from the apex,
which have much higher frequency oscillations, have
both IK and IK�Ca�. In studies of turtle cochlear hair
cells it was found that the tonotopy of resonant fre-
quency resulted from variations in the amounts of
both IK�Ca� and IK (Goodman and Art, 1996b). These
results are also consistent with those of Navaratnam et
al. (1997) and Rosenblatt et al. (1997) who showed
systematic variation in the expression of splice variants
of a gene encoding one IK�Ca� along the length of the
papilla.

An unexpected result of this study was the abrupt
change in oscillation frequency when mapped against
place on papilla. Although the outward currents form
a gradient in magnitude, the membrane voltage oscilla-
tions were either slow (below 25 Hz) or faster (above
120 Hz). Cells located in the apical 30% of the papilla
displayed the slow oscillations and the frequency of
oscillation did not appear to change tonotopically. Cells
located more basal than 35% from the apex, however,
displayed the faster oscillations and these cells were
tonotopically organized with respect to frequency.
This is a curious result because it raises the question
of if and how the membrane voltage oscillations help in
electrical tuning and resonance in chick tall hair cells. It
also raises the question of what changes at about 35%
along the papilla from the apex to underlie such an
abrupt and obvious change in oscillation frequency.
One obvious caveat is that these experiments were
done at room temperature and therefore, the frequen-
cies recorded would be slower than what would exist in
vivo. In addition, an explanted basilar papilla lacks the
added tuning a¡orded to it by the e¡ects of the me-
chanical tuning of the basilar membrane or stereocilia
bundles. Also, the method of stimulation may not be
physiological for apical hair cells. High-frequency
sounds may produce a DC current in the high-fre-

quency tuned basal hair cells while lower frequency
sounds may produce a more AC response in the low-
frequency apical hair cells. Therefore, injection of
square current pulses may not be a biologically relevant
method of stimulating apical hair cells (Eisen et al.,
1998). Lastly, it is possible that the currents recorded
in this in vitro preparation still may not be of the mag-
nitude of hair cells in vivo. Although the currents re-
corded here are greater than the currents measured in
isolated hair cells and may more accurately depict hair
cell physiology, it is still an in vitro preparation and any
loss of current will a¡ect the frequency of membrane
voltage oscillations.

This study also demonstrates a new preparation
where the entire chick basilar papilla is kept intact.
The bene¢ts of this preparation are the ability to map
the physiology of hair cells along the epithelium to a
more detailed degree, as well as minimizing enzymatic
treatments. Only collagenase was used to remove the
tectorial membrane in these experiments, eliminating
the use of isolation enzymes which have been shown
to quite dramatically a¡ect recorded currents and mem-
brane voltage oscillations in the frog sacculus (Arm-
strong and Roberts, 1998). As a result, the currents
that were recorded here are considerably greater than
the currents that have been reported previously from
isolated hair cells (Fuchs and Evans, 1990). Addition-
ally, the magnitude of the individual currents when
pharmacologically separated is signi¢cantly larger.
Therefore, this method of recording from chick hair
cells may give a more accurate physiological re£ection
of the magnitude and distribution of the two outward
K� currents. Lastly, this preparation allows for the to-
notopic changes in other physiological properties of
chick auditory hair cells to be investigated in more de-
tail. For example, the preparation a¡ords one the abil-
ity to track di¡erences in currents and voltage responses
of hair cells along the superior to inferior axis. This
would allow one to study the physiological changes
that occur alongside morphological changes as the
hair cells move from tall to intermediate to short hair
cells. In addition, it also may allow for the study of hair
cells during various manipulations of the cochlea where
the basilar papilla needs to be intact, such as hair cell
damage and regeneration.
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