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Monitoring calcium in turtle hair cells with a calcium-
activated potassium channel

Thomas R. Tucker and Robert Fettiplace *

Department of Neurophysiology and Neuroscience Training Program,
University of Wisconsin Medical School, Madison, WI 53706, USA

1. An apamin-sensitive Ca’*-activated K* channel was characterized in turtle hair cells and
utilized to monitor submembranous intracellular Ca?* and to evaluate the concentration of
the mobile endogenous calcium buffer.

2. Isolated hair cells were voltage clamped with whole-cell patch electrodes filled with a Cs*-
based intracellular solution to block the large-conductance Ca**-activated K* (BK) channel.
Ca?* currents evoked by depolarization were followed by inward tail currents lasting several
hundred milliseconds. Both the Ca®* current and slow tail current were abolished by
nifedipine.

3. The tail current was carried by K* and Cs" (relative permeabilities P,/ Px = 0-22), and was
fully blocked by 0-1 gM apamin and half blocked by 5 mm external TEA. These properties

suggest the tail current flows through a Ca**-activated K* channel distinct from the BK
channels.

4. Intracellular Ca®* was imaged with a confocal microscope in hair cells filled with the
indicator Calcium Green-5N introduced via the patch pipette. Increases in Ca®* evoked by
depolarization were localized to hotspots on the basolateral surface of the cell. The time
course of the tail current closely matched the fast component of the fluorescence monitored
at a hotspot.

5. Ca®™-ATPase pump inhibitors thapsigargin, 2,4-di-(t-butyl)hydroquinone (BHQ) and
vanadate, which are known to influence calcium regulation in turtle hair cells, prolonged the

time course of the tail current, supporting the idea that the channel monitors cytoplasmic
Ca™.

6. The mobile endogenous buffer was estimated by combining perforated-patch and whole-cell
recordings on a single cell. After recording tail currents with an amphotericin-perforated
patch, the patch was ruptured to obtain the whole-cell mode, thus allowing washout of
soluble cytoplasmic proteins and exchange with pipette buffers. By varying the

concentration of Ca®* buffer in the pipette, the mobile endogenous buffer was found to be
equivalent to about 1 mm BAPTA.

A number of intracellular actions of ionized calcium (Ca®*),
including the triggering of neurotransmitter release in
neurons or gating of Ca’*-activated ion channels, occur near
the plasma membrane. During the release of transmitter, it
has been postulated that peak [Ca’*] at presynaptic active
zones may rapidly exceed 100 gM and elicit fusion of
synaptic vesicles within a few hundred microseconds after
excitation (Smith & Augustine, 1988). While imaging
experiments verify large and rapid Ca’* changes at the
membrane (Llinds, Sugimori & Silver, 1992; Tucker &
Fettiplace, 1995), quantifying the exact spatial and
temporal bounds has been difficult due to the restrictions
imposed by light microscopy and the properties of the

calcium indicators (Neher & Augustine, 1992; Pawley, 1995).
An electrophysiological method for monitoring Ca’* at the
membrane, which can be used to supplement imaging data,
takes advantage of Ca’*-activated ion channels (Barish &
Thompson, 1983). This technique has been applied in frog
saccular hair cells to show that the maximum current
through large-conductance Ca’*-activated K™ (BK) channels
depended on a mobile endogenous buffer (Roberts, 1993).
The experiment relied on comparing currents obtained
using perforated-patch recordings with currents recorded in
the whole-cell mode, but had the limitation that the two
types of measurement were derived from different cells.
Here, we characterize a Ca®*-activated K* current that may

* To whom correspondence should be addressed.
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be carried through the small-conductance Ca’*-activated K*
(SK) channels previously observed in detached patches (Art,
Wu & Fettiplace, 1995). The K* current’s gating has a time
course similar to that of Ca®* signals imaged with a confocal
microscope (Tucker & Fettiplace, 1995), suggesting that it
reports the local Ca®* concentration. We have used this K*
current to obtain evidence about the mechanism of Ca®*
extrusion in turtle hair cells and also to measure the
properties of the cells’ mobile endogenous Ca®* buffer.

METHODS
Electrophysiology

Experiments were performed on hair cells isolated from the basilar
papilla of the turtle Trachemys scripta elegans (Art & Fettiplace,
1987). The turtle was decapitated and the basilar papilla dissected
out and enzymatically dissociated in a saline containing 0:1 mm
CaCl, to which had been added (mg ml™): 0-5 papain (Calbiochem),
01 bovine serum albumin and 0-5 L-cysteine. Isolated cells were
plated in an extracellular solution containing (mm): 125 NaCl, 4
KCl, 5 CaCl,, 10 glucose, 10 NaHepes, pH 7:6, onto a clean
coverslip mounted on the stage of a Zeiss Axiovert 10 microscope.
Borosilicate whole-cell patch electrodes were usually filled with an
intracellular solution containing (mm): 125 CsCl, 3 MgCl,, 2'5
Na,ATP, 1 EGTA, 5 Hepes, neutralized to pH 7:2 with CsOH. In
later experiments to study the endogenous buffer, EGTA was
replaced by various concentrations of BAPTA (0:1-5 mm) as the
Ca™ buffer. Cells were voltage clamped at a holding potential of
—80 mV and step depolarizations were elicited for durations of
between 0-1 and 1-5s at a repetition rate of 1/90s. External
perfusion of a cell was accomplished with an assembly of pan pipes
connected to a perfusion pump, and individual channels were
remotely selected with a miniature solenoid valve. Membrane
currents were stored on a Sony PC-108M DAT recorder at a band
width of 20 kHz. Experiments were performed at a temperature of
about 23°C. Unless otherwise stated, results are expressed as
means + 1 standard deviation. '

The resonant frequencies of the hair cells used, assessed both from
the height of the hair bundle and the Ca®* current’s amplitude (Art
& Fettiplace, 1987), were between about 150 and 300 Hz. The peak
Ca™* current ranged from 400 to 1200 pA in 5 mM external Ca®"
saline. There were often changes in the amplitude of the Ca®*
current and tail current during the first few minutes of recording
after rupturing the patch to obtain the whole-cell configuration.
Reasons for the drift may include the washout of endogenous
mobile buffers and other cell constituents. To control for this effect,
between 5 and 10 min was allowed after breakthrough for the
currents to stabilize before any experimental manipulations were
begun. Sodium vanadate (Aldrich) and thapsigargin (Calbiochem)
were applied intracellularly through the recording pipette, but in
order to obtain both control and test recordings, the electrode was
tip-filled with normal intracellular solution and back-filled with
intracellular solution containing the drug. An amount of normal
intracellular solution was drawn into the tip by suction to allow
roughly 15 min of recording before arrival by diffusion of the test
solution. A typical recording time in these experiments was 45 min
(range, 35-60 min). Kxtracellular application of thapsigargin
procuced identical results to intracellular application, but the
method was discontinued since the cells sometimes appeared to be
contaminated by trace amounts leaking from the perfusion pipe
prior to application. Tetraethylammonium (TEA) chloride, obtained
from Aldrich, and 24-di-(t-butyl)hydroquinone (BHQ), apamin
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and nifedipine, all supplied by Calbiochem, were applied extra-
cellularly. Since the tail current’s shape was complex and not easily
fitted by a sum of exponentials, two methods were employed for
analysing its time course. Its duration was quantified by measuring
the time required for the tail to decay to 1/e from the peak
amplitude at the end of the pulse. Alternatively, the tail current
was integrated by calculating the area enclosed to the zero-current
level for up to 5 s from the end of the pulse.

Perforated-patch recordings were performed using a previously
published method (Rae, Cooper, Gates & Watsky, 1991). The intra-
cellular solution contained (mm): 15 CsCl, 110 caesium aspartate, 3
MgCl,, 2:5 Na,ATP, 0-1-5 Cs,-BAPTA, 5 NaHepes, neutralized to
pH 7-2 with CsOH. The caesium aspartate was reduced to 105 mm
in the solution containing 5 mm BAPTA. This stock solution was
mixed with 240 ug ml™ amphotericin B (Calbiochem) and 0-1%
dimethylsulphoxide made fresh for each experiment. The patch
pipette was tip-filled with the stock solution, and back-filled with
the amphotericin to prevent leakage into the bath. Access
resistances were typically 15-20 MQ in perforated-patch mode,
but were smaller after the breakthrough into whole-cell mode
detected by a sudden increase in the current transient monitored
with 20 mV pulses from —80 mV. Membrane potentials were
corrected for the junction potential between the caesium aspartate
solution and the external saline, the true potentials being about
10 mV more hyperpolarized than those measured with CsCl intra-
cellular solutions. The time constant, 7, of exchange between the
pipette and intracellular environment was calculated from an
empirical formula, 7 = 06 R,M"*, where 7 is in seconds, R,, the
pipette access resistance, is in megaohms and M, the molecular
mass of the diffusing species, is in daltons. The formula was
determined (Pusch & Neher, 1988) on chromaffin cells that have a
similar volume and geometry to hair cells. With a 10 MQ access
resistance, the time constant of diffusional exchange would be
about 45 s for BAPTA with M = 500 Da, and 3 min for a protein
like calbindin with M = 28 kDa. After rupturing a perforated
patch, all recordings illustrated were continued for 20 min to
ensure exchange of the cell constituents with the pipette solution.

Imaging of intracellular calcium

Intracellular Ca?* was monitored with Calcium Green-5N (Molecular
Probes), a low-affinity fluorescent indicator with a binding
constant, K, of 25 um, using techniques previously described
(Tucker & Fettiplace, 1995). Hair cells were loaded with 0-1 mm
hexapotassium salt of the indicator by adding it to the pipette
solution. Cells were illuminated with the 488 nm line of a 300 mW
argon ion laser and the fluorescence images were collected via a
515 nm long-pass filter by means of an Odyssey video-rate laser
scanning confocal microscope (Noran Instruments, Middleton, W1,
TUSA) connected via the bottom TV (Keller) port of the Zeiss
optical microscope. Cells were viewed with a 40 x 0:75 NA plan
neofluar objective, and further magnified with either a %25
optivar or the Odyssey’s computer-controlled zoom. The thickness
of the confocal section was determined by the detection slit width,
which was set to either 15 or 50 gm, the narrower slit
corresponding to an axial resolution of about 3:5 gum. In order to
ensure a stable baseline the laser intensity was minimized. The
Odyssey generated an RS-170 video-rate signal at 30 frames s™
and the vertical synchronization pulse of the video signal was
employed to trigger the voltage-clamp pulses in order to
synchronize their timing with the start of an image. The images
were recorded on videocassette using a Sony S-VHS recorder
(SVO-9500MD). Subsequent analysis was performed with the
MetaMorph software package (Universal Imaging, West Chester,
PA, USA) following capture of sequential images into memory of a
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pentium PC equipped with a Matrox LC image board. To follow the
time course of a fluorescence change, the brightness-over-time
function in MetaMorph was applied to small regions of the cell,
normally of diameter 20 pixels, equivalent to about 2 gm.

RESULTS

Ionic selectivity and pharmacology of a slow tail
current

Current through the large-conductance Ca’*-activated K*
(BK) channel was blocked with a Cs*-based intracellular
solution in order to isolate the voltage-dependent Ca’*
current. The turtle hair cell’s Ca®* current is carried by
L-type Ca®* channels that activate in less than 1 ms, do not
inactivate and have tails with time constants of well under
05 ms on repolarization to —80 mV (Art & Fettiplace,
1987). Figure 14 shows responses to voltage steps from —80
to —20mV for durations of 300-900 ms. With such
extended depolarizations, the current declined during the
step, and there was a prolonged inward tail current lasting
several hundred milliseconds on repolarization. We shall
demonstrate that both the sag during the step and the slow
tail current reflect the recruitment of a Ca’*-activated K*
conductance that can be blocked by the bee toxin apamin
(Fig. 3). The slow tail current was present in the majority of
recordings from mid-frequency hair cells and its amplitude
and duration increased with pulse length. However, there
was some variability in its size between cells which, under
comparable conditions, ranged from about 01 to 0:8 nA.
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When N-methylglucamine (NMG) was used as the major
intracellular cation, the sag in the current was absent but
the tails were largely unaffected (Fig.1B). This result
argues that the sag was not due to inactivation of the
calcium current, but rather the activation of an outward
current. It will be shown that this outward current flows
through a Ca®*-activated K* channel permeable to both Cs*
and K* but not NMG. A plausible scheme is that when the
cell is depolarized, Ca®* accumulates at the membrane and
activates the channels causing outward flow of current
carried predominantly by Cs*; when the cell is repolarized,
K*-dominated inward current flows as the channels
deactivate during Ca®* removal. Both the sag during the
pulse and the slow tail current are caused by the same
channel, the ionic selectivity of which was determined by
substituting for each of the ions in the extracellular solution.
The tail current was abolished when external K* was
removed (Fig. 2D), but not when Na* was replaced with Li*,
or when Cl” was replaced with methylsulphate (data not
shown). The results of substitution of Li* for Na* indicate
that the tail current is not a Na*—Ca’* exchange current as
has been identified in photoreceptors (Yau & Nakatani,
1984; Hodgkin, McNaughton & Nunn, 1987). The absence
of a Na"—Ca’" exchange current is consistent with other
evidence that calcium removal from turtle hair cells occurs
largely via a Ca®*-ATPase pump (Tucker & Fettiplace,
1995; see also Fig. 8). The only effect of replacing Na* with
Li* (or in some experiments with NMG) was a small
reduction of the peak inward current (21 + 10%, »n = 14).
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Figure 1. Membrane currents in isolated turtle hair cells recorded with intracellular solutions

based on Cs* or N-methylglucamine (NMG)

A, currents recorded with Cs*-based intracellular solution in response to depolarizing voltage steps from
—80 to —20 mV, pulse durations ranging from 300 to 900 ms. The inward current decays throughout the
depolarization, and is followed by a prolonged inward tail current that grows with pulse duration.
B, superimposed currents from a different cell obtained using NMG-based intracellular solution with the
same voltage protocol as in 4. Note that the inward current does not decay during the pulse but the tail

currents are of similar amplitude to those in A.
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This reduction was evident at all potentials and did not
entail a voltage shift in the Ca’* current—voltage
relationship. It seems likely that Li* substitution leads to
block of the Ca’* channels but the mechanism is presently
unknown.

The reversal potential of the tail current was determined
with a two-pulse protocol shown in Fig. 2. An initial pulse
to —20 mV was issued to evoke a near-maximal Ca’*
current and to activate the slow tail current. A second pulse
was delivered to potentials between —80 and +20 mV to
change the driving force on the tail current, but which also
changed the calcium current. Thus the current during the
second pulse is the combination of a Ca®* current and a tail
current. The amplitude of the Ca®* current at each potential
was determined by constructing a Ca’* current—voltage
relationship with brief 10 ms pulses uncontaminated by the
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Figure 2. Ionic selectivity of tail current
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slow tail current. By subtracting the appropriate Ca*
current from each second-pulse current, the portion of the
current attributable solely to the slow tail current was
extracted. A plot of the resulting current—voltage curve is
shown in Fig. 2C. The reversal potential of the tail current
was —50 + 5 mV (n = 3) with normal 4 mM extracellular
K*, and in one experiment was shifted to —23 mV in
10 mm K*. The high-K™ saline also increased the size of the
tail, and virtually eliminated the sag current indicating
that the initial voltage step was near the reversal potential.
Assuming that K* and Cs™ are the main ions contributing to
the tail current, the reversal potentials can be used to
calculate a relative permeability (P./Pyx), which, in four
experiments, was 0-22 + 0-04.

The pharmacology of the tail current was investigated by
extracellular application of some common K* channel
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A, double pulse experiment in 4 mm K*; conditioning depolarization from —80 to —20 mV, followed by test
steps to —40, 0 and +20 mV. B, double pulse experiment in 10 mm K*; conditioning depolarization from
—80 to —20 mV, followed by test steps to —40, 0 and +20 mV. C, current—voltage relationships from data
in A and B; membrane potentials corrected for electrode series resistance and ohmic leak subtracted from
currents. Fitted lines give reversal potentials of —23 mV (10 mm K*) and —53 mV (4 mm K*). D, currents
recorded with Cs*-based intracellular solution in response to depolarizing voltage steps from —80 to
—20 mV; external solutions contain normal 4 mm K* (Control and wash) and zero K*.
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inhibitors. In four experiments the tail was blocked by local
application of 01 uMm apamin with a corresponding
reduction in the sag current (Fig.3A4). Both tail and sag
currents were also blocked by perfusion of TEA with a half-
blocking concentration, K, of 5 mm (Fig. 3C). A small tail
current that persisted in apamin and 50 mm TEA was
removed in K*-free saline suggesting that it results from
incomplete channel block rather than from a separate
current. The ionic selectivity and pharmacology of the tail
current are inconsistent with the behaviour of previously
characterized K* channels in turtle hair cells, especially the
large conductance Ca’*-activated K* (BK) channel which is
impermeable to Cs®, more sensitive to block by TEA
(K; = 0-3 mM) and susceptible to charybdotoxin but not
apamin (Latorre, Oberhauser, Labarca & Alvarez, 1989; Art
et al. 1995). The data provide strong evidence for classifying
the channel as an SK Ca’-activated K* channel.

Ca’* dependence of tail current

The tail current grew progressively larger and longer with
increasing pulse duration (Fig. 1) implying that it stemmed
from Ca’" accumulation within the cell. Several types of
experiment were used to explore the role of Ca’* in activating
the tail current. Nifedipine, a blocker of L-type calcium
channels, abolished both the Ca?* current and the tail current
(Fig. 44) leaving only a small residual inward current
during the pulse. Replacement of external Ca** with Ba’*,
which prevents BK channel activation (Art & Fettiplace,
1987), augmented the inward current but abolished the sag
and tail currents suggesting that Ba>*does not substitute for
Ca®* at the SK channel (data not shown). During extra-
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cellular perfusion of 1 um Ca®* saline, the Ca®* current was
replaced by a large inward current, carried by monovalent
cations and having a rectangular shape without sag or tail
(Art, Fettiplace & Wu, 1993). Finally, neither sag nor tail
current was apparent when solutions in the recording pipette
contained large concentrations of the Ca’* buffer BAPTA
(Fig. 9D). The results of the four types of experiment all
argue that the K* tail current requires Ca’* for its activation
and is not purely voltage gated.

More quantitative information about the Ca®* dependence of
the tail current is shown in Fig. 4B. Depolarizations which
activated the largest Ca®* currents evoked the largest tail
currents, and the sag in the inward current became steepest
at peak calcium currents and potentials further from the
reversal potential (—50 mV). To construct the current—
voltage curve in Fig. 4C, the Ca®* current was measured as
the peak inward current at the start of the pulse, and the
tail current was taken as the peak amplitude of the slow
component at the end of the pulse. It should be noted that
there was also a fast component of the tail current, due to
inward Ca®" current, but this rapid fraction decayed in less
than 0-5 ms and was thus easily distinguishable from the
much slower K* component. The slow tail’s current—voltage
curve has a similar U-shape to that of the Ca’" current,
indicating that the tail current activates along with the Ca**
channels at around —50 mV, peaks at the same potential as
the Ca®* current, and is reduced with driving force on Ca’*
at positive potentials (Fig. 4C). The symmetry of the tail’s
current—voltage curve suggests that the Ca®* affinity of
the channel has little voltage sensitivity since different
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Figure 3. Apamin and TEA sensitivity of slow tail current

A, superimposed current traces recorded in control solution (C) and after a brief (10 s) application of 01 um
apamin (Ap) that blocks most of the sag during the pulse and the tail current. B, superimposed current
traces before, during, and after external perfusion of saline containing 5 mm TEA, which halved the tail
current and also reduced the sag. C, dose—response curve for TEA-block of tail current (data from 12 cells).
The peak amplitude of the tail current immediately following the pulse during TEA perfusion was scaled
to the peak amplitude in normal extracellular solution. The points were fitted by the Hill equation
(continuous line) with K; = 5 mm and Hill coefficient of 1.
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depolarizations that evoke equivalent Ca®* currents generate
equivalent tails. There are several uncertainties which might
distort the current—voltage curves in Fig. 4C, including
underestimating the Ca”* current by taking the initial peak
inward current (see Fig.34) and underestimating the
largest tail currents due to their saturation. Nevertheless,
the results provide further support for the notion that the
K™ tail current requires Ca’* for its activation.

Relationship between tail current and Ca**
fluorescence

While the results in Fig. 4 demonstrate that the SK channel
is reporting the intracellular Ca®* concentration, they give
no clue as to whereabouts in the cell the Ca®" is being assayed.
To address the question, the SK current was compared
with the intracellular Ca®* transients monitored with the
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fluorescent dye Calcium Green-5N, and viewed with a
confocal microscope to improve spatial localization. As
previously reported, the largest Ca’* signals evoked by
depolarization were found to be localized to submembranous
regions in the basal half of the hair cell (Tucker & Fettiplace,
1995). In many cells these regions corresponded to a few
small spots, each initially less than 1 gm in diameter. The
spots grew brighter and larger throughout a depolarizing
step and after repolarization they dissipated with two time
constants of about 100 ms and 10 s. In other cells, a more or
less continuous band of Ca®* fluorescence was visible on each
side of the cell in the basal half and it was less easy to
distinguish discrete spots (Fig. 5). Outside these domains of
high Ca®*, especially towards the apical surface of the cell,
the Ca’* signals were relatively slow and small.
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Figure 4. Calcium dependence of tail current
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A, current traces before, during, and after application of 20 um nifedipine, which blocks both the Ca’*
current and the slow tail current. B, superimposed current responses to voltage steps from —80 mV to the
membrane potentials indicated by the traces. Note the correlation between the sizes of the Ca®* current and
the tail current. C, current—voltage relationships constructed from records in B, after ohmic leak had been
subtracted. Ca®" currents (W) were taken from the peak of the inward current immediately after the onset
of the depolarization and tail currents (@) were measured by extrapolation of the slow tail component back

to the end of the pulse.
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A quantitative comparison of the time course of the Ca**
fluorescence and the SK current is shown for two cells in
Fig. 6. The fluorescence trace was obtained by monitoring a
2 pm diameter window overlaying the brightest region as
shown in Fig. 5. The time course of the Ca’* change at the
SK channel was estimated as follows. First, the SK current
was extracted from the whole-cell current by subtracting the
Ca®* current, which was assumed to be rectangular with
amplitude equal to the peak inward current. Next, the tail
current was inverted, and the sag current scaled to match
the amplitude of the tail. This last manipulation was
required to correct for the difference in driving force
during and after the pulse. If a P/ Py of 0-22 was assumed
without scaling, this gave something close to the same
result. Finally, to obtain the Ca’* concentration from the
current, an assumption was needed about the Hill coefficient
for Ca** binding to the SK channel. In about half the cells,

255

Figure 5. Calcium hotspots
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there was a linear relationship between the SK current
and the Ca®* fluorescence; in the remainder of the cells an
adequate match with the Ca>* fluorescence could be achieved
only by taking the square root of the current, indicating a
Hill coefficient of at least 2. Examples of each category are
shown in Fig. 6.

After these transformations, the time courses of the change
in Ca®* concentration derived from the SK current and from
the fluorescence dye were comparable in the majority of cells
over the first few hundred milliseconds. The major difference
between the two time courses was that the SK tail current
matched the fast component of the fluorescence decay, but
not the slow component, and thus the quality of the
agreement depended on the relative size of the slow
component. While the tail current fully recovered in a few
hundred milliseconds, a component of the fluorescence

10 um

Left, confocal image of a hair cell stained with 100 gm K-Calcium Green-5N. The image consists of the
difference between the average images before and 300 ms after the onset of a voltage step from —80 to
—20 mV. Note the higher fluorescence in regions along the sides of the basolateral membrane thought to be
sites of Ca™* entry. The hair bundle is at the top and the patch pipette, only faintly stained, is to the right.
Right, schematic of the same hair cell, the circle denoting the 2 gm region where the time course of the
fluorescence change was measured. The pseudocolour scale representing pixel intensity from 0 to 255 grey

levels is shown on the left.
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Figure 6. Comparison of the time course of the Ca** transient at a hotspot with the time course
of the SK current

A, change in fluorescence for the cell of Fig. 5 in response to a 0'3 s depolarization from —80 to —20 mV,
starting at time zero. The current record is shown below and the change in fluorescence, AF (normalized to
the resting fluorescence F) is shown above for a 2 gm diameter region overlying the hotspot which is
indicated in Fig. 5. Superimposed on the fluorescence trace is the time course of the intracellular ca™*
transient deduced from the square root of the current record as described in the text. B, similar
measurements on another cell for a 0-2s depolarization from —80 to —20 mV. In this example the
fluorescence trace was best matched by the SK current without taking the square root.

continued for tens of seconds. A measure of the similarity of
the tail current and the hotspot Ca®* was derived by
comparing the decay time constants of the two processes in
a number of cells. The time constant of Ca’* recovery at the
hotspot was obtained by fitting the fast component of the
decline in fluorescence. The SK tail current was more

0 05 1-0
Tar (8)

difficult to quantify since it was not well fitted with a single
exponential decay. Therefore the time for the tail current’s
amplitude to fall to 1/e was used as a measure of its
duration. The collected measurements are plotted in Fig. 7.
Multiple values are included for some cells before and after
treatment with Ca’*- ATPase inhibitors such as intracellular

Figure 7. Plot of the decay time constant of the tail
current against the decay time constant of the fast
component of Ca** fluorescence

The abscissa value was obtained by fitting the initial
component of the fluorescence decay. Owing to the
complex time course of the tail current, the time constant
on the ordinate was determined as the time from the end
of the pulse for the tail current to decline to 1/e. Multiple
measurements were made on some of the cells before ()
and after treatment with 1 mM intracellular vanadate (A)
or BHQ (@). These treatments prolonged both the Ca”*
transients and the SK tail currents. The fitted line had a
slope of 10 and a regression coefficient of 0-952. Results
of 12 cells illustrated.



J. Physiol.494.3

vanadate and BHQ. As described in the next section these
agents prevent Ca’* clearance and hence lengthen the tail
current. There is a good correlation in Fig. 7 between the
Ca® decay derived in the two ways, the line through the
points having a slope close to unity.

Role of calcium pumps

Imaging experiments in hair cells show that Ca** pump
blockers increase the rate of expansion and slow the recovery
of calcium fluorescence at hotspots, suggesting they impair
Ca’* removal (Tucker & Fettiplace, 1995). If the tail current
monitors submembranous Ca?*, it should be susceptible to
the same perturbations. We have previously shown that
intracellular perfusion with vanadate, an inhibitor of both
intracellular and plasma membrane Ca’*-ATPase pumps
(Pedersen & Carafoli, 1987), increases the size and duration of
the tail currents. Effects on the tails were visible at vanadate
concentrations as low as 10 gM, and with 1 mm vanadate,
the SK channels became permanently activated, indicating
that the submembranous Ca** was no longer being cleared.
The isoform of the Ca’*-ATPase pump in intracellular
membranes is selectively blocked by thapsigargin (Thastrup,
Cullen, Drobak, Hanley & Dawson, 1990) and 2,5-di-(t-
butyl)hydroquinone (BHQ; Kass, Duddy, Moore & Orrenius,
1989). During application of 03 um thapsigargin, a
progressive increase both in the sag during the pulse and in
the size of the tails was observed in seven cells. In the
example illustrated in Fig.84, the first measurement was
taken 7 min after breakthrough, by which time the mobile
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buffers in the pipette (access resistance, 12 MQ) and cell
would have substantially equilibrated. The effect of thapsi-
gargin then developed over the next 15 min. Perfusion of
10-100 um BHQ also amplified and prolonged the tails
(Fig. 8B), increasing the time required for the tail to recover
from its peak amplitude to 1/e by a factor of 7°8 +5
(n = 6). Again, in the latter experiment, at least 5 min was
allowed for the tail current to reach a steady state before
presentation of the experiment was commenced. Further-
more, in the presence of either BHQ or thapsigargin, the
tails eventually stabilized at new amplitudes, which were
reproducible, arguing against cell degradation. However,
the results confirm that manipulations influencing Ca’™*
regulation, as shown with Ca®* imaging experiments,
produce parallel effects on the tail currents.

In a number of cells after treatment with Ca’**-ATPase
blockers, the tail current became flat-bottomed (e.g. Fig. 8B)
remaining maximally activated for some time before
returning to the baseline. This behaviour might arise if the
Ca®* concentration became sufficiently high to saturate all of
the SK channels. Under these conditions, the maximum
amplitude of the tail provides a measure of the total amount
of SK conductance available. With all three Ca**-ATPase
blocking agents, saturated tail currents of 0:4-0-8 nA were
observed on repolarization to —80 mV. Assuming a reversal
potential of —50 mV, these currents correspond to maximum
conductances of between 13-5 and 27 nS.
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Figure 8. Effect of Ca**- ATPase inhibitors on the tail current

A, superimposed current traces recorded as 03 um thapsigargin diffused from the pipette solution into the
cell; records taken 7, 14, 18 and 22 min after breakthrough. With increasing time, the sag in inward
current during the pulse became steeper and the amplitude of the tail current grew larger. B, current traces
before (top) and after (bottom) extracellular perfusion with saline containing 100 um 2.4-di-
(t-butyl)hydroquinone (BHQ); depolarizing voltage steps from —80 to —20 mV for 300, 500 and 700 ms.
The control records were taken after the responses had equilibrated, about 10 min after breakthrough.
Note that with BHQ the tail current is much larger and longer lasting.
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Estimation of the mobile endogenous calcium buffers

Mobile calcium buffers are an important factor in the cell’s
Ca’ regulation, but measurement of their properties is
complicated for a number of reasons. During whole-cell
patch clamp, mobile buffers wash out of the cell leaving only
fixed buffers. With the perforated-patch technique, which
allows patch recordings without washout of large molecular

A Perforated

-0-2 4
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mass cytoplasmic constituents, all buffers may be retained
making it impossible to distinguish mobile and fixed
fractions. The mobile buffer capacity may be assessed by
comparing the Ca’* signals recorded in a single cell under
both perforated-patch and whole-cell conditions, in the
presence and absence of mobile buffers. The Ca®* signals
can be quantified using fluorescent probes, but there are
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Figure 9. Comparison of mobile endogenous buffer with exogenous buffers before and after

rupture of perforated-patch membrane

Left-hand column shows recordings from 4 cells made in the perforated-patch mode using amphotericin
electrodes. The right-hand column gives the corresponding currents in the same cells about 10 min after
breakthrough into whole-cell mode. The pipette solution contained different amounts of the Ca®* buffer
BAPTA, which are indicated beside the traces. For all current records the stimulus was a depolarization
from —80 to —20 mV for several different durations. Calibration bar at the bottom marks 1 s (B and C) or

2s(A4 and D).
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complications with this procedure. Membrane-permeant
dyes that stain a cell in the perforated-patch mode wash out
in whole-cell mode, whereas dyes loaded through the pipette
require patch rupture, and consequent washout of buffer.
Whichever method is used to load the cell with dye, the
transition from perforated-patch to whole-cell mode may
alter the dye concentration and introduce error since the dye
is a mobile buffer that adds to the binding capacity of the
cell. The SK channel, an endogenous and immobile Ca™*
sensor, provides a means to bypass these complications.

Measurements were made initially in the perforated-patch
configuration to observe tail currents in the presence of the
mobile buffer. The patch was then ruptured to allow
endogenous mobile buffer to wash out and exchange with
the BAPTA in the pipette solution. During the subsequent
20 min of whole-cell recording, the tail current re-
equilibrated enabling comparison of the pipette buffer with
the cell’s mobile buffer (Fig. 9). Experiments were conducted
with BAPTA concentrations of between 0-1 and 5 mM in the
pipette. As was found with nystatin (Zhou & Neher, 1993),
the presence of intracellular polyene did not disrupt the
cell’s integrity for the duration of the recording, which
lasted for at least 20 min following breakthrough.

In experiments using 0-1 mm BAPTA, the tail currents
grew substantially after rupturing the patch, which
indicates that an important buffering component was lost
from the cell. Without this component, the SK channels
report larger and longer calcium fluxes. In contrast, 5 mm
BAPTA was suflicient to abolish the tails, suggesting that it
is more powerful than the endogenous mobile buffer and able
to capture Ca* faster than it can diffuse to the SK channels.
The intermediate concentrations, 0'5 and 1 mm BAPTA,
caused small changes in the tail that on average became
larger in 0-5mM and smaller in 1 mM. To make a
quantitative comparison, each whole-cell tail current was
integrated and normalized to the corresponding perforated-
patch tail integral. The tail-integral ratios (whole
cell/perforated) are plotted against the concentration of
pipette buffer in Fig. 10 and the points have been fitted

Figure 10. Estimation of the equivalent
concentration of mobile endogenous Ca** buffer
For a given pulse duration, the tail current was
integrated from records like those in Fig. 9 by
calculating the area enclosed to the zero-current level
for up to 5's from the end of the pulse. The ordinate
plots the ratio of the integral in whole-cell and in
perforated-patch conditions with different
concentrations of BAPTA as Ca®* buffer in the intra-
cellular solutions. Numbers of values averaged are
given beside each point.

+ .
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with a straight line. Interpolation of the abscissa value for a
whole cell to perforated patch ratio of 1 indicates that the
mobile endogenous buffer is equivalent to about 1 mm
BAPTA.

When the pipette contained intermediate concentrations of
BAPTA, the tail became smaller after rupture of the patch
and required several minutes to grow to the final value. One
explanation is that because of molecular mass differences,
the pipette buffer is able to diffuse into the cell faster than a
higher molecular mass endogenous buffer washes out.
Although the slow pulse-repetition rate (1/90s) made it
difficult to measure accurately the time constant of
exchange of the buffers, nevertheless some semi-quantitative
observations can be made. At the highest BAPTA
concentrations of 5 mm, the slow tail had disappeared by
the time of the first or second test pulse, i.e. within
90-180 s after breakthrough. Using a molecular mass of
500 Da for BAPTA and a pipette access resistance of
20 MQ, the ‘wash-in’ time constant, 7, is estimated as 95 s
according to the empirical formula 7 = 0-6R,M"?, where 7
is in seconds, R,, the pipette access resistance, is in
megaohms and M, the molecular mass of the diffusing
species, is in daltons (Pusch & Neher, 1988). In four
experiments where the pipette solution contained 0-1 or
0-5 mm BAPTA, the growth of the tail was largely complete
on the fourth pulse, 6 min after breakthrough. Using a time
constant of 6 min and a pipette resistance of 18 + 6 MQ,
the calculated molecular mass for the endogenous buffer is
23:5 & 6 kDa. This molecular mass is comparable to the
28 kDa of the purported endogenous buffer calbindin
(Oberholtzer, Buettger, Summers & Matschinsky, 1988).

DISCUSSION

Characteristics and role of the SK channel

A variety of potassium channels have been characterized in
turtle hair cells including the large-conductance calcium-
activated potassium (BK) channel, the inwardly rectifying
potassium (Kz) channel, and the voltage-dependent delayed-

3
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rectifier potassium (Ky) channel (Wu, Art, Goodman &
Fettiplace, 1995; Goodman & Art, 1996). Here we have
characterized a fourth potassium channel that is permeable
to Cs™ and K, blocked by apamin and TEA, and dependent
on intracellular Ca®*. These properties define it as an SK
calcium-activated potassium channel (Blatz & Magleby,
1986; Latorre et al. 1989). This SK channel is likely to be
the same channel previously observed in excised-patch
recordings (Art et al. 1995), which had a single channel
conductance of 30 pS in symmetrical K* and a voltage-
independent Ca’* affinity of about 2 um. These characteristics
of the SK channel distinguish it from the BK channel,
which has a much larger single-channel conductance and a
(a®* affinity of about 12 um (at —50 mV) which depends on
membrane potential (Art et al. 1995). Discovery of the SK
channel in turtle hair cells helps explain the previous
observation that to measure the Ca®* current with Cs*-filled
electrodes, it was necessary to stimulate at a low repetition
rate of 1 Hz (Art & Fettiplace, 1987); if faster rates were
used, a ‘leak conductance’, presumably the SK conductance,
quickly developed and obscured the Ca®* current.

The SK channel may be the Ca**-activated K* channel
found at the efferent synapse that is also permeable to Cs*
but not NMG, and which is blocked by apamin, TEA and
barium (Fuchs & Murrow, 1992; Erostegui, Nenov, Norris &
Bobbin, 1994; Yuhas & Fuchs, 1995). Efferent stimulation
evokes a slow hyperpolarizing IPSP in turtle hair cells
which attenuates the receptor potential, and can eliminate
the firing of afferent action potentials (Art, Fettiplace &
Fuchs, 1984). The efferent terminals are thought to release
acetylcholine, which increases intracellular Ca®* and activates
a K™ current, but the proposed mechanisms disagree on the
source of Ca®*. The acetylcholine receptor may be nicotinic-
like and coupled to an ion channel which is permeable to
Ca®* (Housley & Ashmore, 1991; Fuchs & Murrow, 1992), or
muscarinic-like and use a second messenger such as IP, to
release Ca’" from an intracellular store (Shigemoto &
Ohmori, 1990; Kakehata, Nakagawa, Takasaka & Akaike,
1993). Our observation that the SK channels can be
activated by Ca’* entering through voltage-gated channels
reveals another Ca®* source which can participate in
inhibition. The results suggest that hair cells may have an
internal mechanism for adaptation that is independent of
the efferent projection, in which SK channels generate a
graded hyperpolarization in response to large Ca®* fluxes
such as occur during intense auditory stimulation.
Consistent with this idea, turtle hair cells can show, in
response to loud, high-frequency tone stimuli, a slow
adaptation of the receptor potential during the tone burst
and a prolonged hyperpolarization at the end of the tone
(see Fig. 10 of Crawford & Fettiplace, 1980). It is worth
noting that the time courses of the after-hyperpolarization
and of the efferent IPSP are both similar to the time course
of the SK tail current, consistent with them all having a
common origin.
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Distribution of Ca?* and SK channels

The overall similarity between the time course of the tail
current and the fast decay of Ca®* fluorescence (Fig. 6)
suggests that the SK channels have a similar distribution to
the hotspots which are confined to the basal half of the hair
cell. Up to six hotspots were visible in confocal images of
turtle hair cells (Tucker & Fettiplace, 1995) and we have
previously suggested that the hotspots represent clusters of
voltage-dependent ('a>* channels, possibly localized to the
synaptic release sites. Such clusters have been previously
postulated on the basis of loose-patch recordings from
bullfrog saccular hair cells (Roberts, Jacobs & Hudspeth,
1990). Since turtle hair cells in the mid-frequency region of
the papilla possess, on average, about seventeen such release
sites (Sneary, 1988), each hotspot would, in this explanation,
correspond to the juxtaposition of multiple release sites; the
inability to visualize individual release sites may stem from
the slow time scales employed in confocal imaging during
which diffusion of Ca®* reduces spatial resolution. A different
explanation would be that the hotspots are the sites of
efferent synapses, of which there are between four and eight
on the basolateral surface of turtle hair cells (Sneary, 1988).
While the number of hotspots is comparable to the number
of efferent synapses, there is neither evidence nor rationale
for voltage-dependent Ca’* channels being restricted to the
efferent postsynaptic membrane. It seems more likely that
the two channel types are spatially separate, with the Ca®*
channels being localized to the afferent release sites and the
SK channels distributed in the membrane in the vicinity of
the efferent terminals. One piece of evidence in favour of
such a separation is the difference between the Ca®*
concentration required to half-activate the SK channel in
detached patches (~2 um; Art et al. 1995) and the Ca®*
concentration attained at the centre of the hotspots (up to
100 pm; Tucker & Fettiplace, 1995). This disparity suggests
that the SK channel sees an attenuated version of the Ca®"
excursion at the centre of the hotspot. An alternative
argument might be made that Ca®* entering through
channels near the afferent release sites diffuses to and
releases Ca’* regeneratively from the efferent subsynaptic
cisternae, which thus appear as bright spots of high Ca**
concentration. This explanation also seems unlikely in view
of the linear relationship between the Ca>* current and the
(2" concentration at the hotspot (see Fig. 3 of Tucker &
Fettiplace, 1995).

Variability in the tail current

There was significant variability between cells in the
amplitude and time course of the tail current and their
relationship to pulse duration. The tail amplitude in mid-
frequency hair cells varied between 0-1 and 0-8 nA for a
standard 300 ms pulse, but if the pulse was extended, or
the Ca®" buffering reduced so that the tail appeared
saturated, a more restricted current spread of 04—0-8 nA
was observed (see Figs 8 and 94). This range presumably
reflects a variation in the number of SK channels per cell.
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However, it is worth noting that the presence of a sigmoidal
onset to the tail symptomatic of its saturation was not a
reliable indicator of the point at which the current was
maximal; often some saturation was evident well below the
maximum current level (see Fig.8B). One explanation for
this kinetic behaviour is that the SK channels are at a
variable distance from the Ca®* source and, consequently,
nearby SK channels saturate before those channels that are
more distant from the source. Such variation would make
the tail current difficult to define kinetically, and could also
impair the match with the fluorescence results. It would also
explain the differences between the traces in experiments
like those in Fig. 1. There the tail current shows some
saturation at 0-4 nA for the longest pulse in Fig. 14, but not
under the same conditions for another cell in Fig.1B. A
third type of variability was in the dependence of the tail
amplitude on pulse duration: two different cells might
possess the same number of SK channels, but one would
require a longer pulse to achieve the maximal tail amplitude
than the other. Differences in the concentration of Ca®*
buffer contained in different hair cells could contribute to
this type of variability (see below).

Calcium buffers

As a voltage-independent, non-inactivating Ca®* detector,
the SK channel is a useful tool for monitoring sub-
membranous Ca’*. Tt provided us with a method to measure
the endogenous mobile buffer bypassing the complications
associated with calcium dyes; and by combining perforated-
patch and whole-cell measurements on single cells, we were
able to avoid making comparisons between different cells. A
convincing demonstration that a mobile buffer shapes sub-
membrane signals is shown by the small tails in perforated-
patch mode and the larger tails in whole-cell mode with
0-1 mm BAPTA (Fig. 9). The interpretation is that an
endogenous buffer binds calcium before it reaches SK
channels in perforated-patch mode, but washes out during
whole-cell access allowing larger calcium fluxes at the
channel. By varying the concentration of exogenous buffer
in the pipette, we determined that 1 mm BAPTA has a
binding capacity equivalent to the endogenous mobile
buffer, virtually identical to the values reported in frog
saccular hair cells (Roberts, 1993). The Ca’*-binding
capacity, £, of a buffer, B, can be calculated from
[ = d[Ca®"~B]/d[Ca®*] (Neher & Augustine, 1993). In the
Ca’ concentration range below the K, 8 ~ [B]/Kp, where
[B] is the concentration of buffer and Ky, its affinity for Ca®*.
The identity of the endogenous buffer may be 28 kDa
calbindin-D which is one of the most abundant proteins in
hair cells (Oberholtzer et al. 1988) and is thought to have
four Ca’*-binding sites with an affinity of about 1 um
(Bredderman & Wasserman, 1974). The binding capacity for
1 mm BAPTA (K, =02 um) is 5000, and to match this
buffering power, the calbindin concentration must also be
close to 1 mM. However, this concentration may represent
only an average value and hair cells tuned to higher
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frequencies might be expected to have more diffusible Ca®*
buffer to match their larger complement of Ca®* channels
(Art et al. 1993).

In the absence of mobile buffer, the cytoplasm maintains a
significant ability to buffer Ca>*. In previous calcium-imaging
experiments (Tucker & Fettiplace, 1995), the fixed buffer
was estimated to have a binding capacity over 200, with
low affinity binding that remained linear up to 10 uM free
Ca®". This buffer has yet to be identified and may include
multiple components, but it does not include cytoplasmic
organelles containing Ca’*-ATPases, which were inhibited
in these experiments. If the fixed buffer were a single
component with K, of 10 umM, it would have a concentration
of approximately 2 mm. Intracellular organelles, including
mitochondria (Baker & Umbach, 1987) and endoplasmic
reticulum, by sequestering Ca’* also contribute to the
buffering capacity of the cytoplasm. Organelles have the
advantage that they can be localized to specific regions of
the cell and can thus behave as a non-uniformly distributed
sink supplementing the fixed buffer. Most of these organelles
contain Ca’*-ATPase pumps (Schatzmann, 1989) that are
blocked by thapsigargin and BHQ. The actions of these
inhibitors which: (i) cause the Ca>* hotspots to expand faster
and further (Tucker & Fettiplace, 1995); and (ii) exaggerate
the SK tail currents, suggest that intracellular compartments
play a significant role in hair cell Ca®* homeostasis.
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