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ABSTRACT L-type and R-type Ca2� currents were detected in frog semicircular canal hair cells. The former was noninac-
tivating and nifedipine-sensitive (5 �M); the latter, partially inactivated, was resistant to �-conotoxin GVIA (5 �M), �-conotoxin
MVIIC (5 �M), and �-agatoxin IVA (0.4 �M), but was sensitive to mibefradil (10 �M). Both currents were sensitive to Ni2� and
Cd2� (�10 �M). In some cells the L-type current amplitude increased almost twofold upon repetitive stimulation, whereas the
R-type current remained unaffected. Eventually, run-down occurred for both currents, but was prevented by the protease
inhibitor calpastatin. The R-type current peak component ran down first, without changing its plateau, suggesting that two
channel types generate the R-type current. This peak component appeared at �40 mV, reached a maximal value at �30 mV,
and became undetectable for voltages �0 mV, suggestive of a novel transient current: its inactivation was indeed reversibly
removed when Ba2� was the charge carrier. The L-type current and the R-type current plateau were appreciable at �60 mV
and peaked at �20 mV: the former current did not reverse for voltages up to �60 mV, the latter reversed between �30 and
�60 mV due to an outward Cs� current flowing through the same Ca2� channel. The physiological role of these currents on
hair cell function is discussed.

INTRODUCTION

In hair cell function, K� and Ca2� ions play an essential
role. Indeed, K� carries the transduction current at the
apical ciliated pole of the cell, where localized changes in
cytosolic Ca2� concentration, [Ca2�]i, modulate the trans-
duction process (Hudspeth and Gillespie, 1994) and regu-
late receptor potential amplitude. The receptor potential, in
turn, activates basolateral Ca2� and K� conductances,
which ultimately control transmitter release at the cytoneu-
ral junction. Voltage-dependent K� and Ca2� currents have
been studied in hair cells belonging to organs specialized in
detecting either acoustic stimuli or vibratory and angular
accelerations. However, in semicircular canal hair cells,
greater attention has been devoted to defining the properties
of the K� rather than the Ca2� channels (Ohmori, 1984;
Hudspeth and Lewis, 1988; Housley et al., 1989; Lang and
Correia, 1989; Fuchs and Evans, 1990; Fuchs et al., 1990;
Rennie and Ashmore, 1991; Norris et al., 1992; Masetto et
al., 1994; Zidanic and Fuchs, 1995; Steinacker et al., 1997).
Moreover, most of these studies have been carried out on
enzymatically dissociated cells. Ampullar receptors selec-
tively transduce the angular acceleration of the head into
phasic and tonic afferent nerve fiber firing patterns, and
these functions are regulated by specific changes in baso-
lateral conductances. Rossi et al. (1994) have demonstrated
that, in the intact labyrinth isolated from the frog head, the
Ca2� influx into posterior canal hair cells is essential in
modulating the rate of the asynchronous, uncorrelated quan-

tal transmitter release at the afferent synapse. Indeed, the
increase (decrease) in spontaneous mEPSP rate in high
(low) extracellular Ca2�, [Ca2�]o, is related to the increase
(decrease) in inward Ca2� current. The existence of distinct
types of voltage-dependent Ca2� channels in different prep-
arations has been demonstrated through kinetic studies,
pharmacological treatments, and molecular cloning (see re-
views by McCleskey, 1994; Dunlap et al., 1995).

The properties of the Ca2� channels in semicircular canal
hair cells, however, are less known; in the acoustic-vestib-
ular system, pharmacological studies have indicated the
existence of a single population of L-type Ca2� channels.
However, the voltage activation threshold of these channels
was more negative than observed in neuronal L-type chan-
nels (Lang and Correia, 1989; Zidanic and Fuchs, 1995). In
the semicircular canal, homogeneous populations of L-type
and T-type channels have been identified in the frog
(Prigioni et al., 1992) and in the guinea-pig, respectively
(Rennie and Ashmore, 1991). Nonetheless, other studies
suggested the existence of additional channel types (Su et
al., 1995; Green et al., 1996; Perin et al., 1998) in these
preparations. Given the relevance of Ca2� in controlling
both the transduction process and transmitter release, and
given the poor and rather conflicting information about
canal hair cell Ca2� channels, the present work is focused
on the properties of Ca2� currents in hair cells mechanically
isolated from frog semicircular canals.

METHODS

Dissociation of hair cells

The experiments were performed on wild frogs (Rana esculenta, 25–30 g
body weight) that were mainly harvested in summer. The animals were
anesthetized by immersion in tricaine methane sulfonate solution (1 g/l in
water) and subsequently decapitated. The heads were pinned down at the

Received for publication 10 May 1999 and in final form 3 December 1999.

Address reprint requests to Dr. Giorgio Rispoli, Dipartimento di Biologia
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bottom of the dissection chamber and submerged in a dissection solution of
the following composition (in mM): 120 NaCl, 2.5 KCl, 0.5 EGTA, 5
HEPES, 20 sucrose, 3 glucose (pH 7.2). The osmolality of the solution
(260 mOsmol/kg) was measured with a microosmometer (Hermann Roe-
bling, Messtechnik, Berlin, Germany). The six ampullae were isolated
from both labyrinths and transferred into the experimental chamber (500 �l
volume). The hair cells were mechanically dissociated from the ampullae
by gently scraping the epithelium with fine forceps. The experimental
chamber had Teflon walls and a bottom consisting of a glass microscope
coverslip coated with chloro-tri-n-butyl-silane to prevent cell sticking.

Pipette and recording solutions

Electrical recordings were carried out by using the patch-clamp recording
technique in the “whole-cell” configuration. Pipettes were pulled in the
conventional manner (Hamill et al., 1981) from 50 �l glass capillaries
(Drummond, Broomall, PA), and fire-polished to a pipette resistance of
3–4 M�. Pipette solutions consisted of the following common components
(in mM): 90 CsCl, 20 tetraethylammonium chloride (TEACl), 2 MgCl2, 1
adenosine 5�-triphosphate K� salt (ATP), 0.1 guanosine 5�-triphophate
Na� salt (GTP), 10 HEPES (pH 7.2, 235 mOsmol/kg). Three different
concentrations of EGTA and Ca2� were added to this base solution. One
solution was Ca2�-free and contained 5 mM EGTA, another was EGTA-
free and contained 0.5 mM Ca2�, and a third solution contained 10 �M
EGTA � 10 �M Ca2�. In some recordings, Cs� was substituted with an
equiosmolar concentration of N-methyl-glucamine (NMG�); the mem-
brane potential of these recordings was corrected for the junction potential
(9 mV; Block and Jones, 1997) with respect to Cs�. When used, calpastatin
was dissolved in the pipette solution (2 U/ml) and purified by overnight
dialysis at 4°C in a large volume (2.5 l) of a calpastatin-free solution (the
membrane used allowed the diffusion of all molecules with a molecular
weight �10 kDa). To facilitate the formation of the gigaseal in the
calpastatin experiments, the calpastatin solution was used to backfill the
electrode, whereas the pipette tip was filled with a calpastatin-free solution.
The composition of the chamber solution was (in mM): 100 NaCl, 6 CsCl,
20 TEACl, 4 CaCl2, 10 HEPES, 6 glucose (pH 7.2, 260 mOsmol/kg). The
channel antagonists were used at the following concentrations: 10, 300, and
1000 �M Ni2�; 10 and 200 �M Cd2�; 2 and 10 �M mibefradil; 1, 5, and
10 �M �-conotoxin GVIA; 1, 5, and 10 �M nifedipine; 5 �M �-conotoxin
MVIIC; 0.2 and 0.4 �M �-agatoxin IVA. All drugs were dissolved in
water, except nifedipine, which was dissolved in dimethyl sulfoxide. All
channel antagonist solutions were prepared on the day of the experiments,
by dissolving the powder (or an aliquot from a stock solution stored at

�20°C for Ni2�, Cd2�, and nifedipine) directly into the perfusion system
bottles. The external solution was changed rapidly (typically �50 ms) by
horizontally moving (with a computer-controlled stepping motor) a
multibarrelled perfusion pipette placed in front of the recorded cell. The
perfusion solution was removed by a peristaltic pump (Masterflex, Cole-
Parmer, Vernon, IL), which also constantly circulated the solution within
the recording chamber. All experiments were performed at room temper-
ature (20–22°C). All salts, buffers, and solvents were purchased from
Sigma Chemical Co. (St. Louis, MO); nifedipine and �-conotoxin MVIIC
from Alomone Labs (Jerusalem, Israel); �-conotoxin GVIA from Bachem
Feinchemikalien AG (Bubendorf, Switzerland) and from Alomone Labs;
�-agatoxin IVA from Calbiochem (La Jolla, CA); mibefradil was a gen-
erous gift from F. Hoffmann-La Roche (Basel, Switzerland).

Cell viewing

Cells were viewed through a TV monitor (Sony, Tokyo, Japan) connected
to a contrast enhanced video camera (T.I.L.L. Photonics, Planegg, Germany).
The camera was coupled to an inverted microscope (Olympus IMT-2,
Tokyo, Japan) equipped with a 40� Hoffman modulation contrast objec-
tive. Cell video images were recorded at the beginning and at the end of
each experiment with a commercial VCR (Panasonic NV-HS1000EGC,
Matsushita Electric Industrial Co., Ltd., Osaka, Japan) and digitized off-
line by an AV-Master computer interface (Fast Multimedia, Münich,
Germany) hosted in a Pentium IBM-compatible computer.

Patch-clamp recording and data analysis

The current was recorded with a commercial patch-clamp amplifier
(EPC-7, List-Electronic, Darmstadt, Germany); the holding potential was
�70 mV, unless otherwise specified. In all recordings, Ca2� currents were
elicited after measuring the leak resistance with a 15-ms hyperpolarization
to �80 mV from the holding potential. The seal resistance ranged between
5 and 50 G�, the access resistance between 15 and 25 M�, and the input
resistance between 1 and 5 G�. The pipette and cell capacitances were
compensated using the corresponding EPC-7 controls; access resistance
was compensated up to 50–70%. Cell capacitance ranged between 4 and 12
pF (7.1 	 0.3 pF; 53 cells) and was not apparently correlated with cell
morphology (Fig. 1). Perfect cancellation of the RC artifacts was rarely
attained during the recordings, and the traces were corrected off-line using
several different procedures. If the artifacts were particularly small and/or
significantly faster than the activation and deactivation kinetics, then their

FIGURE 1 Video recordings, at the end of a whole-cell experiment, of (A) a club-like, (B) a pear-like, and (C) a cylinder-like hair cell.
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digital points were removed. Large and/or slow artifacts were recorded
either at the end of run-down (when no Ca2� current was present; see
Results) or in the presence of 200 �M Cd2� (when all the Ca2� channels
are blocked). The artifacts were then subtracted from the uncorrected Ca2�

current waveforms. These subtraction procedures gave very similar results.
The command protocol and data acquisition were performed with a Lab-
master computer interface and a pClamp package (Version 6.0.3, Axon
Instruments, Foster City, CA) running on a Pentium IBM-compatible
computer. The recordings, filtered at 2, 6, or 10 kHz via an eight-pole
Butterworth filter (LPBS-48DG, NPI Electronic, Tamm, Germany), were
acquired at 5, 12.5, or 40 kHz, respectively, and stored on disk. The data
were also digitized in PCM format and stored on DAT tapes by using a
digital recorder (DTR-1802, Biologic, Claix, France, bandwidth 0–20
kHz). The figures were prepared by using a commercial plotting program
(Version 3.0, Sigmaplot, Jandel Scientific, San Rafael, CA) and a picture
editor (Corel Draw, Ottawa, Ontario, Canada). All mathematical proce-
dures (data fitting and equation solving) were implemented with Mathcad

(Version 7.0, Mathsoft, Bagshot, Surrey, UK). The values in text and
figures are given as means 	 SE throughout the paper.

RESULTS

Ca2� current waveform

In most cells a depolarization was able to elicit an inward
current when Cs� and TEA� were present in the recording
solutions. Typically, cells that did not exhibit any inward
current had an input resistance �3 G� and an ohmic I-V
relationship, indicating that the experimental conditions
were sufficient to block all non-Ca2� endogenous channels.
The inward current was assessed by stepping the voltage to
�20 mV (Fig. 2). The current amplitude and waveform did

FIGURE 2 Ca2� current waveforms and typical run-
down experiments. (A) After measuring the leak resis-
tance with a 15-ms hyperpolarization to �80 mV from
the holding potential (�70 mV), the Ca2� current was
elicited by a 30-ms depolarization to �20 mV. Left,
typical Ca2� current waveform recorded from two
cells, one displaying the sag component and the other
lacking it. Right, activation and inactivation kinetics of
the responses on the left are fitted by Eq. 1 (dotted
traces). The solid thin traces are the contribution of the
two R-type and the L-type currents to the total current.
The R1-type trace was constructed by fitting the sag
component, which was singled out (gray trace) as
discussed in the text. (B) Ca2� current run-down in
response to repetitive 40-ms depolarizations to �20
mV from a potential of �80 mV, repeated every 15 s;
representative traces are shown at seven recording
times (indicated in s near each trace). (C) Ca2� current
run-down in response to the same depolarizing test
pulses delivered only at the indicated times (in s above
each trace). The fit of representative traces of B and C
to Eq. 1 are superimposed on the data and shown on the
right.
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not change if the voltage was stepped from any value
between �140 and �60 mV: this indicates that, at any
voltage below �60 mV, all channels were deactivated and
steady-state inactivation was removed.

The Ca2� current had two typical waveforms: one
(present in 
40% of the cells) was characterized by an
initial peak, followed by an exponential decay to a plateau
level (current sag component); the other waveform lacked
the sag, and the current amplitude was constant throughout
the depolarizing step (Fig. 2 A). The sag might have been
generated by the opening and the subsequent partial inacti-
vation of a single channel population: however, this view
does not explain the absence of the sag in some recordings,
nor does it explain the lack of correlation between the sag
properties (amplitude and time course) and steady-state
current amplitude. The presentation of either of the re-
sponses in Fig. 2 was not correlated with the cell morphol-
ogy (Guth et al., 1994; Fig. 1) and, eventually, those cells
exhibiting a sag response ended in a plateau. Indeed, in all
experiments, the mean current amplitude was not stable
upon repeating the stimulation protocol (consisting of 20
depolarizing steps, from the holding potential to �20 mV,
lasting 40 ms and repeated every 15 s), but it progressively
declined to zero (run-down). The sag component of the
current (when present) was lost much earlier than the pla-
teau component (Fig. 2 B, traces between 0 and 75 s). Once
the former component had completely disappeared, the lat-
ter began a progressive decline toward zero. The sag re-
sponse can be readily explained by assuming that the depo-
larization opened at least two channel types, both activating
exponentially with a time constant of 
0.5 ms (see the
statistics below): the first with an inactivating time constant
of few ms, the second which did not inactivate.

Inactivation of Ca2� current was Ca2�-dependent

Fig. 3 provides clear-cut evidence that the sag response was
generated by a Ca2� channel exhibiting a Ca2�-dependent
inactivation. The sag and the plateau amplitudes were re-
duced, and sag kinetics slowed down, with a decrease in
[Ca2�]o (Fig. 3 A); the sag disappeared when Ca2�

o was
substituted with Ba2�

o (Fig. 3 B).
Consistent with the notion that a Ca2�-dependent inacti-

vation is removed in Ba2�, the size of the current increase
observed upon substituting Ca2� with Ba2� was smaller in
those cells that lacked the sag component than in those
where the sag was present (compare Fig. 5 C and the
corresponding inset on the right with Fig. 5 D and the inset
on the right). The effects of both [Ca2�]o reduction and
Ba2� substitution were fully reversible upon returning to
normal [Ca2�]o (Fig. 3). To determine whether the Ca2�-
dependent inactivation was also voltage-dependent, recov-
ery from inactivation was investigated using the standard
two-pulse protocol (Fig. 4). Two depolarizing steps to �20
mV were separated by progressively longer interpulses at
two different holding potentials ( �70 mV and �120 mV).
The time interval between each one of the consecutive
double-pulse protocols was 7 s, which guaranteed the full
recovery of the test current (Fig. 4 C).

Analysis of the fractional amplitude versus interpulse
duration indicated that recovery from inactivation required
times on the order of 100 ms at �120 mV (Fig. 4 D) and
300 ms at �70 mV (Fig. 4, B and D). Such lengthy recovery
times are not consistent with the existence of a voltage-
sensitive inactivating gate, which should act much faster;
however, it is compatible with the speed at which [Ca2�]i is
restored to its physiological level upon returning to the
holding potential.

FIGURE 3 Ca2�-dependent inactivation of Ca2� current. Voltage was stepped to �30 mV to maximize the sag component. (A) Effect of [Ca2�]o

reduction (from 4 mM to 1.5 or 0.75 mM) on the Ca2� current. Inset: enlargement of the current trace recorded in 0.75 mM Ca2�, as indicated in the box.
(B) Absence of inactivation when Ca2�

o is replaced by an equiosmolar concentration of Ba2�. In A and B the two superimposed traces are the control and
recovery in 4 mM [Ca2�]o, before and after the perfusion with 1.5 and 0.75 mM [Ca2�]o (A), or 4 mM [Ba2�]o (B).
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Ca2� current is generated by an L-type and
possibly two R-type channels

In order to identify which channel types generate the Ca2�

current waveform, typical Ca2� antagonists were used. It
was found that 1 �M nifedipine reduced the current plateau
component (leaving the sag component, when present, un-
affected) by 57.1 	 3.6% (n � 5; 5 cells), thus indicating
the presence of an L-type channel. Since 5 �M nifedipine
reduced the plateau component by 68.4 	 2.0% (n � 14; 12
cells; Fig. 5), and 10 �M nifedipine produced nearly the
same current reduction (again, either concentration did not
affect the sag component), it can be concluded that 
70%
of the plateau component was carried by an L-type channel.
Nifedipine (5 �M) had nearly the same effect on the Ba2�

current (reduced by 62.2 	 3.0%; n � 5; 5 cells; Fig. 5 D)
when the corresponding current in Ca2� lacked the sag
component.

The total current was unaffected by �-conotoxin GVIA
(5 �M; Fig. 6 A; 7 cells), �-conotoxin MVIIC (5 �M; Fig.
6 B; 5 cells), and �-agatoxin IVA (up to 0.4 �M; Fig. 6 C;
5 cells), thus ruling out the presence of N- or P/Q-type Ca2�

channels. These compounds, as expected, did not affect the
nifedipine-resistant current (5 �M nifedipine; Fig. 6 D; 4
cells; data shown only for 5 �M �-conotoxin MVIIC),
indicating that this current was flowing through R-type
channels.

When present, the sag component remained unaffected
by the application of nifedipine, thus indicating that the sag
was generated by the inactivation of the R-type current and
not by a partial inactivation of the L-type. The progressive
loss of the sag component during the initial phase of run-
down occurred without any change in the plateau amplitude
(Fig. 2 B). This fact cannot be accounted for by the pro-
gressive loss of a Ca2�-dependent, partial inactivation of a

FIGURE 4 Kinetics of current recovery from inac-
tivation. (A) After measuring the leak resistance, two
consecutive 40-ms depolarizations to �20 mV were
delivered, separated by 20, 100, 180, and 260 ms
interpulses to �70 mV (interpulse holding potential).
All interpulses were followed by an additional 20-ms
step to �80 mV to re-evaluate leak resistance before
delivering the second pulse (the time � is the inter-
pulse duration). The time interval between each of the
consecutive double depolarization protocols was 7 s.
The Ca2� currents elicited by the first depolarization
(A, traces a, c, e, and g), and by the test depolarization
(A, traces b, d, f, and h) are compared in C and B,
respectively, on a faster time scale; the lowercase
letters indicate the same traces in A, B, and C. (D)
Mean values of the ratio between the peak Ca2�

current elicited by the test depolarization and the peak
Ca2� current elicited by the prepulse. Interpulse hold-
ing potentials were �70 mV (filled circles, 8 cells)
and �120 mV (open triangles, 8 cells).
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single R-type channel. Instead, it could be explained by the
presence of a third channel type, which runs down com-
pletely before the onset of the plateau component reduction.
This channel could be a T-type channel: however, no T-type
channel has been reported to lose inactivation in Ba2�

(Carbone and Lux, 1984; Tsien et al., 1998; Huguenard,
1998). Thus, it can be concluded that two R-type channels
generate the current left after the nifedipine application: one
generates the sag and fully inactivates in a Ca2�-dependent
manner, the other does not inactivate and accounts for the
remaining plateau. Besides, both the R-type channels were
sensitive to mibefradil, Ni2�, and Cd2�. Indeed, 2 �M
mibefradil reduced the sag amplitude by 31 	 7% (n � 3;
3 cells; data not shown), whereas 10 �M nearly suppressed
it (Fig. 7 A; 3 cells). Two and 10 �M mibefradil reduced the
amplitude of the plateau of the total current by 18 	 3%
(n � 9; 5 cells; data not shown) and by 33 	 2% (n � 3; 3
cells; Fig. 7 A), respectively. This suggests that 10 �M
mibefradil abolished both the R-type currents, leaving only
the L-type channel to carry the current. Indeed, it has been
reported that mibefradil is a potent inhibitor of R-type
channels (Randall and Tsien, 1997) and it is more selective
for R-type than for L-type channels (Emanuel et al., 1998).

Cd2� and Ni2� were able to block the inactivating R-type
channel (Fig. 7, B and C); however, high concentrations of
these cations were able to suppress the total current consis-
tently with the almost complete suppression of the Ba2�

current induced by 100 �M Cd2� (Perin et al., 1998). An
addition of 10 �M Ni2� was able to suppress the sag
currents of small amplitude (data not shown); however, in
some experiments this low Ni2� concentration failed to
cancel the sag component; rather, it reduced the plateau
amplitude, affecting the current waveform in a manner
similar to 10 �M Cd2� (Fig. 7 B).

In conclusion, the activation-inactivation phase Ia(t) of
the Ca2� current waveform can be reasonably described by
the following equation (see Figs. 2 and 11):

Ia
t� � AL � 
1 � e�
t/�aL�� � AR1 � e�(t/�iR1) � 
1 � e�
t/�aR1��

� AR2 � 
1 � e�
t/�aR2�� (1)

where AL and �aL are the amplitude and the activation time
constant of the L-type current; AR1, �aR1, and �iR1 are the
amplitude, activation, and inactivation time constants of the
transient R-type current; AR2 and �aR2 are the activation
parameters of the plateau R-type current. The responses

FIGURE 5 Effect of nifedipine on the Ca2� and Ba2� currents (in 4 different cells). The recovery following each nifedipine application was complete
and was omitted for clarity. Effect of nifedipine on the Ca2� current in the presence (A) and in the absence (B) of the sag component; the L-type current
resulting from the difference between the two traces on the left in A and B is shown in the corresponding inset on the right. (C) Effect of nifedipine on
the Ba2� current in a cell presenting the sag component in Ca2� (inset on the right) and (D) in a cell exhibiting only the plateau component in Ca2� (inset
on the right).
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consisting of only the steady-state component were interpo-
lated by Eq. 1 with AR1 � 0. The average amplitude of the
plateau component, that is AL � AR2, was �126 	 8 pA
(range: �70 to �370 pA; 53 cells); the absolute values of
AL and AR2 can be estimated from the relationship AL 

2.3 � AR2, drawn from the nifedipine experiments (Fig. 5).
The AR1, �R1, and �iR1 values were obtained upon fitting the

sole experimental sag component. The sag was singled out
(Fig. 2 A, right panel) by subtracting the current recorded
after the full run-down of the sag from the total current
recorded at the beginning of an experiment (an example is
shown in Fig. 2 B, traces at 0 and 75 s). The results of this
procedure were �iR1 � 6.7 	 0.8 ms (range: 3–15 ms; n �
22; 22 cells); AR1 � �42 	 5 pA (range: �10 to �95 pA;

FIGURE 6 Effect of �-conotoxin GVIA, �-cono-
toxin MVIIC, and �-agatoxin IVA on the peak and
the plateau component of the Ca2� current in three
representative cells. (A–C) The responses to at least
three subsequent depolarizing test pulses to �30 mV
in the presence of the antagonist (indicated above
each trace family) are compared with the control
traces recorded before and after antagonist applica-
tion. The effect of �-conotoxin MVIIC during the
nifedipine application is shown in D in a fourth cell.

FIGURE 7 Effect of mibefradil (A), Cd2� (B), and Ni2� (C) on the peak and the plateau components of the Ca2� current. The antagonist concentration
is indicated above each trace.
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n � 22; 22 cells); �R1 � 0.18 	 0.03 ms (range: 0.08–0.33
ms; n � 10; 10 cells). The difference between the total
current and the current recorded in nifedipine gave the
waveform of the L-type current (Fig. 5, A and B, insets); �aL,
assessed by fitting the rising phase of the latter current, was
0.35 	 0.06 ms (range: 0.21–0.56 ms; n � 6; 6 cells). The
time constant �aR2, drawn from the fit of the currents lacking
the sag component in the presence of nifedipine (Fig. 5 B),
was 0.68 	 0.08 ms (range: 0.39–0.90 ms; n � 6; 6 cells).
The above described procedure is legitimate to calculate �aL

and �aR2, providing that nifedipine does not affect �aR2. This
condition is indeed satisfied here since, in all experiments,
no significant difference was found between the values of
�aR2 obtained in 1 �M and in 5 �M nifedipine (data not
shown).

The responses with or without the sag component had
almost identical deactivation kinetics upon returning to the
holding potential; in general, it was not possible to record
the inward peak tail currents, probably because they were
too fast to be resolved by our experimental arrangement (an
example is in the inset of Fig. 5, A and B). Thus, the
deactivation phase Id(t) of the Ca2� current can only be
interpolated by:

Id
t� � AdL � e�(t/�dL) � AdR2 � e�(t/�dR2) (2)

The parameters AdL and �dL are the amplitude and time
constant of the deactivation phase of the L-type current: the
fit to these currents gave AdL � AaL and �dL � 0.24 	 0.05
ms (range: 0.20–0.33 ms; n � 6; 6 cells). The deactivation
phase of the noninactivating R-type current was calculated
by the fit of the current in nifedipine (Fig. 5, A and B). The
resulting values were �dR2 � 8.5 	 0.6 ms (range: 2.0–14.6
ms; n � 29; 29 cells) and AdR2 � �18.0 	 2.0 pA (range:
�5 to �40 pA; n � 29; 29 cells).

I-V characteristics

To further characterize the three channel types it is neces-
sary to determine their voltage dependence. Given the long
recovery time from inactivation (Fig. 4), the interpulse
duration of the I-V protocols was kept longer than 1 s.

Fig. 8 A shows the voltage dependence of the Ca2�

current waveform in a typical cell. A peak superimposed on
the plateau became appreciable at �40 mV (which is the
activation threshold of the R-type channel generating the
sag waveform), reaching a maximal value at �30 mV. The
peak was progressively reduced by larger depolarizations,
and became undetectable for voltages �0 mV. The plateau
component, generated by the noninactivating R-type chan-
nel and the L-type channel, was appreciable at �60 mV,
peaked at �20 mV, and had a reversal potential (Vrev) of

 �50 mV. The I-V relationships for the peak and plateau
components are illustrated in panel B (open diamonds and
filled circles, respectively). The normalized average I-V of

the peak (open diamonds) and plateau (filled circles) com-
ponents are shown in Fig. 9 A; since no significant changes
were found in the I-V relationships recorded using different
pipette [Ca2�], the data for these I-V relationships were
averaged together. The I-V of the plateau component ex-
hibited a Vrev of �40 mV (Fig. 9 A, filled circles), smaller
than would be expected from the Nernstian reversal poten-
tial for Ca2� (�200 mV). However, the current never
reversed for depolarizations up to �60 mV when [Cs�]i

was substituted with an equiosmolar concentration of the
large impermeant cation NMG� (Fig. 9 A, open triangles).
Furthermore, as shown in Fig. 9 B, the size of the outward
current was progressively reduced as the Ca2� current de-
clined during the run-down (see the “run-down” section and
Fig. 2, B and C), indicating that most of the Cs� current
flowed through the Ca2� channel itself.

The I-V relationships of the two channels generating the
plateau component were isolated using a voltage ramp of
appropriate steepness (0.56 mV/ms), so that the R-type
channel generating the peak was inactivated and did not
contaminate the plateau amplitude. The I-V relationship of
the noninactivating R-type channel (R2) was obtained in the
presence of 5 �M nifedipine; subtracting the R2-type chan-
nel I-V from the total current I-V (i.e., the current recorded
in the absence of nifedipine), gave the I-V of the L-type
current (Fig. 9 C). Interestingly, when normalized to the
same maximal current amplitude (which was attained at
�20 mV for both currents; Fig. 9 A), the R2-type and the
L-type channel I-V values were undistinguishable up to 
0
mV; above this voltage, the L-type current I-V was always
below that of the R2-type. In fact, at more depolarized
voltages, the latter channel carried all the outward current.
Accordingly, the normalized L-type current could not be
distinguished from the normalized average I-V relationship
recorded when the internal Cs� was substituted with NMG�

(Fig. 9 A).

Run-down

The run-down occurred in all cells after several minutes of
whole-cell recording and was accelerated by the duration of
channel activation, as illustrated in the experiment of Fig. 2
C, where the Ca2� current was probed a few times over a
long recording. Indeed, the run-down ensued later than it
did during stimulation at higher frequency (Fig. 2 B). It has
been shown that the run-down of L-type cardiac Ca2�

currents can be prevented by calpastatin, an inhibitor of the
cytoplasmic Ca2�-dependent proteases (Schmid et al.,
1995; Seydl et al., 1995; Kameyama et al., 1997, 1998). To
verify whether a similar mechanism operates in semicircular
canal hair cells, 2 U/ml of calpastatin were incorporated into
the pipette solution. Calpastatin completely prevented the
run-down, even in cells where the initial response was not
particularly large, and despite the heavily sustained and
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repetitive activation of the current. Indeed, the size and
waveform of the current families illustrated in Fig. 10
remained virtually unchanged, although the cell was stim-
ulated with three sequences of 20 depolarizing steps, deliv-
ered at 15-s intervals, and lasting 40 ms (B and D) or 280 ms
(C; the whole-cell recording time was 
20 min).

Run-up

Surprisingly, in some cells the amplitude of the plateau
component progressively increased upon repeating the de-
polarizing step (before the onset of the run-down; Fig. 11),
even doubling in size when compared to the beginning of
the recording. This phenomenon has been described in other
systems (see, for example, Mironov and Lux, 1991) and it is
commonly referred to as current “run-up.” The run-up ob-
served here cannot be ascribed to the facilitation sustained

by a kinase-induced phosphorylation of a site exposed by
channel opening (Dolphin, 1996). Indeed, a 300-ms condi-
tioning depolarization to �40 mV failed to induce any
increase in either peak or steady-state amplitude of the
current elicited by a test depolarization to �20 mV (data not
shown). The run-up of the plateau component was never
accompanied by run-up of the sag component: this means
that the inactivating R-type channel did not manifest run-up,
but only run-down. Furthermore, the run-down kinetics of
the latter channel was always independent of the run-up. To
determine whether the run-up of the plateau component was
generated by a progressive increase in either the L-type
current or the noninactivating R-type current (or by both
events), the effect of nifedipine during the run-up occur-
rence was measured. Indeed, the noninactivating R-type
current did not appreciably change in amplitude, although
the L-type current almost doubled in size (Fig. 11 C).

FIGURE 8 I-V characteristics of the current exhib-
iting the sag. (A; left panel) Ca2� currents were elic-
ited by depolarizing voltage pulses from �60 mV to
�50 mV in 10-mV increments, from a potential of
�80 mV; right panel, deactivation kinetics upon re-
turning to the holding potential (�70 mV). (B) Steady-
state (filled circles) and peak (open diamonds) current
amplitudes from each trace of the cell shown in A are
plotted against the test potential.
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The magnitude and kinetics with which the run-up devel-
oped were independent of the pipette [Ca2�] (ranging from
Ca2�-free � 5 mM EGTA to EGTA-free � 0.5 mM Ca2�)
and were virtually unchanged when the current was carried
by Ba2� instead of Ca2� (data not shown). Generally, when
the membrane was depolarized for times 	40 ms, the cur-
rent run-up was particularly evident in cells showing large
initial currents (Fig. 11 A). Even in these cells, if the steps
were too long, no run-up was observed, but at most, the
L-type current amplitude remained stable for a relatively
long time before the run-down onset.

DISCUSSION

It has been previously reported that, in semicircular canal
hair cells, the Ca2� currents recorded under whole-cell
conditions are carried by a homogeneous population of

channels: an L-type channel has been suggested to operate
in the frog (Prigioni et al., 1992), whereas a T-type channel
has been characterized in the guinea-pig (Rennie and Ash-
more, 1991). In contrast with these findings, and according
to more recent data (Su et al., 1995; Green et al., 1996; Perin
et al., 1998), the present results indicate the existence of a
heterogeneous population of three Ca2� channel types in the
semicircular canal hair cells. This conclusion was drawn for
the following reasons. First of all, the Ca2� current wave-
form cannot be explained in terms of the opening, and
subsequent inactivation, of a single channel population,
since this would not account for either the lack of inactiva-
tion in some recordings, or the fact that the sag amplitude
and its decay time constant never correlate with the plateau
current amplitude. This is particularly evident during both
run-up and run-down, where the relative amplitudes of the
two current components undergo dramatic changes. Arm-

FIGURE 9 Voltage dependence of the R-type and the L-type currents. Ca2� currents in the presence of intracellular Cs� or NMG� (90 mM). (A)
Normalized I-V values of the average sag component in Cs� (i.e., the inactivating R-type current scaled to the maximal value of AR1, attained at �30 mV,
open diamonds, 15 cells); the average plateau component in Cs� (scaled to the maximal value of the plateau current, attained at �20 mV, filled circles,
15 cells); and in NMG� (open triangles, 7 cells); the R2-type component (gray noisy trace) and the L-type component (gray noisy trace matching the open
triangles) of the cell in C. In NMG�, voltages are corrected for the junction potential with respect to Cs� (�9 mV). (B) I-V relationships in Cs�, elicited
during run-down by voltage ramps of steepness 0.63 mV/ms, from �80 mV to �60 mV, repeated every 15 s. These representative traces were recorded
at the beginning of the experiment (0 ms, thin trace) and at three subsequent times (75, 135, and 270 s; thicker traces); the current responses to the ramp
for a voltage interval between �20 and �60 mV (box) are enlarged on the right. (C) I-V relationships of a cell having a small Vrev in response to a ramp
of voltage (0.56 mV/ms): I-V of the total current (unmarked trace), of the current in the presence of nifedipine (R2-type trace) and of the current resulting
from the difference between the two latter currents (L-type trace).
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strong and Roberts (1998) have demonstrated that a sag in
the Ca2� current (not present in enzymatically dissociated
cells, Hudspeth and Lewis, 1988) disappeared when pipette
Cs� was replaced by NMG�. Thus, they suggested that this
sag is produced by a Cs� current flowing through Ca2�-
dependent, voltage-independent SK channels. In the present

study, however, the sag was still present when NMG�

replaced Cs� in the pipette solution, or during the external
application of 1 �M apamin, a specific SK channel blocker
(data not shown). Furthermore, the sag amplitude was re-
duced, and its kinetics slowed down, as [Ca2�]o decreased
(Fig. 3 A). It is therefore concluded that the sag component

FIGURE 10 Effect of intracellular perfusion of 2 U/ml calpastatin on the current amplitude and waveform. (A) Typical Ca2� current elicited by �20 mV
depolarization from a potential of �80 mV. (B–D) Responses of the same cell to a sequence of 60 depolarizing voltage pulses delivered every 15 s and
lasting 40, 280, and 40 ms, respectively.

FIGURE 11 Run-up of the plateau component. Current was tested with 40-ms depolarizing voltage steps to �20 mV, repeated every 15 s; (A) Cell having
a particularly large peak current where the run-down of the peak component and the run-up of the plateau component were evident. Representative traces
were recorded at the beginning of the experiment (0 s) and at five subsequent times indicated near each trace. (B) Enlargement of the same traces as in
A (box) and fits to Eq. 1 of the data (smooth lines). (C) Run-up of a cell lacking the sag component and effect of nifedipine on the current recorded at 0 s
(thin black trace), 132 s (thick gray trace), and 274 s (thick black trace).
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is generated by a Ca2� channel distinct from the channel(s)
generating the plateau.

Pharmacological experiments were used next to identify
the channel type generating the sag and plateau components.
Both components were resistant to �-conotoxin GVIA (con-
centration tested: 1, 5, and 10 �M), �-conotoxin MVIIC (5
�M), and �-agatoxin IVA (concentration tested: 0.2 and 0.4
�M) and they were sensitive to Ni2� and Cd2� (�10 �M).
The sag component was sensitive to mibefradil (10 �M).
These results indicate the absence of an N-type or a P/Q
type channel and suggest that the sag could be generated by
a T-type channel, with a more positive activation threshold
(�40 mV; Fig. 8) than observed in the neuronal T-type
channel. However, to our knowledge, no T-type channel has
been reported to inactivate in a Ca2�-dependent manner
(Tsien et al., 1998); thus it can be concluded that the sag
component is generated by either a novel T-type channel or
by an inactivating R-type channel. The plateau component
was greatly reduced, but not cancelled out, by nifedipine (5
�M), indicating that this component is generated by an
L-type and a second, noninactivating, R-type channel. The
L-type channel activation threshold ( �60 mV, Figs. 8 and
9) is significantly more negative than the neuronal L-type
channel, and it does not have any steady-state inactivation at
the resting potential (neither do the other two R-type chan-
nels). The L-type channel observed here is more selective to
Ca2� and has faster activation-deactivation kinetics than the
noninactivating R-type channel. Nevertheless, the inward
tail current was so fast that it could not be resolved. There-
fore, Eq. 2 is most likely incomplete, describing the later
deactivation kinetics. The voltage-dependent activation and
deactivation kinetics observed here are faster than previ-
ously described in the frog (0.2–0.6 ms vs. 3.2–5.2 ms); this
is most likely due to the cell isolation procedure, i.e.,
mechanical versus enzymatic dissociation. This view is
supported by the recent findings of Armstrong and Roberts
(1998), who clearly demonstrated that the main electrical
properties of frog saccular hair cells, i.e., the voltage oscil-
lation in response to injected currents and the time course of
both K� and Ca2� currents (Hudspeth and Lewis, 1988), are
markedly affected by the enzymatic treatment.

Ca2�-dependent inactivation of the R-
type channel

The absence of the sag in the Ba2� current elicited by a
depolarization indicates that a Ca2�-dependent inactivation
process occurs when [Ca2�]i rises as a consequence of
channel opening. In apparent contrast with this view, sag
kinetics was never slowed down in Ca2�-free � 5 mM
EGTA pipette solution as compared to the kinetics of cur-
rents recorded in EGTA-free � 0.5 mM Ca2�. In general,
Ca2� current amplitude and kinetics, and the extent and
time course of both run-up and run-down, were not corre-
lated to the Ca2� and EGTA concentrations used. However,

EGTA is far too slow a chelator and does not in any way
affect spatial distribution and temporal changes in [Ca2�]i

near an open channel during the Ca2� inflow (Stern, 1992).
Moreover, Ca2�-dependent inactivation would predict that
�iR1 is progressively reduced during the run-up, but this has
not been observed. It is also true that the smaller the current
amplitude, the greater �iR1 should be, but this, again, has not
been systematically observed: the �iR1 is only slowed down
by changing the Ca2� driving force (Fig. 3 A). These results
suggest that the Ca2� flowing through an open Ca2� chan-
nel is sufficient to inactivate the channel itself. If this were
the case, the inactivation rate would not be affected by the
[Ca2�]i changes produced by the nearby open channels. As
a result, this rate would not correlate with the current
amplitude, whereas it would be slowed down upon reduc-
tion of the Ca2� driving force (as shown in Fig. 3 A). An
inactivation process that is highly sensitive to local [Ca2�]i

would also be indirectly voltage-dependent, because local
[Ca2�]i depends linearly on the Ca2� influx, i.e., on the
single channel current amplitude which is, in turn, voltage-
dependent. It can be further hypothesized (valid here) that
the inactivation is significantly slower than the current
activation and deactivation. If this were the case, the inac-
tivation rate voltage dependence would have to correlate
with the voltage dependence of the sag current (Sherman et
al., 1990), as was indeed found (Fig. 8 A).

The faster recovery of the sag component occurring at
�120 mV when compared to �70 mV in the double-pulse
protocol experiments (Fig. 4 D) can be explained by an
acceleration of the Ca2� extrusion, possibly via a Na�/Ca2�

exchanger. Indeed, the plasma membrane Ca2� pump is
probably electroneutral (Laüger, 1992) and is not expected
to be voltage-dependent, whereas the Na�/Ca2� exchanger
is accelerated by the hyperpolarization, since it imports one
net positive charge per exchange cycle (Laüger, 1992; Ri-
spoli et al., 1995). Furthermore, the existence of a Ca2�-
ATPase has been found at the level of hair cell stereocilia
(Gioglio et al., 1998; Yamoah et al., 1998), but not at the
level of the basolateral membrane, which has been sug-
gested as a possible site for a Na�/Ca2� exchanger (Chab-
bert et al., 1995; Gioglio et al., 1998).

The size of the current increase observed upon substitut-
ing Ca2� with Ba2� was smaller in the cells lacking the sag
component than in those exhibiting the sag (compare Fig. 5
C and the corresponding inset on the right with Fig. 5 D and
the inset on the right). This can be explained by the greater
permeability to Ba2� of the inactivating R-type channel
and/or by assuming that the inactivation process begins
before the current has fully developed.

Run-down

In the absence of the protease inhibitor calpastatin, a Ca2�

current run-down eventually developed in all recordings
lasting �5–7 min. The run-down affected all the observed
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channel types, although the R-type channel generating the
sag component ran down faster than the other two (Fig. 2
B). All channel types, however, are the target of the same
protease, since calpastatin prevented the run-down (Fig.
10). A considerable wash-out of one or more of the endog-
enous protease inhibitors through the patch pipette is likely,
since the current run-down depended on the whole-cell
recording time and access resistance. However, since the
proteases responsible for this phenomenon are known to be
activated by Ca2� (and by Ba2�, see Results), it is possible
that the nonphysiological activation of the Ca2� channels in
the repetitive stimulation experiments eventually caused a
buildup of [Ca2�]i and to such an extent as to stimulate
proteolysis. Indeed, the run-down was accelerated by pi-
pette [Ca2�] �1 mM, which overloaded the cell’s Ca2�

extrusion mechanism and endogenous buffering capacity.
Additional evidence for a Ca2�-dependent protease is given
by the delayed run-down observed when the duration of
channel activation is decreased (i.e., decreasing the Ca2�

influx; Fig. 2 C) as compared to the run-down observed
during repeated stimulation at higher frequencies (Fig. 2 B).

The waveform of each trace during run-down could be
interpolated by fitting the data to Eq. 1 at the beginning of
the experiment, and by progressively reducing amplitudes
AL, AR1, and AR2 as the current size decreased (Fig. 2, B and
C). This indicates that the run-down is simply generated by
the progressive reduction in the number of channels, al-
though their activation, inactivation, and deactivation kinet-
ics are preserved.

From a physiological point of view, the proteases could
be implicated in continuous channel turn-over, i.e., the removal
of old proteins and their replacements with those freshly syn-
thesized. The proteases might also play an important role as
safety devices, by preventing lethal Ca2� entry.

Run-up

The L-type channels may produce large and sustained cur-
rents, and could, therefore, cause large Ca2� changes
throughout the cytoplasm, not just in the local region close
to the plasma membrane. Therefore, one would expect that
strict control be exerted over the Ca2� transport generated
by these channels, through a regulatory mechanism the sign
of which is the run-up described in the Results. Unfortu-
nately, the occurrence of the run-up phenomenon prevented
the acquisition of either a large number of short current
traces of the same amplitude or long steady-state recordings,
thus preventing the evaluation of single channel parameters
through noise analysis (either nonstationary or stationary).
However, as was the case for run-down, the waveform of
each trace during the run-up could be interpolated by Eq. 1
at the beginning of the experiment, this time by progres-
sively increasing AL and decreasing (or leaving constant)
AR1 and AR2, as the current size increased (without changing
any activation, inactivation, or deactivation time constants;

Fig. 11 B). This suggests that the run-up is instead generated
by a progressive increase in the number of channels (all
having similar properties) opened by repetitive depolariza-
tion. Thus, there must be a population of channels that
cannot be activated by the initial depolarization and which
become progressively available in time. If the run-up is a
mechanism by which the cell controls [Ca2�]i and modu-
lates transmitter secretion, one would expect this mecha-
nism to be Ca2�-dependent; indeed, this is the simplest
feedback permitting measurement of the number of acti-
vated channels, in order to determine whether more open
channels are needed. As pointed out in the Results, no
differences were found in the extent and timing of run-up,
whether the patch pipette contained 0.5 mM Ca2� or 5 mM
EGTA. These solutions did not affect the [Ca2�]i either in
the vicinity of the plasma membrane or farther away (Stern,
1992). Nevertheless, if run-up were triggered by a Ca2�-
dependent mechanism, the mechanism should be Ba2�-
dependent as well, since the run-up was still present when
the current was carried by Ba2�.

Possible role and regulation of three Ca2�

channels in the hair cells

One or more of the three channels could be located at the
apical receptor pole rather than at the basolateral pole, and
could therefore generate adaptation of the transduction pro-
cess. However, if all Ca2� channel types were located at the
basolateral membrane, they could be implicated in synaptic
transmission. There are indeed reports implicating the R-
type channel in synaptic transmission (see, for example, Wu
et al., 1998); therefore the two R-type channels—one pro-
viding a sustained current, the other a transient current—
could trigger synaptic transmission. If this is the case, the
inactivating R-type channel may be functionally important
in producing fast (synchronous) transmitter release in re-
sponse to short, strong stimuli by boosting Ca2� entry to
quickly elicit synaptic transmission while, at the same time,
preventing too large Ca2� influx, which could be metabol-
ically costly or even lethal to the cell. However, in the
presence of a prolonged mechanical stimulus, channel in-
activation would produce a reduction in the rate of trans-
mitter release, and in turn the progressive decrease in
mEPSP frequency. Indeed, such a decrease has been de-
tected in the excitatory phase of the mEPSP response (re-
corded from single fibers of the posterior nerve in the intact
frog labyrinth). The decrease began to appear at accelera-
tions of 40°/s2 and increased as the stimulus intensity was
increased up to 87°/s2 (Rossi et al., 1989).

The noninactivating R-type channels may instead sustain
the ongoing spontaneous receptor activity that could also be
mediated by the L-type channel. Indeed, the L-type channel
can carry large, sustained Ca2� current, it is highly Ca2�-
selective, and is regulated by an intracellular mechanism
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that may be important for the response to rather weak,
prolonged stimuli. Since the L-type channel may provide
controlled Ca2� uptake, it could also play an important role
in replenishing the intracellular stores. The Ca2� influx
provided by the three channels may also activate the Ca2�-
dependent K� current, which resets the system by repolar-
izing the cell.
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Kameyama, A., K. Yazawa, M. Kaibara, K. Ozono, and M. Kameyama.
1997. Run-down of the cardiac Ca2� channel: characterization and
restoration of channel activity by cytoplasmic factors. Pflügers Arch.
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