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abstract Ca?"-activated Cl- channels play important roles in a variety of physiological processes, including epi-
thelial secretion, maintenance of smooth muscle tone, and repolarization of the cardiac action potential. It remains
unclear, however, exactly how these channels are controlled by Ca?* and voltage. Excised inside-out patches contain-
ing many Ca?*-activated CI~ channels from Xenopus oocytes were used to study channel regulation. The currents
were mediated by a single type of Cl~ channel that exhibited an anionic selectivity of I- > Br~ > CI~ (3.6:1.9:1.0), ir-
respective of the direction of the current flow or [Ca?*]. However, depending on the amplitude of the Ca?* signal,
this channel exhibited qualitatively different behaviors. At [Ca2*] < 1 wM, the currents activated slowly upon depo-
larization and deactivated upon hyperpolarization and the steady state current-voltage relationship was strongly out-
wardly rectifying. At higher [Ca?*], the currents did not rectify and were time independent. This difference in be-
havior at different [Ca?"] was explained by an apparent voltage-dependent Ca?* sensitivity of the channel. At +120
mV, the ECs, for channel activation by Ca?* was approximately fourfold less than at —120 mV (0.9 vs. 4 uM). Thus,
at [Ca?*] < 1 uM, inward current was smaller than outward current and the currents were time dependent as a con-
sequence of voltage-dependent changes in Ca?* binding. The voltage-dependent Ca?* sensitivity was explained by a
kinetic gating scheme in which channel activation was Ca?* dependent and channel closing was voltage sensitive.
This scheme was supported by the observation that deactivation time constants of currents produced by rapid Ca?*
concentration jumps were voltage sensitive, but that the activation time constants were Ca?* sensitive. The deactiva-
tion time constants increased linearly with the log of membrane potential. The qualitatively different behaviors of
this channel in response to different Ca?* concentrations adds a new dimension to Ca?* signaling: the same channel
can mediate either excitatory or inhibitory responses, depending on the amplitude of the cellular Ca?* signal.
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INTRODUCTION

Ca?*-activated Cl~ channels play fundamental roles in
physiological processes in many tissues, including secre-
tion in airway epithelium (Wagner et al., 1991; Gray et
al., 1995), repolarization of the cardiac action potential
(Zygmunt, 1994; Kawano et al., 1995; Wang et al., 1995;
Collier et al., 1996), regulation of vascular tone (Nelson
et al., 1997; Yuan, 1997; Nilius et al., 1997a,b), modula-
tion of photoreceptor light responses (Barnes and De-
schenes, 1992), olfactory transduction (Kurahashi and
Yau, 1994), neuronal excitability (DeCastro et al., 1997),
regulation of platelet cell volume (Fine et al., 1994), and
fast block to polyspermy in oocytes (Jaffe and Cross,
1986). Ca?*-activated Cl~ channels may be involved in
several human diseases, including cystic fibrosis and car-
diac arrhythmias. Although defects in the CFTR CI-
channel cause cystic fibrosis, upregulation of a Ca?*-acti-
vated CI~ current in the airway of CFTR knockout mice
can compensate for the lack of CFTR and ameliorate the
pathology in this mouse model (Clarke et al., 1994;
Grubb et al., 1994). Furthermore, overexpression of
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CFTR in cultured airway epithelial cells from CF patients
results in a decrease in Ca?"-activated Cl- current
(Johnson et al., 1995). Ca?*-activated Cl- channels also
play a role in the repolarization of the cardiac action po-
tential and contribute to the transient outward current
(l,,) (Zygmunt and Gibbons, 1991, 1992; Zygmunt, 1994;
Zygmunt et al., 1998.). Recently, it has been shown that
dogs which are genetically prone to cardiac sudden
death have an abnormal I, (Freeman et al., 1997), imply-
ing that Ca?*-activated Cl~ channels might play a role in
cardiac sudden death. Ca?*-activated Cl~ channels also
contribute to the transient inward current (Han and Fer-
rier, 1992, 1996), which is believed to trigger cardiac ar-
rhythmias during Ca?* overload (Berlin et al., 1989).
Despite the importance of Ca?*-activated Cl- chan-
nels in cell physiology, our understanding of the mecha-
nisms of regulation and gating of these channels re-
mains rudimentary. In different studies and cell types,
Ca?*-activated Cl~ currents behave differently. Often,
these currents are voltage sensitive: they activate slowly
on depolarization and deactivate on hyperpolarization
(e.g., Cliff and Frizzell, 1990; Arreola et al., 1996; Nilius
et al., 1997b; Anderson and Welsh, 1998), but in other
studies the currents appear time and voltage indepen-
dent (e.g., Xie et al., 1996; Collier et al., 1996). It is not
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known whether this difference is due to differences in
regulation of the same type of channel, to different ex-
perimental protocols, or to different molecular species
of Ca?*-activated Cl~ channels. There is strong evi-
dence in the literature for the existence of several
classes of Ca?*-activated Cl~ channels that are differen-
tially regulated. The single channel conductances re-
ported for Ca2*-activated Cl- channels range from 1 to
50 pS (Marty et al., 1984; Frizzell et al., 1986; Takahashi
et al., 1987; Taleb et al., 1987, 1988; Marunaka and
Eaton, 1990; Nishimoto et al., 1991; Klockner, 1993;
Collier et al., 1996; Schlenker and Fitz, 1996; Nilius et
al., 1997a). Furthermore, Ca2?*-activated Cl- currents
that appear similar at the macroscopic level can be reg-
ulated differently; e.g., Ca2*-activated Cl~ currents in
T84 intestinal cells require CaMKII for activation,
whereas those in rat parotid gland cells do not (Arreola
et al., 1998). The cloning of a Ca%*-activated Cl- cur-
rent has been reported (Cunningham et al., 1995; Gru-
ber et al., 1998; Ji et al., 1998), but it seems unlikely that
this is the same channel studied here because the single
channel conductance (Takahashi et al., 1987) and phar-
macology (Hartzell, unpublished observations) differ.
Xenopus oocytes have long been a model system for
studying Ca?*-activated Cl~ channels (Dascal, 1987) be-
cause these channels are the predominant channel type
natively expressed in this cell and because they are ex-
pressed at extremely high levels (0.5 mA/cm?). The Xe-
nopus oocyte Ca2*-activated Cl~ currents have been stud-
ied in considerable detail at the macroscopic level (see
references in Yao and Parker, 1993, and Kuruma and
Hartzell, 1999). The inward and outward Ca?*-activated
Cl~ currents are regulated differently: outward CI~ cur-
rent is activated at lower cytosolic [Ca?*] than is inward
CI~ current (Kuruma and Hartzell, 1999). Although this
difference in Ca%* sensitivity could be explained by two
different classes of CI~ channels with different Ca?* affin-
ities (Boton et al., 1989; Hartzell, 1996, Kuruma and
Hartzell, 1999), it could also be explained by a single
class of Cl~ channel that exhibits voltage-dependent
Ca?z* affinity (Yao and Parker, 1993). Because Xenopus 00-
cytes have been such an important model system for the
study of Ca?*-activated Cl- channels, we have begun a de-
tailed investigation into the mechanisms of their regula-
tion and gating. The purpose of the present investigation
was to characterize quantitatively the regulation of Xeno-
pus oocyte Ca?*-activated Cl~ currents by Ca?* and volt-
age in excised inside-out patches where cytosolic Ca?*
could be precisely controlled and to determine whether
the macroscopic currents in Xenopus oocytes could be ex-
plained by a single class of Cl~ channels. We find that
Ca2*-activated Cl~ currents in Xenopus oocytes can be ex-
plained by a single class of channel that exists in multiple
closed and open states. Channel opening absolutely re-
guires Ca?* and is independent of voltage, but channel

closing is voltage sensitive. At low [Ca2*], the probability
of channel opening at hyperpolarized potentials is low
because the rate of channel closure (voltage sensitive) is
rapid relative to channel opening (Ca2* sensitive). As
[Ca2*] is increased, the rate of channel opening domi-
nates at all potentials and the current becomes voltage
independent. These features define a new aspect of Ca2*
signaling, where a single effector molecule can behave
gualitatively differently depending on the Ca%* signal.

METHODS
Solutions

Solutions containing different free [Ca?*] were made by the
method of Tsien and Pozzan (1989). 0-Ca?* solution contained
150 mM NMDG-CI, 5.07 MgCl,, 10 mM EGTA, and 10 mM
HEPES, pH 7.3 with NMDG. High Ca?* solution contained 150
mM NMDG, 4.12 mM MgCl,, 10 mM Ca-EGTA, 10 mM HEPES,
pH 7.3. The stock 100 mM Ca-EGTA solution was made by the
pH-metric method described by Tsien and Pozzan (1989), except
that NMDG was used to adjust pH. Working solutions having dif-
ferent free Ca?* were prepared by mixing the 0-Ca%* solution
with the high-Ca?* solution in various ratios. The free [Ca?*] was
calculated from the equation: [Ca?"] = K4 X [Ca chelator]/
[free chelator], where Ky is the K4 of the Ca?* chelator, EGTA
(Kg = 1.0 X 1077 M at 24°C, pH 7.3, ionic strength 0.16 M, 4 mM
Mg?*). For solutions >1 uM free Ca, we sometimes used a rel-
atively high-Ky chelator, 5,5'-dibromo-1,2-bis(2-aminophenoxy)
ethane-N,N,N’,N’-tetraacetic acid (Ky = 1.98 X 1076 M at 24°C,
pH 7.3, ionic strength 0.16 M, 4 mM Mg?*; Molecular Probes,
Inc.), for better Ca2* buffering. Free Mg?+ was always adjusted to
4 mM using the program MaxC 1.0 (http://www.stanford.edu/
~cpatton/maxc.html; Bers et al., 1994). The calculated Ca?*
concentrations were confirmed in each solution by fura-2 (Mo-
lecular Probes, Inc.) measurements using an LS-50B lumines-
cence spectrophotometer (Perkin-Elmer Corp.). For the low Cl~
pipet solution, Cl~ was replaced with aspartate. For anion perme-
ability experiments, Cl~ was replaced by Br~ or I-. NMDG-bro-
mide and NMDG-iodide were made by titrating NMDG with hy-
drobromic and hydriodic acid, respectively. All reagents were
purchased from Sigma Chemical Co. unless stated otherwise.

Isolation of Xenopus oocytes

Stage V-VI oocytes were harvested from adult Xenopus laevis fe-
males (Xenopus 1) as described by Dascal (1987). Xenopus 0o-
cytes were anesthetized by immersion in Tricaine (1.5 g/liter).
Ovarian follicles were removed, cut into small pieces, and di-
gested in normal Ringer with no added calcium containing ~2
mg/ml collagenase type IA for 2 h at room temperature. The oo-
cytes were extensively rinsed with normal Ringer, placed in L-15
medium (GIBCO BRL) and stored at 18°C. Oocytes were used
1-4 d after isolation. On the day of recording, oocytes were shaken
in hypertonic solution (200 mM K-aspartate, 20 mM KCI, 1 mM
MgCl,, 10 mM EGTA, 10 mM HEPES, pH 7.2 with KOH) for 10-
15 min to facilitate manual removal of the vitelline membrane,
and then they were placed in normal Ringer solution until use.

Electrophysiological Methods

All recordings were performed using the inside out patch-clamp
configuration with symmetrical Cl~ concentration except where
noted. Patch pipets were made of borosilicate glass (Sutter In-
strument Co.) pulled by a Model-2000 puller (Sutter Instrument
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Co.), coated with Sylgard (Dow Corning Corp.) and fire pol-
ished. Patch pipets had resistances of 4-8 M. They were filled
with 0-Ca?* solution (or in some experiments high-Ca2* solution,
with the same results). The bath was grounded via a 3 M KCl-agar
bridge connected to a Ag-AgCl- reference electrode. After ob-
taining a giga-ohm seal, the patch was excised into 0-Ca%* solu-
tion. For routine experiments, solution changes were performed
by gravity feed of the 300-w.l chamber at ~10 ml/min using a per-
fusion manifold (MP-8; Warner Instruments). Solution exchange
occurred in ~5 s. See below for a description of the method for
rapid solution changes. The seals were consistently >50 G() and
root mean square noise was <0.2 pA. The seals typically lasted
for 20-60 min. Patches were generally obtained from the animal
hemisphere because Ca?*-activated Cl~ currents are concen-
trated here (Gomez-Hernandez et al., 1997; Machaca and Hart-
zell, 1998). The amplitude of the Ca?*-activated CI- currents var-
ied significantly between patches as well as between oocytes from
different batches. Liquid junction potentials were measured for
each experimental solution as described by Neher (1992) and
corrected after the recordings. Instantaneous currents were mea-
sured 1 ms after the onset of the voltage pulse.

Data were usually acquired by an Axopatch 200B (or 200A)
amplifier that was controlled by Clampex 7.0.1 via a Digidata
1200 analogue-to-digital and digital-to-analogue converter (Axon
Instruments). For some experiments, the data was acquired by
Curcap 3.0 (W. Goolsby, Emory University, Atlanta, GA) and volt-
ages were delivered by a Challenger DB stimulator (W. Goolsby).
Experiments were conducted at room temperature (20-24°C).

Ca?* Concentration Jump Experiments

Rapid changes in [Ca?*] were made using a system similar to that
described by Naranjo and Brehm (1993). In brief, the excised
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patch was placed at the confluence of two solution streams that
were switched by a solenoid (225P072-11; Neptune Research and
Development, Inc.) controlled by the Challenger stimulator (W.
Goolsby). The solutions flowed at a rate of 5-10 ml/min from
0.5-mm-diameter orifices. As shown in results, it was possible to
switch between two different solutions in <5 ms.

Display and Analysis of Data

For the calculations and graphical presentation, we used Origin
5.1 software (Microcal Software, Inc.). Exponential fits for activa-
tion and deactivation kinetics of current traces were usually per-
formed using the iterative Levenberg-Marquardt algorithm in
Origin. For some experiments, we used the Pade-LaPlace algo-
rithm for fitting exponentials (Yeramian and Claverie, 1987; Baj-
zer et al., 1989) (Xcalcwin; Patrick Lechene, University of Paris,
Chatenay-Malabry, France). Results are presented as mean *
SEM, and n refers to the number of patches in each experiment.

RESULTS
Activation of Currents in Excised Patches by Cytosolic Ca

Fig. 1 shows typical current records from an inside-out
excised patch from a Xenopus oocyte containing many
Ca?*-activated Cl- channels. Both cytosolic and extra-
cellular solutions contained 150 mM NMDG-CI, 4 mM
Mg?*, 10 mM EGTA, and 10 mM HEPES, pH 7.3 with
NMDG. The cytosolic side of the patch was exposed to
this solution with Ca?* - EGTA added to adjust the free
Ca?" concentration to values of <10 or 600 nM. The
patch was held at 0 mV and stepped to V,, between

Figure 1. Activation of Ca?*-
activated ClI~ currents in an ex-
cised inside-out patch from a Xe-
nopus oocyte. The cytosolic face of
an excised inside-out patch was
exposed to NMDG-CI solutions
containing <10 nM (A and C) or
600 nM (B) Ca?*. The patch was
voltage clamped by stepping
from a holding potential of 0 mV
to various potentials between
+120 and —120 mV for 1.3 s, fol-
lowed by a 0.3-s step to —120 mV
(voltage protocol is shown above
B). The largest outward current
corresponds to the +120-mV
pulse. (D) Steady state current—
d voltage relationship for excised
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- patch current. The currents at
- the end of the 1.3-s pulse from B

a e — were plotted versus membrane
T potential. ®, 600 nM Ca2*; O, ,10

nM Ca?*. (E-F) Comparison of
currents in excised patch with
whole-cell currents. (E) The “ex-
cised-patch” current was re-
corded with symmetrical Cl~ at a
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transmembrane voltage of +200 mV. The cytosolic face of the patch was exposed to (a) <10 nM, (b) 460 nM, (c) 1.1 uM, and (d) 1.8 M
Ca?*. (F) The “whole-cell” current (I.5) was recorded in an intact oocyte by two-electrode voltage clamp after injection of (a) none, (b)
320 pmol Ca?* (10 s after injection), (c) 690 pmol Ca?* (10 s after injection), and (d) 690 pmol Ca?* (20 s after injection). The transmem-
brane voltage was +80 mV and extracellular Cl~ was 134 mM. Tail currents for both E and F were recorded at —120 mV.
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—120 and +120 mV for 1.3 s, and then stepped to
—120 mV for 0.3 s. At <10 nM Ca?*, no currents were
observed (Fig. 1 A). In contrast, at 600 nM Ca?*, large
sustained outward currents in response to depolarizing
steps and deactivating inward tail currents in response
to hyperpolarizing steps were observed (Fig. 1 B). Very
little steady state inward current was observed at nega-
tive potentials. The effect of Ca2+ was reversible (Fig. 1
C). The outward currents at 600 nM Ca?* were com-
posed of a small instantaneous time-independent com-
ponent and a large slowly activating time-dependent
component. At +120 mV, the outward current at the
end of the pulse was ~50 pA in this experiment, but
ranged from ~20 to ~500 pA in different patches.

This Ca2*- and voltage-sensitive current strongly re-
sembled the outward Cl- current activated by Ca?* re-
leased from internal stores in response to IP; injection
in intact oocytes. This current, called lg;.5, has previ-
ously been extensively characterized using two-micro-
electrode voltage clamp (Hartzell, 1996; Kuruma and
Hartzell, 1999). The waveforms of 1,,.5 and the excised
patch currents are very similar (Fig. 1, E-F) and both
currents exhibit strongly outwardly rectifying steady
state current-voltage relationships (Fig. 1 D).

The Ca?7-activated Currents Are Carried by Cl~ lons

These currents were carried by Cl~ ions (Fig. 2). In this
experiment, the instantaneous current-voltage rela-
tionship of the current was determined by measuring
the amplitude of tail currents at different potentials af-
ter a depolarizing step to +120 mV with 160 mM CI~
on both sides of the membrane (Fig. 2 A) or with 40

mM CI~ in the bath and 160 mM CI- in the pipet (Fig.
2 B). In this experiment, the reversal potential of the
current shifted +38.1 mV upon reducing extracellular
[CI7]. On average, the reversal potential shifted +38.0
mV (symmetric Cl~ E,,, = 0.1 = 0.43 mV, n = 18; asym-
metric ClI~ E,,, = +39.0 = 0.27 mV, n = 9). This shift
was very close to the +36.3-mV shift predicted by the
Goldman-Hodgkin-Katz equation. We conclude that this
current in the excised patch corresponds to the Ca?*-
activated Cl~ current I, we have described in intact
oocytes because they are both activated by Ca?*, carried
by ClI~, and have similar waveforms and steady state cur-
rent-voltage relationships.

Voltage Dependence of Ca?*-activated CI~ Current at
Different [Ca?7]

Although the channel rectified strongly and activated/
deactivated slowly with voltage pulses at low [Ca%*], the
behavior was dramatically different at higher [Ca2*].
Fig. 3, A—F, shows a series of current traces from an ex-
cised patch exposed to different cytosolic [Ca2*] from
<10 nM to 2 uM Ca?*. At [Ca?"] > 1 uM, the current
traces had very different waveforms than they did at
lower [Ca2*]. As the [Ca%*] was increased, the outward
current became increasingly dominated by the time-
independent component. The current became essen-
tially instantaneous at 2 M Ca?*. Also, rectification de-
creased with increasing Ca?* concentration. At 2 pM
Ca?*, there were approximately equal amounts of
steady state inward and outward currents at +120 and
—120 mV (Fig. 3 E). Fig. 3 G shows that the steady state
current-voltage relationship changed from outwardly
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Figure 2. Excised patch currents are Cl- currents. The reversal potential of the Ca?*-activated currents recorded in inside-out patches
was determined by measuring the instantaneous current at different potentials following a depolarizing step to +120 mV (voltage protocol
is shown above B). The pipet solution contained either 160 (A) or 40 (B) mM Cl . The bath solution contained 160 mM Cl~. (C) Instanta-
neous current-voltage relationship. The amplitudes of the tail currents were plotted versus the membrane potential for symmetric 160
mM CI~ (O) or for 40 mM Cl,-160 mM CI; (@). The reversal potential shifted from 0 to +38.1 mV with the reduction in extracellular CI.
The shift for a Cl-selective channel predicted by the Goldman-Hodgkin-Katz equation is +35.2 mV.
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Figure 3. Ca?" dependence of
Cl~ currents in a single excised
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rectifying at <1 uM Ca to linear at >1 uM Ca?*. This
behavior resembled the behavior of Ca?*-activated Cl~
currents activated by injecting different concentrations
of Ca?* into oocytes (Kuruma and Hartzell, 1999): with
small injections of Ca, a time-dependent outward cur-
rent was observed, whereas larger injections stimulated
both inward and outward time-independent currents.
These data show that, depending critically on [Ca?*],
the current exhibited qualitatively different rectifica-
tion properties and waveforms.

The voltage dependencies of the currents at different
[Ca?"] were determined by plotting the conductance
versus membrane potential. Conductance was deter-
mined by measuring the instantaneous currents at
—120 mV after pulses to various potentials (voltage pro-
tocol as shown in Fig. 3) and dividing by the driving
force (—120 mV). Fig. 4 A shows the average conduc-
tance-voltage curves (n = 4-13 different patches). In-
creasing [Ca?*] over a rather narrow range, between 0.1
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[Ca?*]: A, <10 nM Ca?*; B, 70
nM Ca?*; C, 600 nM Ca?*; D, 1
wM Ca?*; E, 2 uM Ca?*; and F,
<10 nM Ca?* (after washing out
2 uM Ca?*). The patch was volt-
age clamped by stepping to vari-
ous potentials between +120 and
—120 mV for 1.3 s from the hold-
ing potential of 0 mV, followed
by a step to —120 mV for 0.3 s
(protocol shown above B). (G)
Steady state current-voltage rela-
tionships of currents at 600 nM
Ca?*, 1 uM Ca?*,and 2 uM Ca?*.

and 1 pM, shifted the conductance-voltage relationship
strongly in the leftward direction and also significantly
decreased the voltage dependence (slope). At the high-
est [Ca?"] examined, the currents exhibited little or no
voltage dependence within the voltage range tested.
The reader will notice that at 2.2 uM Ca?* the con-
ductance at depolarized potentials was less than the
conductance at 1 pM Ca?*. This was due to a spontane-
ous decrease in current amplitude with time (run-
down). This rundown phenomenon was irreversible
and Ca?* dependent. The rate and magnitude of run-
down were variable from patch to patch. For example,
rundown was not obvious in Fig. 3, but usually at
[Ca?*] > 1 uM the current decreased exponentially to
50% of its initial value in 3-10 min. Patches in which
rundown occurred rapidly were discarded from analy-
sis, but otherwise we have not attempted to correct for
rundown in any of the experiments shown here.
Quantitative analysis of the data was also compro-
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Figure 4. Voltage dependence of Ca?*-dependent conductance.
The voltage protocol was the same as in Fig. 3, but conductance was
calculated by dividing the tail currents at —120 mV by the driving
force, and then normalizing the data to the maximum conductance
at +120 mV at 1.1 pM Ca?* (~0.5 nS). (A) Average of experiments
at2.2 uM Ca?* (n = 5), 1.1 uM Ca2* (n = 4), 540 nM Ca2* (n = 13),
300 nM Ca?* (n = 12), 190 nM Ca?* (n = 5), and 70 nM Ca?* (n =
11). The solid curves are fits to the Boltzmann equation. (B) Plot of
the estimate of V,, vs. [Ca2*]. [J, typical patch; @, averages from A.

mised by the fact that it was usually not possible to
maintain patches at voltages greater than =120 mV,
and the maximum our amplifier would deliver was
+200 mV, but voltages beyond this range were required
to obtain the maximum and minimum conductances.
Nevertheless, to estimate the voltage dependence, the
available data for each [Ca?*] were fitted to the Boltz-
mann equation (Hille, 1992): G = G, (/{1 +
exp[—(Vm — Vi,)ZF/RT]}) + a. Despite the limited
voltage range, the fits were quite good. In the range of
[Ca?"] where the data were most complete (between
0.5 and 1 uM), z, which is an estimate of the total gating
charge movement, was ~0.5. To evaluate the voltage de-
pendence of the current at different [Ca?*], we as-
sumed that z was the same at all [Ca?"], and estimated
V,,, from the best fit. Fig. 4 B shows the estimated V, ,,
for the average of all patches. These data suggest that
V,,, changes ~295 mV for a 10-fold change in [Ca?*].

The Voltage-dependent Step Is after the Ca2*-dependent Step

Fig. 4 has shown that at 2.2 .M Ca?* the channel can-
not be closed by voltages as negative as —120 mV and
that at ~10 nM Ca?* the channel cannot be opened by
voltages as positive as +120 mV. This suggests that chan-
nel opening is Ca?* dependent and that the voltage-
sensitive step is after Ca?* binding. Fig. 5 extends the
voltage range and shows that the channel cannot be
closed by voltages even as negative as —200 mV. An ex-
cised patch was held at negative potentials for 10 s, and
then stepped to +120 mV to measure the instantaneous
current, to determine whether negative potentials could
deactivate the current completely. At 500 nM Ca?* (Fig.
5, A and B), a small, but significant outward current (30
pA) was recorded upon stepping from —100 to +120
mV. Increasing the holding potential to —200 mV had
no significant effect on the magnitude of the instanta-
neous current. Thus, even at this intermediate [Ca?*],
it was not possible to close the channels by strong depo-
larization. At 1 uM Ca?* (Fig. 5, C and D), the currents
were larger, but their amplitudes were not significantly
reduced by increasing the holding potential from —160
to —200 mV. From these results, it is clear that channel
opening is not voltage gated and that voltage only mod-
ulates the current amplitude. Rather, channel opening
is strictly dependent on Ca?* and the voltage sensitivity
must occur at a later step.

Voltage-dependent Ca?* Affinity of the Ca2*-activated
Cl Current

To analyze the voltage dependence of the current
quantitatively, it was necessary to obtain recordings in
the absence of significant rundown. Because rundown
was Ca?* dependent, we minimized rundown by reduc-
ing the amount of time the patch was exposed to Ca?*.
This was accomplished by using rapid solution changes
that introduced Ca?* only during voltage-clamp trials
and by using voltage-clamp trials having fewer episodes
than those used in the previous figures. Using this ap-
proach, a few patches were obtained in which rundown
was <10% during the time (~7-10 min) required to
obtain a complete set of current-voltage curves at five
different Ca?* concentrations. To assess the amount of
rundown, the maximal current at 120 mV was mea-
sured at the start of the experiment (I,y11a) during a
brief (~10 s) exposure to 40 uM Ca?*. The patch was
then returned to <10 nM Ca?* solution, except during
the voltage clamp trials, when it was exposed to differ-
ent [Ca?*] (from 170 nM to 40 wM). The amplitude of
the current at 120 mV during the last voltage clamp
trial in 40 uM Ca2* (I s ) Was compared with 1y qiaL-
In the case of the patch illustrated in Fig. 6 A, linmiaL
and Igna Were virtually identical. Fig. 6 B is a plot of
conductance versus V,, at different [Ca2*]. Comparison
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Figure 5. Hyperpolarization
cannot turn off currents acti-
vated by Ca?*. Excised patches
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of this plot to the averages in Fig. 4 A shows that the
general features and conclusions derived from Fig. 4
are valid, despite the presence of rundown.

To determine the voltage dependence of the Ca sen-
sitivity of the channel, we plotted the amplitude of the
tail currents versus [Ca?*] for each voltage (Fig. 6 C),
and the data were fitted to the Hill equation. This anal-
ysis shows that the apparent affinity of the channel for
Ca?* decreased approximately fourfold from 4 uM at
—120 mV to 0.9 uM at +120 mV. The Hill coefficient
ranged from 3.2 to 2.5 over the same voltage range
(Fig. 6 D). This analysis assumes that 40 uM Ca?* acti-
vated the current maximally. This assumption was
tested in other patches by comparing the amplitudes of
the currents in 40 and ~900 wM Ca?*. The steady state
current-voltage curves were the same at these two Ca2*
concentrations (Fig. 6 E).

The mean data from all patches including those ex-
hibiting rundown (Fig. 6 F) were consistent with the
conclusions obtained from the single patch in Fig. 6,
A-D. Because of rundown at high [Ca?'], data for
[Ca?*] > 1.1 uM were not included when fitting the
mean data to the Hill equation. This limitation plus the
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presence of variable amounts of rundown at lower
[Ca?*"] resulted in a smaller quantitative dependence
of the apparent K4 on voltage: the mean apparent K,
differed only twofold between +120 and —120 mV
(Fig. 6 F), whereas the champion patch (Fig. 6, A-D)
exhibited a fourfold difference.

The finding that the Hill coefficient was >1 sug-
gested that more than one Ca?* ion bound to the chan-
nel to activate it. This suggests the existence of multiple
Ca?*-liganded closed states in a voltage-dependent
equilibrium with Ca?*-liganded open states. We pro-
pose Scheme | to describe the data.
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Figure 6. Voltage-dependent Ca?* affinity of Ca2*-activated Cl channels. (A) Time course of current rundown in a champion patch. The am-
plitude of currents at +120 mV in the presence of different [Ca?*] are plotted with time after patch excision. The patch was exposed to Ca?*
only during the voltage-clamp episodes. (B) Voltage-dependent conductance of the champion patch. The experiment was performed as de-
scribed in Fig. 4 A. (C) Voltage dependence of Ca2* affinity of champion patch. The tail current amplitudes used to create the plot in B were re-
plotted as a function of [Ca?*] and fitted to the Hill equation. (D) The best-fit parameters of the data in C to the Hill equation. (E) Demonstration
that 40 M Ca?* produces a maximal Cl current. Steady state I-V curves are shown for Ca?*-dependent currents in 40 pM (@) and ~900 pM (M)
Ca?*. (F) Average apparent affinity of the channel for Ca?* at different voltages. Normalized conductance from Fig. 4 A was replotted as a func-
tion of [Ca?*]. Error bars are not shown for clarity but can be obtained from Fig. 4. The data for [Ca?"] < 2 uM were fitted to the Hill equation.
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In this scheme, channel opening is controlled by
Ca?* binding to more than one site in a voltage-inde-
pendent manner. The voltage dependence of the cur-
rents is proposed to be due to the voltage dependence
of the closing rate constants B (V). At low [Ca?*],
where channel opening rate is slow, the current out-
wardly rectifies and exhibits time-dependent activation
and deactivation, because hyperpolarization acceler-
ates channel closure and shifts the equilibrium from
the open to the closed states. In contrast, at high
[Ca%*], the channel opening rate is rapid and there are
multiple paths for channel opening because channels
have more than one Ca?* bound. Consequently, volt-
age-dependent changes in the closing rate will have less
effect on the macroscopic currents. This scheme also
explains why channels cannot be opened by depolariza-
tion in the absence of Ca?* or why they cannot be
closed by voltage in the presence of Ca2".

Voltage Dependence of Current Activation and Deactivation

To test this model further, we examined in detail the ki-
netics of current activation and deactivation at different
[Ca?*]. The deactivation was determined by exponential
fitting of the tail current decay at various potentials after
a depolarizing step to +120 mV (Fig. 7). At all [Ca?*] ex-
amined, the deactivating tail currents observed upon re-
polarization to different potentials from +120 mV were
well fitted by single exponentials (superimposed, but
hard to discern in Fig. 7). Tgea: iNCreased with depolar-
ization and increased with increasing [Ca?*] within the
submicromolar range (Fig. 8 A). The equivalent off gat-
ing charge movement, calculated by fitting plots of Tye.q
vs. V,, to the equation Ty, = AeFV/RT + b, was 0.35 at
280 nM Ca?*, 0.27 at 460 nM, 0.26 at 680 nM, and 0.12 at
1 pM Ca?* (Fig. 8 B). These data are consistent with a
model in which there was a dominant rate-limiting tran-
sition in the backward direction from the open to the
closed states, which was voltage sensitive at low [Ca?*].
At higher [Ca?*], the voltage sensitivity became less and
deactivation was incomplete because the forward voltage-
independent reaction shifted the equilibrium strongly
towards open states, regardless of the backward voltage-
dependent reaction.

We then examined the kinetics of current activation.
Depolarizing steps elicited outward currents that exhib-
ited a small instantaneous component followed by a
slow activation that took ~1 s to reach maximum (Fig.
9). Activation of the currents could be fitted with single
exponentials, but the fits were often disappointing.
Specifically, using least squares algorithms, if the rising
phase of the current was well fit, the plateau was usually
poorly fit. Using the Pade-LaPlace method (Yeramian
and Claverie, 1987; Bajzer et al., 1989) for fitting curves
to sums of exponentials without a hypothesis about the
number of components, one fast exponential compo-
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nent plus another slower nonexponential component
were found. Regardless of the method used for fitting
the activation, the time constants of the exponential
components of the activation usually were weakly influ-
enced by membrane potential or increased with depo-
larization (Figs. 9 and 10 A). If channel opening were
voltage sensitive, we would expect channel activation to
accelerate with depolarization. Although activation was
not clearly voltage dependent, activation was Ca?* de-
pendent: activation became faster with increasing [Ca2*]
(Fig. 10 B). We interpret the increased current pro-
duced by depolarization at low [Ca2*] as a consequence
of a shift in the equilibrium between closed and open
states as a result of changing the voltage-sensitive back-
ward rate constant B. The time constant of the ap-
proach to the new equilibrium upon depolarization
will approximate 1/(a [Ca2™] + B). Thus, as 8 be-
comes larger with hyperpolarization, the time constant
of activation will become smaller for a constant «
[Ca%*]. This is observed with the lowest [Ca2*] in Fig.
10 A. With higher [Ca2*], a [Ca2*] dominates the reac-
tion and the effect of changing B is negligible. As the
[Ca%*] becomes greater, the time constant of activation
becomes smaller, as expected from the model.

Current Activation and Deactivation in Response to Rapid
Ca?* Applications

As another test of this model, we examined the re-
sponse of the current to rapid applications of Ca?* at
constant transmembrane potentials. The solution bath-
ing the cytosolic face of the patch was changed from
<10 nM Ca? to various [Ca2*] in <3 ms (Fig. 11 A) as
described in meTHODs. The membrane potential was
held at voltages between —120 and +120 mV and the
Ca?* concentration was jumped for a 5-s duration (Fig.
11 B). The turn-on and -off of the current with rapid
Ca?* perfusion were characterized by time constants,
called 75, and 7, to distinguish them from voltage-
dependent activation T, and T4, described in Figs. 7-10.
At 40 pM Ca?*, the current increased very rapidly
(with a 7, that was probably limited by the switching
time of the solution) at all potentials (Fig. 11, C and E).
The 1,4 upon washing out Ca?* was voltage dependent
and was fit by a single exponential. The current turned
off more slowly at more positive potentials (Fig. 11, C
and D). In a different patch, when the solution was
switched from <10 nM Ca?* to 400 nM Ca?*, 1., was
much slower (Fig. 11, F and H), but 7 was very similar
to that observed at 40 uM Ca?* (F and G).

The mean data from many such experiments are
shown in Fig. 12. Although there was some variability
among experiments, T was independent of Ca?* and
was an exponential function of voltage, being greatest
at depolarized potentials (Fig. 12 A). The plot of 7
versus voltage was quantitatively similar to the plot of
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Taeact VETSUS voltage (Fig. 8 A) for low [Ca?*]. The value
of q estimated from Fig. 12 A was 0.26. Both the data
from voltage jumps and Ca?* concentration jumps are
consistent with deactivation of the current being domi-
nated by a single voltage-dependent step.

In contrast to the Ca independence of Ty, To, Was

Figure 7. Kinetic analysis of
deactivation of Ca?*-activated
Cl- currents in a representative
excised patch. Currents were
elicited by voltage-clamp steps
applied while the cytosolic face
of the patch was bathed in solu-
tions with different free [Ca?*]:
(A) 280 nM Ca?*, (B) 460 nM
Ca?*, (C) 670 nM Ca?*, (D) 1.1
wM Ca?*, and (E) 1.8 uM Ca?*.
The patch was voltage clamped
by depolarizing to +120 mV,
and then stepping to various
potentials between +120 and
—120 mV. The tail currents were
fitted to single exponentials (su-
perimposed) and the time con-
stants were plotted versus mem-
brane potential. Solid curves in
the right panels are best fits of
the solid symbols to the equa-
tioN Tyeaer = AIFV/RT 4 b,

strongly dependent on [Ca?*]: activation was faster at
higher [Ca?*] (Fig. 12 B). 7,, was voltage independent
at high [Ca?*], but became progressively more voltage
dependent as [Ca?*] was lowered. Because 7., for a
simple two-state model will be equal to 1/a + B (where
a is the forward and B is the backward rate constant),



A 1000

8001

600

Tdeact (m S)

400

200+

100 -50 0 50
Membrane Potential (mV)
0.4+
0.3+

0.2

0.1

0.0 ]
0.2 0.4 0.6 1

[Ca™] (M)

Figure 8. Average data for deactivation of Ca?*-activated ClI-
currents. The experiments were performed as in Fig. 7. (A) The
data were averaged for 280 nM Ca?* (n = 7), 460 nM Ca?* (n =
6), 680 nM Ca?* (n = 5),and 1.1 uM Ca?* (n = 5). The data were
fitted to the equation Ty = AeIFY/RT + b, (B) The g values calcu-
lated from the fits in A were plotted vs. [Ca?*].

as o becomes slower at low [Ca?*], 7o, will approach
1/B. Thus, the apparent voltage dependence of 7, at
low [Ca?*] can be explained by the voltage depen-
dence of the backward reaction.

lonic Selectivity of the Channel

Using two-microelectrode voltage clamp, we have previ-
ously shown that both inward (l;,) and outward (l¢.5
and lg.1) Ca?t-activated Cl~ currents have the same
anionic selectivity sequence (I~ > Br~ > CI~), which is
consistent with sequence 1 of Eisenman (Wright and
Diamond, 1977). But there were quantitative differ-
ences between these three currents (Kuruma and Hart-
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Figure 9. Kinetic analysis of activation of Ca?*-activated CI~ cur-
rents in a representative excised patch. Currents were elicited by
voltage-clamp steps applied while the cytosolic face of the patch
was exposed to solutions with different free [Ca%*]. The patch was
voltage clamped by stepping to various potentials between +200
and +40 mV. The activating phase of the currents were fitted to
single exponentials (superimposed) and the time constants were
plotted versus membrane potential.

zell, 1999). Although we questioned whether these dif-
ferences might be explained by technical artifacts, we
also raised the possibility that inward and outward cur-
rents might be carried by different species of channels.
To examine this idea further, we measured the anionic
selectivity of the inward and outward currents in differ-
ent [Ca?*] in excised patches using the same voltage
protocols we used in our two-microelectrode voltage-
clamp study (Kuruma and Hartzell, 1999).

Cytosolic Cl~ was partially replaced with 1= or Br-
and the change in reversal potential of the instanta-
neous tail currents was measured. Fig. 13 shows the ef-
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fects of changing from Cl~ to I~-containing solutions
with three different conditions: (a) outward current at
low [Ca2*] (1 M), where outward current shows time-
dependent activation (mimicking lg.s) and inward
current is small (Fig. 13, A-C); (b) outward current at
high [Ca?*] (2 uM), where both outward and inward
currents were fully developed (Fig. 13, D-F); and (c)
inward current under the same condition as b (Fig. 13,
G-1). We measured the shift in reversal potentials and
the calculated permeability ratio using Goldman-
Hodgkin-Katz equation (Hille, 1992). As shown in Fig.
13 J, the anionic selectivity with the three different con-
ditions was quantitatively identical to a relative anionic
selectivity of I > Br > Cl 3.6:1.9:1.0. On this basis, we

pendence of current activation

[Ca”] (uM) on free [Ca2*].

can exclude the hypothesis that there are two types of
channels with different anionic selectivities.

Modeling the Experimental Data

To test whether the gating scheme proposed above
could describe the kinetics of the Ca-activated Cl cur-
rents, we calculated the expected macroscopic currents
using this gating scheme and the rate constants derived
from our experiments.

We first calculated the currents activated by rapid
Ca?* application as in Fig. 11. We assumed three Ca?*-
liganded states with identical and independent affini-
ties for Ca?*. The Ca?"-dependent on rate per binding
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Figure 11. Activation of Ca?*-

activated CI~ currents in an ex-

cised patch by rapid perfusion of

- Ca?*. (A) Calibration of rate of
change of solution. The liquid
junction potential of a high resis-
tance (50 MQ) electrode placed
in the solution stream was mea-
sured as the solution was
changed from 0.1 to 2 M KCI.
(Top) Solenoid voltage, (bot-
tom) liquid junction potential.
There is an ~40-ms lag between
switching the solenoid and the
onset of the change in junction
potential due to the dead volume

of the perfusion line. Once the
potential begins to change, the
time to change from 10 to 90%
of maximum was ~3 ms. (B) Pro-
tocol. The patch was switched to
a voltage between +120 and
—120 mV from the holding po-
tential of 0 mV, 5 s before chang-
ing the perfusion from low to
7 high [Ca?*]. (C) Current traces
recorded upon switching from
<10 nM Ca?* to 40 M Ca?* (the
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Membrane Potential (mV) fitted to single exponentials; su-
perimposed). (D) The time con-
stant of turn off (%) of the cur-
.

v v rent was plotted versus potential.
v (E) The time constant of the
turn on (7,,) of the current was
plotted versus potential. (F) Cur-
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ing from <10 to 450 nM Ca?*.
Single exponential fits to activa-
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A / . B
| solenoid voltage 1
. - T +120 mV
liquid junction =
q J, -120 mV
potential
e~
1000 1050 1100
Time {msec)
150+
40 uM
__ 1004
<
o
= 50
o
9 U
§ T
-504
0 2 4 6 8 10 0
Time (s)
1.0+
D G 1.2
0.84 1.04
0.64 ) 0.8
) £ 06
504 5
e “ e 0.44
0.2 /- 0.2
0.0 . ‘ . : , . 0.0
-150  -100  -50 0 50 100 150 -150
Membrane Potential (mV)
E o104
H
0.084 0.64
— 0.06 . v
» @ 04
5 0.041 s
[ S
© 0.21
0.024
._'#.__n_'_.,_—.—J—r
0.004+—2—= : : : . 0.04—
-150  -100  -50 0 50 100 150 20

Membrane Potential (mV)

site was assumed to be 3 X 10® mol~1s~! and the Ca?*-
independent off rate was assumed to be 50 s~1. The rate
constants o« ;, a ,, and « 3 for conversion from closed
states to open states were assumed to be Ca?* and volt-
age independent and were assumed to be more rapid as
the closed states became more heavily Ca?* liganded
(a; = 10, a, = 30, a3 = 100). The backward rates from
open to closed were assumed to be voltage dependent
according to the equation B(V) = k *exp (V; + Vi, *
V,). k, V4, and V, were estimated by fitting the off rates
derived from the data in Fig. 12 A to the equation. The
values were k = 224, V, = —3.8, and V, = —10. For sim-
plicity, we ignored transitions between open states.

Fig. 14 shows simulations of the macroscopic cur-
rents using a Monte-Carlo modeling program devel-
oped by Dr. Steve Traynelis (Emory University School
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imposed. (G and H) Time con-
stants as a function of potential.

of Medicine). The currents in response to Ca?* jumps
from <10 nM to 50 pM Ca?* (Fig. 14 A) and 500 nM
Ca?* (Fig. 14 B) closely approximate the experimen-
tally recorded currents in both waveform and rectifica-
tion (compare with Fig. 11, C and D). The 71, and 1,
of the simulated and actual currents are similar (com-
pare Fig. 15, E and F, with 11, D-H). The model also
predicts well the currents observed in response to volt-
age-clamp steps (Fig. 14, C and D). Simulated currents
in excised patches in response to voltage pulses at 50
wM Ca?* (Fig. 14 C) and 500 nM Ca?* (D) also approx-
imate the behavior of the actual currents (compare
with Fig. 3). Also, the current-voltage relationship
shifts from outwardly rectifying to linear within this
range of [Ca?*] (Fig. 14 G), as was described in Fig. 3.
The model is a reasonable approximation to the data,
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but it fails quantitatively to predict the time course of cur-
rent deactivation in response to voltage pulses from posi-
tive potentials to —120 mV at steady 500 nM Ca?* (Fig.
14 E). The kinetics of simulated current deactivation
were slower than we observed experimentally. Also, the
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Figure 12. Average data (n =
3-15) from rapid perfusion ex-
periments. Experiments were
performed as described in Fig.
11. 7 (A) and 7,, (B) are plot-
ted for 40 pM Ca?* (), 1 uM
Ca?* (A), 630 nM Ca?* (O), 400
nM Ca?* (#). The solid line in A
is a single exponential fit to the
average of all the data at differ-
ent [Ca?™]: 1,4 = 0.064 * exp
(0.26 * FV/RT).

model predicts that 7.5 is somewhat slower for 50 uM
Ca?" than for 500 nM Ca?*, which was not observed ex-
perimentally. Manipulation of the various rate constants
were not able to correct these differences without intro-
ducing other discrepancies between the data and the



model. Thus, although this gating scheme simulates the
general features of the data, it is only a rough approxi-
mation. It is possible that rundown may contribute to
the differences between the model and the data.

It was not possible to model the data with schemes in
which the forward opening rate constants were voltage
sensitive. It was possible to reproduce some of the gen-
eral features of the actual currents with schemes having
fewer states. A simple two-step closed—-open reaction
with the forward rate being Ca2* sensitive and the back-
ward rate being voltage sensitive was able to roughly
model the currents, but the quantitative correspon-
dence with the data was not as good as the multistate
model presented here.

Cl Currents Can Be Excitatory or Inhibitory, Depending on
the Ca2* Signals

The data in this paper show that, depending on the level
of cytosolic Ca?*, a single species of Cl channel can be-
have qualitatively differently. This could be important in
excitable cells where, at low [Ca?*], these channels would
carry mainly outward current and thus come into play
in repolarizing the cell after an excitatory stimulus. In
contrast, at high [Ca%*], these channels could also carry
inward current at resting potentials below E, (between
—30 and —60 mV in most excitable cells) and become
excitatory. We tested this hypothesis in the oocyte model
by examining the ability of IP;-stimulated Ca2* release
from stores and Ca?* influx to regulate the Cl- cur-
rents (Fig. 15). Ca?* influx was controlled by the heter-
ologously expressed ligand-gated inotropic glutamate
receptor (iGIuR;) that was activated by application of
kainic acid under conditions where the only permeant
cation present was Ca?*. In the absence of activation of
iGIuR;, injection of IP; stimulated Ca?* release from
stores and activation of outward current at +40 mV
(Fig. 15, A and B). The inward current observed under
these conditions was due to slow deactivation of the tail
current (Fig. 15 B): very little steady state inward cur-
rent was detectable. However, if iGIuR; was activated
with kainic acid to induce a small amount of Ca?* in-
flux, injection of the same amount of IP; now resulted
in a large increase in both inward and outward currents
(Fig. 15 C). Cytosolic Ca2* was measured in the same
oocyte simultaneously by confocal microscopy during the
+40 and —120 mV voltage-clamp pulses (Machaca and
Hartzell, 1999) (Fig. 15 E). Application of kainic acid
caused a small influx of Ca?*, detected as a voltage-
dependent increase in fluorescence at —120 mV (larger
at —120 mV where the driving force for Ca2* influx was
high). Injection of IP; then stimulated a voltage-inde-
pendent release of Ca2* from stores. The small increase
in Ca%* influx after the peak Ca?* signal was due to de-
velopment of store-operated Ca?* influx (Machaca and
Hartzell, 1999). These data show that altering the basal
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cytosolic [Ca2*] within a range that has little direct ef-
fect on the Ca2?*-activated Cl- channels can strongly
modulate the current produced by a larger Ca2* signal
and switch the CI~ current from outward only to both
inward and outward. Thus, depending on the mem-
brane potential and E¢, (which may be modulated by
other CI~ channels and transporters), the amplitude of
the Ca?* signal can result in an excitatory or inhibitory
response mediated by the same ion channel.

DISCUSSION
Gating Mechanisms of Ca?*-activated ClI~ Channels

The data presented here are consistent with the gating
scheme proposed in resuLTs in which Ca?*-activated
Cl~ channels exist in multiple closed states having zero
to three Ca?* ions bound. This is supported by the data
in Fig. 6 showing that the relationships between con-
ductance and Ca?* are fitted by curves with Hill coeffi-
cients between 2.5 and 3.2. The channel cannot open
from the Ca?*-free state (C,), because potentials as large
as +200 mV do not activate current at <10 nM Ca?*
(Figs. 1 and 3). However, it is likely that the channel can
open from each of the Ca-liganded closed states (C; ~
C,). The transition from the closed to open states is vir-
tually voltage independent, as shown by the voltage in-
dependence of activation (Figs. 10 and 12 B). However,
the transition from open to closed is voltage sensitive
because the deactivation of the current by voltage or
Ca?* concentration jumps is fit by a single exponential
and is voltage dependent (Figs. 8 and 12). The leftward
shift of the conductance-voltage curve with increasing
[Ca2*] is explained by the fact that as more channels
bind Ca?*, the overall equilibrium is shifted towards
open channels. At hyperpolarized potentials, the equi-
librium can be shifted towards closed states by increas-
ing the rate constant for channel closing. However, at
high [Ca?™], B is slow relative to the opening rates so
that voltage has little effect under these conditions.
This gating scheme is supported by data from other
laboratories. Gomez-Hernandez et al. (1997), using ex-
cised patches from Xenopus oocytes, showed that activa-
tion of the current by Ca?" concentration jumps at
high [Ca?*] (1.8 mM and 27 wM) was voltage indepen-
dent, whereas deactivation was voltage dependent, as
we show in Fig. 12 A. But these authors did not exam-
ine the kinetics of currents exposed to lower [Ca?*].
Our data also complement whole-cell data from other
laboratories on rat parotid gland cells (Arreola et al.,
1996) and microvascular endothelial cells (Nilius et al.,
1997b). Both of these laboratories perfused intact cells
with solutions containing different [Ca?*] in the whole-
cell mode and showed that the channels in these cells
were regulated by both Ca?* and voltage. Our data dif-
fers from theirs in one respect. They find that the Hill
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coefficient increases with depolarization, but we find
that it decreases slightly.

It is interesting to compare this kinetic scheme with
one proposed by Cui et al. (1997) for the large-conduc-
tance Ca2*-activated K (BK) channel. There are several
fundamental differences between BK channel gating
and our gating model of the Ca?*-activated Cl- chan-
nel. First, the BK channel exhibits intrinsic voltage de-
pendence and can be opened by voltage in the absence
of Ca?* or closed by voltage in the presence of Ca?*.
This is not true of the Ca?*-activated Cl~ channel be-
cause the opening rate constant is not voltage sensitive.
Because the voltage dependence of the Ca?*-activated
Cl= channel results from the voltage dependence of
the closing rate, the channel obviously cannot be
opened in the absence of Ca?* by altering the closing
rate constant. Likewise, in the presence of Ca?*, there
will always be an equilibrium level of open states, re-
gardless of the value of B(V). Thus, voltage will not be
capable of completely turning off the current.

Mechanisms of Regulation of Ca?*-activated Cl~ Channels

There remains considerable uncertainty about whether
Ca?*-activated Cl- channels are activated by direct bind-
ing of Ca?*, by binding of calmodulin (CaM)? or other
Ca?*-binding proteins, or by Ca?*-dependent enzy-
matic modification (phosphorylation/dephosphoryla-
tion). Some channels can be stably activated in excised
patches by Ca2* in the absence of ATP (Frizzell et al.,
1986; Takahashi et al., 1987; Martin, 1993; Collier et al.,
1996; Gomez-Hernandez et al., 1997), suggesting that
channels might be regulated directly by Ca2* binding to
the channel. In other experiments, however, channel ac-
tivity runs down quickly after excision, suggesting the
possibility that components in addition to Ca%* are re-
quired to open the channel (Kl6ckner, 1993; Morris and
Frizzell, 1993; VanRenterghem and Lazdunski, 1993;
Large and Wang, 1996; Schlenker and Fitz, 1996; Nilius
etal., 1997a). In our experiments, the currents often ran
down, in contrast to what has been reported by some
other labs on the same preparation (Gomez-Hernandez
et al., 1997; Takahashi et al., 1987). However, the possi-
bility exists that in the experiments of these other labs,
rundown had already occurred before recording began.

It has been shown that some types of Ca2*-activated Cl
currents require Ca?*-dependent phosphorylation for

tAbbreviations used in this paper: CaM, calmodulin; iGluR;, inotropic
glutamate receptor.

activation. A role for CaMKIlI-dependent phosphoryla-
tion in the activation of certain Ca?* activated Cl~ cur-
rents has been suggested because the currents are inhib-
ited by KN62 or a CaMKIlI-inhibitor peptide (Nishimoto
etal., 1991; Tohda et al., 1991; Wagner et al., 1991; Wor-
rell and Frizzell, 1991; Morris and Frizzell, 1993; Schu-
mann et al., 1993; Chan et al., 1994; Braun and Schul-
man, 1995; Chao et al., 1995; Xie et al., 1996; Arreola et
al., 1998). CaMKIlI, however, is apparently not required
for activation of all kinds of Ca?*-activated Cl channels: a
recent study showed that, although macroscopic cur-
rents in parotid gland and T84 intestinal cells are very
similar, the currents in T84 cells are inhibited by
CaMKII inhibitors, whereas the currents in parotid cells
are not (Arreola et al., 1998). These differences could
possibly be explained by differences in the activity of
protein phosphatases in the different cell types or to dif-
ferences in the regulation of different kinds of Ca2*-acti-
vated Cl channels. To make the situation more compli-
cated, in smooth muscle cells, CaMKII-dependent phos-
phorylation inhibits channel activity (Wang and Kotlikoff,
1997) and in A6 kidney cells alkaline phosphatase (pre-
sumably via protein dephosphorylation) increases in-
ward currents (Marunaka and Eaton, 1990).

The experiments we present here show clearly that
the channel can be activated by Ca2?* in the absence of
ATP and thus show that the transition from the closed
to the open state is not tightly coupled to phosphoryla-
tion and is probably due to direct Ca?* binding to a
channel subunit. The rundown phenomenon, however,
could be due to dephosphorylation of channels that
are phosphorylated before the patch is excised, but if
this is the case, phosphorylation would only make the
channel competent to be opened by Ca2* and would
not open the channel directly.

Physiological Significance

Ca?*-activated Cl~ channels are certainly less well un-
derstood than cation channels or some other anion
channels, such as CFTR, y-aminobutyric acid receptors,
or the CIC family (Jentsh and Gunther, 1997). Never-
theless, it is clear that these channels are found in
many cell types and play important roles in many tis-
sues, including smooth muscle and epithelia (Large
and Wang, 1996; Morris, 1999).

These data have a number of important physiological
implications. In Xenopus egg, sperm entry during fertiliza-
tion turns on Ca?™-activated Cl~ channels as a conse-

shown above A. The reversal potential of the inward currents activated by 2 uM Ca?* (G-I) were determined in the same way following a pulse
to —100 mV. The voltage protocol is shown above G. The pipet solution contained 158.4 mM CI -, the bath contained either 158.4 mM CI~ (A,
D, and G) or 150 mM I~ and 8.4 mM CI~ (B, E, and H). (C, F, and I) Tail current amplitudes for the symmetrical chloride solutions (@®) and
the low CI-, high iodide solution (O). (J) Bar graph of the anionic permeability ratios (P,/Pc) for outward currents at 1 and 2 pM Ca?* and

for inward current at 2 uM Ca?*.
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relationship for simulated currents in C and D.
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Figure 15. Ca?* concentration
determines direction of Cl cur-
rent in intact cells. Normal oo-
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guence of Ca?" release from internal stores. Opening
these channels produces a transient depolarization of the
egg cell membrane (the “fertilization potential™) to pre-
vent polyspermy (the so-called “fast block to polyspermy™)
(Webb and Nuccitelli, 1985; Jaffe and Cross, 1986; Fonta-
nilla and Nuccitelli, 1998). Our data predicts that in-
creases in [Ca2*] above 1 wM would be required to pro-
duce the fertilization potential because the strong out-
ward rectification of the CI- current at lower [Ca?*]
would strongly limit the inward current required for de-
polarization. This expectation is supported by measure-
ments showing that [Ca?*] at the membrane reaches
~1.2 uM after fertilization (Fontanilla and Nuccitelli,
1998). Because the membrane potential of the egg is de-
termined almost entirely by ClI~ conductance, the voltage-
dependent Ca?* sensitivity of the CI~ channels in the egg
may serve the rather simple function of ensuring a high
Ca?* threshold for activation of the fast block to poly-
spermy. The fertilization potential is transient and lasts
only ~15 min. As Ca?* declines with time after fertiliza-
tion, the outward rectification of the Ca?"-activated Cl~
current may assist in repolarization of the membrane.
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previously described (Machaca
and Hartzell, 1999).

This difference in behavior of the channel at differ-
ent [Ca?*] explains the complex behavior of Ca?*-acti-
vated ClI~ currents in Xenopus oocytes, which we have
previously described. We have previously shown (Hart-
zell, 1996; Kuruma and Hartzell, 1999; Machaca and
Hartzell, 1999) that there are two different macro-
scopic currents in these cells. One current (lg,) is acti-
vated selectively by Ca?* influx, whereas the other (I¢j.5
and lq.7) is activated both by influx and release of
Ca?* from stores. We have confirmed that in oocytes
without a vitelline membrane, these same currents de-
velop in response to IP; injection (data not shown). Al-
though we have been ambivalent as to whether these
different macroscopic currents are mediated by the
same or different types of channels, we now feel confi-
dent that we can explain the currents by a single spe-
cies of channel that is gated by the mechanisms de-
scribed in this paper. The combination of different
Ca?* concentrations provided by Ca?* released from
stores (lower concentration) and Ca?* influx (higher
concentration) coupled with the voltage sensitivity of
the channel at low [Ca?*] can generate complex mac-



roscopic currents. This adds a new dimension to how
Ca?* signals may be interpreted by cells.

In excitable cells where the membrane potential reg-
ularly oscillates above and below E, due to other con-
ductances, these different behaviors of Ca?*-activated
Cl- channels at different [Ca2*] could have very inter-
esting consequences. For example, in some species,
such as rabbit, an outward Ca?"-activated Cl~ current
normally plays a role in phase 1 repolarization of the
cardiac action potential (Zygmunt and Gibbons, 1992;
Zygmunt, 1994; Papp et al., 1995). However, under con-
ditions of Ca?* overload, this same channel may pro-
duce transient inward currents that are arrhythmogenic
(January and Fozzard, 1988; Berlin et al., 1989; Zyg-
munt et al., 1998). This Ca2*-activated Cl- channel in
rabbit heart has many features including single channel
conductance (Collier et al., 1996) and anionic selectiv-
ity (Kawano et al., 1995) in common with the Xenopus
oocyte channel. Thus, the voltage and Ca?* sensitivity
of Ca?*-activated Cl~ channels place these channels in a
pivotal role for regulation of cellular excitability.
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