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ABSTRACT
Calcium-activated chloride channels (ClCa) are crucial regula-
tors of vascular tone by promoting a depolarizing influence on
the resting membrane potential of vascular smooth muscle
cells. Niflumic acid (NFA), a potent blocker of ClCa in vascular
myocytes, was shown recently to cause inhibition and para-
doxical stimulation of sustained calcium-activated chloride cur-
rents [ICl(Ca)] in rabbit pulmonary artery myocytes. The aims of
the present study were to investigate whether NFA produced a
similar dual effect in coronary artery smooth muscle cells and to
determine the concentration-dependence and dynamics of
such a phenomenon. Sustained ICl(Ca) evoked by intracellular
Ca2� clamped at 500 nM were dose-dependently inhibited by

NFA (IC50 � 159 �M) and transiently augmented in a concen-
tration-independent manner (10 �M to 1 mM) �2-fold after NFA
removal. However, the time to peak and duration of NFA-
enhanced ICl(Ca) increased in a concentration-dependent fash-
ion. Moreover, the rate of recovery was reduced by membrane
depolarization, suggesting the involvement of a voltage-depen-
dent step in the interaction of NFA, leading to stimulation of
ICl(Ca). Computer simulations derived from a kinetic model in-
volving low (Ki � 1.25 mM) and high (Ki � 30 �M) affinity sites
could reproduce the properties of the NFA-modulated ICl(Ca)
fairly well.

Calcium-activated chloride currents [ICl(Ca)] are expressed
in various cell types, including some types of vascular smooth
muscle cells, and are considered a key player in the regula-
tion of cell-membrane potential. These currents are evoked
by an elevation of intracellular Ca2� concentration ([Ca2�]i)
and have distinctive biophysical properties that include a
discriminating selectivity pore that conforms to type I Eisen-
man sequence, voltage-dependent kinetics of activation and
deactivation (Greenwood et al., 2001; Ledoux et al., 2003), a
calcium sensitivity within the submicromolar range (EC50 �
365 nM with full activation � 600 nM [Ca2�]i) (Pacaud et al.,
1992; Ledoux et al., 2003), and a small single-channel con-
ductance (1–3 pS) with multiple subconductance states

(Klöckner, 1993; van Renterghem and Lazdunski, 1993;
Hirakawa et al., 1999; Piper and Large, 2003). However the
molecular identity of the channel underlying ICl(Ca) in smooth
muscle is still a matter of debate (Britton et al., 2002). There-
fore, investigation of the physiological relevance of ICl(Ca)

relies on the effectiveness of pharmacological tools. A number
of chemically disparate compounds block ICl(Ca) in smooth
muscle cells ranging from stilbene derivatives (4,4-diisothio-
cyanato-stilbene-2,2-disulfonic acid) (Hogg et al., 1994b), an-
thracene-9-carboxylic acid (A-9-C) (Hogg et al., 1994b), and
fenamates (flufenamic acid, niflumic acid) (Hogg et al.,
1994a; Greenwood and Large, 1995). Niflumic acid (NFA) is
a nonsteroidal anti-inflammatory drug that is recognized as
the most potent inhibitor of ICl(Ca) in smooth muscle cells
owing to an IC50 within the low micromolar range (Hogg et
al., 1994a; Greenwood and Large, 1995). Therefore, NFA has
been widely used to assess the physiological role of these
currents in the regulation of vascular tone (Criddle et al.,
1996, 1997; Yuan, 1997; Lamb and Barna, 1998; Remillard et
al., 2000; Dai and Zhang, 2001).

However, NFA is not an ideal probe for investigating the
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role of ICl(Ca), because this agent, along with other members
of the fenamate family, modulates a number of other ion
channels. Niflumic acid and other fenamates stimulate large-
conductance Ca2�-dependent K� channels (Hogg et al.,
1994a; Ottolia and Toro, 1994; Greenwood and Large, 1995).
Flufenamic acid and tolfenamic acids relaxed guinea pig
tracheal contractions through a direct inhibition of voltage-
gated Ca2� channels (Li et al., 1998). Niflumic acid stimu-
lated Ca2� release from internal stores in rat pulmonary
artery smooth muscle cells (Cruickshank et al., 2003) and
was shown, along with 5-nitro-2-(3-phenylpropylamino)-ben-
zoic acid and 4,4-diisothiocyanato-stilbene-2,2-disulfonic
acid, to inhibit endothelin-1–induced contractions of rat pul-
monary arterial myocytes by a mechanism independent of
block of ClCa channels (Kato et al., 1999). Moreover, the IC50

for NFA block of spontaneously occurring ICl(Ca) is signifi-
cantly lower than that required to block ICl(Ca) evoked by
caffeine or an agonist such as norepinephrine (Large and
Wang, 1996). This phenomenon is extended further when the
channel is stimulated by a sustained level of [Ca2�] provided
by the pipette solution in which a number of paradoxical
effects are observed. In rabbit pulmonary myocytes, NFA
only blocked sustained ICl(Ca) at positive potentials and aug-
mented the tonic current at the holding potential of �50 mV
(Piper et al., 2002). Upon washout of NFA, there was a
marked enhancement of current amplitude greater than con-
trol values that was associated with a marked increase in the
activation kinetics. Similar effects were observed for the
chemically related agent dichloro-diphenyl 2-carboxylic acid
(Piper et al., 2002), whereas A-9-C, which inhibits ICl(Ca) in a
strongly voltage-dependent manner, produced a marked
3-fold increase in the deactivating tail current at �80 mV
(Piper and Greenwood, 2003). These data suggest that in
pulmonary artery myocytes, fenamate- and A-9-C–induced
inhibition of ICl(Ca) masks a parallel stimulation that is re-
vealed either by washout of the drug (NFA) or by voltage-
dependent dissociation from the channel (A-9-C). It is pres-
ently unknown whether the NFA-induced stimulation of
ICl(Ca) in pulmonary artery myocytes (Piper et al., 2002) is
unique to the vascular smooth muscle preparation. In addi-
tion, Piper et al. (2002) have used a slow superfusion system
to monitor the effects of NFA on ICl(Ca), and thus, the true
time course of stimulation of this current after washout of
NFA is unclear. Finally, information on the concentration
dependence of the enhancing effect of NFA on ICl(Ca) is lack-
ing, because Piper et al. (2002) have only examined the effect
of a single concentration of NFA (100 �M).

The aim of the present study was to determine whether a
similar anomalous effect of NFA was observed on sustained
ICl(Ca) in rabbit coronary artery myocytes and to investigate
the dynamics and concentration dependence of this stimula-
tion using a computer-assisted fast-flow superfusion system.
We report here that the relative increase of ICl(Ca) is inde-
pendent of drug concentration, whereas the time to reach the
maximal stimulation and the duration of the enhanced state
increased in a concentration-dependent manner. The rate of
recovery from stimulation was also voltage-dependent, with
negative potentials accelerating recuperation from enhanced
ICl(Ca). We propose a model whereby NFA stimulates ICl(Ca)

by binding to high- and low-affinity sites, which are occluded
by the interaction of NFA with the inhibitory site. Prelimi-

nary results have been presented previously (Ledoux and
Leblanc, 2002).

Methods and Materials
Isolation of Coronary Myocytes. Cells were freshly dissociated

from coronary arteries isolated from New Zealand white rabbits (2–3
kg) that had been killed by anesthetic overdose in accordance with
Canadian and U.S. regulations. All animal-handling protocols re-
ceived the approval of local ethics committees. Arterial myocytes
were isolated from the left descending and circumflex coronary ar-
teries. After dissection and removal of connective tissue, the coro-
nary arteries were cut into small strips and placed in a physiological
salt solution containing no added Ca2� and 100 �M EGTA at 22°C
for 30 min. The coronary arteries were then incubated in a physio-
logical salt solution containing 10 �M Ca2� (no EGTA) and 1 mg/ml
collagenase type 2 (Worthington Biochemicals, Lakewood, NJ) and
0.05 mg/ml protease type I (Sigma-Aldrich, St. Louis, MO) for 20 to
25 min at 35°C. In all cases, cells were released by gentle agitation
with a wide-bore Pasteur pipette. Cells were stored at 4°C and were
used within 6 h.

Electrophysiology. All experiments were carried out at room
temperature (22–25°C), and all currents were recorded in the stan-
dard whole-cell variant of the voltage-clamp technique using pClamp
software (version 8.2; Axon Instruments Inc., Union City, CA) and
Axopatch-1D (Axon Instruments). Analysis was performed using the
applicable software as well as Origin (version 5.0; OriginLab Corp,
Northampton, MA). Current tracings and graph plots were all ex-
ported to CorelDraw (version 12; Corel Corporation, Ottawa, ON,
Canada) for processing of the figures. Solutions were delivered by
gravity through a manifold perfusion system (Cell Micro Controls,
Norfolk, VA) controlled by a homemade electronic switch box (De-
partment of Biomedical Engineering, Montreal Heart Institute,
Montreal, QC, Canada) that allowed to quickly modify the external
medium surrounding the patched myocytes (complete exchange time
of �300 ms from measurements of changes in junction potential of a
patch pipette when switching from a NaCl-based solution to a KCl-
containing solution). Rapid replacement of external solutions was
triggered and monitored using a Pentium II personal computer in-
terfaced with a Digidata 1200B acquisition system (Axon Instru-
ments) and pClamp v8.2 software (Clampex).

Solutions. All experiments were carried out in K�-free media.
The external solution contained 130 mM NaCl, 10 mM NaHCO3, 5.4
mM tetraethylammonium chloride, 0.5 mM MgCl2, 5.5 mM glucose,
10 mM HEPES-NaOH, pH 7.35, 1.8 mM CaCl2, and 0.001 mM
nifedipine. The pipette solution contained 100 mM cesium aspartate,
20 mM CsCl, 20 mM tetraethylammonium chloride, 5 mM HEPES-
CsOH, pH 7.2, 10 mM EGTA, 5 mM Mg-ATP, and 0.2 mM GTP-diNa.
Free [Ca2�]i was adjusted to 500 nM by adding CaCl2 (7.7 mM) and
MgCl2 (0.77 mM), with free [Mg2�]i set to 1 mM, as determined by
the software WinMaxC (version 2.1; http://www.stanford.edu/�
cpatton). As reported previously (Ledoux et al., 2003), buffered Ca2�

concentration in the pipette solution was independently verified using a
Ca2�-sensitive electrode (model 93-20; Thermo Orion, Beverly,
MA) and calibrated Ca2� solutions available from a commercial
source (CALBUF-2; World Precision Instruments, Inc., Sarasota, FL).
NFA and all enzymes were purchased from Sigma-Aldrich. NFA was
dissolved in dimethyl sulfoxide (NFA stock solution � 100 mM), and the
final dimethyl sulfoxide concentration never exceeded 1%, a solvent
concentration that did not alter the current in our conditions.

Computer Simulations. The interaction of NFA with ClCa chan-
nels was mathematically simulated using Markov chain kinetic mod-
els, which were resolved numerically by Axon Engineer software
(version 2.11c; Aeon Software Inc., Madison, WI) run on Micron
TransPort GX� laptop computer (Pentium III, 700 MHz). Simula-
tions lasting up to 30 s were initiated from a holding potential of �50
mV under non–steady-state conditions. Ordinary differential equa-
tions were solved simultaneously by the Gear numerical integration

164 Ledoux et al.



method using incremental time steps of 10 �s. The specific param-
eters and equations used in the simulations are listed in Table 1.

Statistical Analysis. All data are the mean � S.E.M. of n cells
from more than two animals. Statistica for Windows 99 (version 5.5;
Tulsa, OK) was used to determine statistical significance between
groups with one-way ANOVA test followed by a Fisher least signif-
icant difference post hoc multiple range tests for repeated measures
in multiple group comparisons. p � 0.05 was considered to be sta-
tistically significant.

Results
Under K�-free internal and external conditions, coronary

myocytes dialyzed with an internal solution containing 500
nM free [Ca2�] generated a sustained current at the holding
potential of �50 mV that exhibited distinctive time-depen-
dent outward relaxations upon depolarization followed by an
exponentially declining inward current upon repolarization
to �80 mV. This current is ICl(Ca)-evoked persistently by the
pipette [Ca2�] (500 nM) and has been characterized exten-
sively in previous studies (Greenwood et al., 2001; Ledoux et
al., 2003). Figure 1A shows that the application of 100 �M
NFA with a fast-flow superfusion system quickly blocked
both time-dependent outward current and tail components of
ICl(Ca) (Fig.1A, inset). Inhibition of ICl(Ca) was observed with
all concentrations of niflumic acid with an IC50 of 159 � 48
�M (Fig. 1B). Upon washout of NFA, the current amplitude
increased transiently beyond control values, with a mean
increase of 50 � 8, 73 � 15, and 44 � 9% for the instanta-
neous, late, and tail currents, respectively (n � 11). This
transient augmentation of current amplitude after a brief
pulse of NFA was highly reproducible and could be repeated
for the duration of the experiment (Fig. 1A). NFA washout
not only modified ICl(Ca) amplitude but also altered channel
opening and closing rates (Fig. 1C, a). Indeed, washout of
NFA accelerated the activation kinetics at �90 mV and al-
tered the kinetics of deactivation at �80 mV (Fig. 1C, b and

c). In control conditions, the inward current relaxed after a
monotonic time course with a time constant (�) of 38 � 2 ms
but decayed biexponentially after washout of NFA (Fig. 1C, b
and c; mean � values were 193 � 25 and 21 � 2 ms, respec-
tively; n � 10). These data show that the anomalous effects of
NFA on sustained ICl(Ca) described previously in pulmonary
artery myocytes (Piper et al., 2002) are also apparent in
coronary artery cells.

Concentration-Dependence of NFA-Induced ICl(Ca)

Stimulation. The concentration- and time-dependence of
the NFA stimulatory effect were performed on cells main-
tained at a test potential of �60 mV for 20 s and exposed to
different concentrations of NFA (1 �M, 10 �M, 100 �M, and
1 mM) for durations between 2 and 10 s. Enhancement of
ICl(Ca) was only observed after washout of higher NFA con-
centrations greater than 1 �M (Fig. 2, B–D). Moreover, the
kinetics of the enhanced current was strongly dependent on
the applied NFA concentration. Thus, the enhanced ICl(Ca)

generated upon washout of 10 �M NFA decayed monophasi-
cally after reaching its peak (Fig. 2B), whereas the relaxation
of the stimulated current after removal of 100 �M NFA
displayed a sustained phase superimposed on an initial rapid
component (Fig. 2C). After washout of 1 mM NFA, the onset
of stimulation was characterized by a markedly reduced
rapid component followed by a slowly developing sustained
phase of stimulation (Fig. 2D).

The relative increase of ICl(Ca) amplitude upon washout of
NFA did not vary as a function of the concentration of NFA
applied. Thus, after 2-s applications in the same cell of 10
�M, 100 �M, and 1 mM NFA, ICl(Ca) increased 1.9 � 0.3-,
2.1 � 0.3-, and 2.0 � 0.2-fold, respectively. In contrast, the
delay between the washout of drug and the maximal en-
hanced ICl(Ca) increased in a concentration-dependent man-
ner (highlighted in the inset of Fig. 3B). The time to reach the
peak current increased significantly from 0.27 � 0.03 s after
washout of 10 �M NFA to 0.6 � 0.2 and 7 � 1 s after washout
of 100 �M and 1 mM NFA, respectively (n � 7). Moreover the
duration of the transient stimulated current upon washout of
NFA was also concentration-dependent (Figs. 2 and 3C). The
time for the stimulated current to decay by 50% of the max-
imal amplitude increased from 0.45 � 0.03 s after washout of
10 �M NFA to 0.74 � 0.08 and 14 � 1 s after removal of 100
�M and 1 mM NFA, respectively. From Figs. 2 and 3, it is
obvious that for each NFA concentration, the washout en-
hancement was not affected by changes in the duration of
NFA application. These results highlight the complex dy-
namics associated with the stimulation of ICl(Ca) produced by
the washout of NFA.

Voltage-Dependence of NFA-Enhanced ICl(Ca). We
next sought to determine the voltage-dependence of the stim-
ulation of ICl(Ca) by NFA. In this series of experiments, cells
were exposed to 100 �M NFA while being held at different
membrane potentials (i.e., �60, �20, �60, and � 90 mV)
from a holding potential of �50 mV (Figs. 4, A–C, and 5).
These experiments revealed that the peak increase in ICl(Ca)

induced by a 10-s exposure to NFA was similar at all voltages
examined (Fig. 5A). Shorter applications (2–8 s) of NFA re-
vealed a similar pattern (data not shown). There was a trend,
although not significant, that the time to peak stimulated
current upon washout of NFA increased with membrane
depolarization (Fig. 5B). However, the time course of the
stimulated current was clearly prolonged at positive relative

TABLE 1
Parameters used to compute the mathematical model describing the
inhibition and stimulation of ICl(Ca) by niflumic acid

Units

Permeability and selectivity
PCl(Ca) max � 0.01 �M ms�1

ECl � �30 mV
Values of gating variables

C � 0.6
O1 � 0.7
B1 � 0
B2 � 0
O2 � 1
O3 � 1

Activation and deactivation
�1 (V) � 0.0075/{1 � exp 	�0.1 * (V � 50)
} ms�1

�1 (V) � 0.1 /{1 � exp 	0.1 * (V � 80)
} ms�1

High-affinity binding of NFA and unbinding
�2 (	NFA
) � 	NFA
2/{	NFA
2 � 0.0232} ms�1

�2 � 0.5 ms�1

�3 � 0.058 ms�1

�3 (	NFA
) � 0.05*{	NFA
/{[NFA] � 0.01} ms�1

Low-affinity binding of NFA and unbinding
�4 (	NFA
)� 0.00325*{	NFA
/{[NFA] � 1.25} ms�1

�5 � 0.0004 ms�1

Recovery from high affinity and fast binding of NFA
�6 � 0.0006 ms�1

Recovery from low affinity and slow binding of NFA
�7 � 0.0001 ms�1

ECl, equilibrium potential for chloride ions.
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to negative potentials, as evident from an analysis of the area
under the curve of the stimulated current (Fig. 5C). More-
over, at �90 mV, there was no significant decay of the stim-
ulated current for the duration of this experiment (Fig. 4A).

Identity of NFA-Enhanced Current. It could be postu-
lated that the current elicited upon washout of NFA was
caused by the de novo recruitment of a previously silent
channel as opposed to modulation of an existing one. There-
fore, experiments were undertaken to determine whether the
stimulated current was as equally sensitive to NFA as the
control ICl(Ca). Figure 6A shows a representative experiment
in which a cell was stepped to �60 mV, and then NFA was
applied for 2 s. It can be seen clearly that the stimulated
current evoked upon washout is rapidly inhibited by a repeat
application of NFA to an extent observed for the control
current. Similar results were observed in three other cells.
Further experiments were undertaken to determine the re-
versal potential of the current evoked upon washout of NFA.
Approximately 500 ms after the application of NFA for 2 s, a
ramp change in voltage (�50 to �50 mV, 250 ms) was im-
posed. The reversal potentials of the enhanced ICl(Ca) re-
corded from cells bathed previously in 100 �M (�15.8 � 1.7
mV, n � 6) or 1 mM NFA (�18.5 � 1.6 mV, n � 4) do not
significantly differ from each other and are close to the the-
oretical value for the Cl� equilibrium potential under our
conditions (Greenwood et al., 2001; Ledoux et al., 2003).
These data support the hypothesis that NFA is modulating
an existing Cl� channel.

Mathematical Modeling of NFA Interactions with
ICl(Ca). The experimental effects of NFA were simulated
mathematically using a computer-modeling method similar
to that reported previously by our group (Remillard and
Leblanc, 1996). Figure 7 displays the various kinetic schemes
that were tested. Because the myocytes were dialyzed with a
fixed intracellular Ca2� concentration set at 500 nM, we
simplified our theoretical analysis by focusing on the possible
steps by which NFA interacts with the channels, although we
recognize that a more elaborate model of the channel
(Arreola et al., 1996; Kuruma and Hartzell, 2000) will have to
be evaluated in the future. For all schemes tested, opening of
the Ca2�-activated Cl� channel was modeled by single volt-
age-dependent reversible transition from closed (C) to open
(O1). Although a simple binding site model assuming a single
binding site leading to block and stimulation (Fig. 7A) could
fairly well reproduce the block and transient stimulation of
ICl(Ca) at 10 �M NFA, it could not account for the biphasic
stimulation of ICl(Ca) with 100 �M and 1 mM NFA. Alterna-
tive schemes were tested that assumed the existence of one
inhibitory state and one (Fig. 7, B and C) or two (Fig. 7, D–F)
stimulatory binding sites. For all of the schemes shown in
Fig. 7, B through F, application of NFA first interacts with a
binding site leading to current inhibition (B1). State B1 oc-
cludes the stimulation unless the drug is washed out quickly.
We tested several scheme variants, which included a com-
mon high-affinity blocking and stimulatory state and a low-
affinity stimulatory state (Fig. 7C), different schemes with a

Fig. 1. Block and stimulation of
Ca2�-activated Cl� current by ni-
flumic acid in rabbit coronary myo-
cytes dialyzed with 500 nM
[Ca2�]i. A, time course of peak out-
ward current recorded at �90 mV
every 10 s in coronary smooth
muscle cells dialyzed with 500 nM
[Ca2�]i; 100 �M NFA (NFA) was
applied using a fast-flow superfu-
sion system for the period denoted
by the bar. Inset, sample traces ob-
tained in control (a), presence (b),
and after washout of 100 �M NFA
(c), respectively. B, concentration-
dependence of the inhibitory ef-
fects of NFA on ICl(Ca) recorded at
�60 mV. Data were obtained from
experiments similar to those illus-
trated in Fig. 2. The solid line
passing through the points is a lo-
gistic function fit to the data with
the following parameters: Y �
76.1/[1 � (x /159)0.42]. NFA concen-
trations are equal to 1 �M, 10 �M,
100 �M, and 1 mM, n � 11, 7, 7,
and 7, respectively. C, effects of
NFA removal on activation and de-
activation kinetics of ICl(Ca). a,
sample traces of ICl(Ca) evoked by
the protocol used in A in the ab-
sence (control) and after washout
of 100 �M NFA. b and c, bar
graphs representing the mean
time constants of activation (�90
mV) and deactivation (�80 mV),
respectively, before (control) and
after (washout) exposure to 100
�M NFA of experiments similar to
those shown in a (n � 10).
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single inhibitory site, and two stimulatory binding sites with
different affinities for NFA (Fig. 7, D–F). Although these
kinetic schemes were able to account for some aspects of the
stimulation mediated by NFA, none of these could fairly well
reproduce the concentration- and time-dependence of the
block and enhancement of the current by this substance.

Figure 7G shows the model that best reproduced our ex-
perimental data. The equations describing the rate constants
and other parameters used in the simulations are listed in
Table 1. �n and �n are the rate constants for the kinetic
transitions shown. The gating variables of the stimulated
states O2 and O3, which are modeled as equivalent states,
were set to 1. The fully activated nonstimulated open state
O1 was arbitrarily fixed at 0.7, although efforts to modify
even slightly the gating values of the stimulated and non-
stimulated states led to failure to model the interaction of
NFA with the anion channel. Activation and deactivation
were modeled by voltage-dependent transitions described by
Boltzmann relationships. The model assumes the existence
of high- (ranging from 10 to 23 �M) and low- (1.25 mM)
affinity binding sites as indicated in Fig. 7G. Binding of NFA
was modeled using the Hill equation with a Hill coefficient of
1 (O1 3 B2, O2 3 B1) or 2 (O1 3 B1). The rate of unbinding
of NFA from all bound states and the rates of recovery from
stimulated to nonstimulated states were all assumed to be
independent of NFA concentration.

Figure 8, A and B, show simulated current traces derived

from the model with the four concentrations of NFA tested in
our experiments elicited in response to 2- (Fig. 8A) or 6-s (Fig.
8B) exposure to the drug, as indicated below the normalized
current traces. The voltage-clamp protocol shown at the bot-
tom was identical with that used in the experiments de-
scribed in Fig. 2. The simulations were all initiated under
non–steady-state conditions, which is why the gating vari-
able for the closed state was set to 0.6. This allowed the
simulation to begin with already active channels at the hold-
ing potential (�50 mV) in myocytes dialyzed with 500 nM
Ca2� or greater, as shown previously by our group (Green-
wood et al., 2001; Ledoux et al., 2003). Consistent with this
scheme, step depolarization to �60 mV evoked an instanta-

Fig. 2. Dynamics of the stimulated current evoked upon washout of NFA.
Sample traces of ICl(Ca) evoked by a 22-s depolarizing step to �60 mV
(HP � �50 mV) followed by a repolarizing step to �50 mV for 8 s every
60 s (A–C) or 90 s (D), as displayed at the bottom of the figure. After 2 s,
1 �M, 10 �M, 100 �M, or 1 mM NFA (A, B, C, and D, respectively) was
applied for increasing durations (2-s increments) using a fast-flow super-
fusion system. Vertical calibrations express the ratio of current ampli-
tude relative to the level reached immediately before the application of
NFA.

Fig. 3. Concentration dependence of enhanced ICl(Ca) dynamics induced
by NFA washout in coronary myocytes depolarized to �60 mV. A, plot
reporting the mean relative increase of ICl(Ca) in coronary myocytes in-
duced by washout of NFA (1 �M, 10 �M, 100 �M, and 1 mM, n � 11, 7,
7, and 7, respectively) calculated as the peak current amplitude at �60
mV after removal of NFA normalized to the current value before the
application of NFA (for 2–10 s), as described in Fig. 2. ANOVA statistical
analysis for repeated measures revealed a significant difference between
the groups; ��, p � 0.01. B, graph illustrating the time delay between the
washout of drug and the peak amplitude of enhanced ICl(Ca) after washout
of NFA (10 �M, 100 �M, and 1 mM, n � 7) applied for 2 to 10 s. Inset,
magnified view of sample traces of cells exposed to 10 �M, 100 �M, and
1 mM NFA for 2 s to illustrate the concentration-dependent time to peak
amplitude of enhanced ICl(Ca). ANOVA statistical analysis for repeated
measures revealed a significant difference between the groups; ��, p �
0.001. C, bar graph showing the mean decay kinetics of enhanced ICl(Ca)
in cells exposed to 10 �M, 100 �M, and 1 mM NFA for 2 s. The time-
dependent relaxation was calculated as the period required for peak
enhanced ICl(Ca) to decrease by 50%. One-way ANOVA statistical analysis
revealed a significant difference between the three groups; ���, p �
0.001.
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neous current followed by a time-dependent ICl(Ca) compo-
nent (Greenwood et al., 2001; Ledoux et al., 2003) (this study,
Figs. 1, 2, 4, and 6) that was well-fitted by a single exponen-
tial with a time constant of 220 ms, a value similar to that
published previously (Greenwood et al., 2001; Ledoux et al.,
2003). Application of NFA caused a rapid concentration-de-
pendent block of the current that was more potent than
actual data. Maximum block estimated by curve fitting to a
logistic function for experimental data, and the model was
62 � 5 and 96 � 5%, respectively. The model yielded a Ki

value that is approximately 5-fold lower (31 �M) than that
calculated from actual data (159 �M). All attempts to adjust
the parameters of the model listed in Table 1 to match the
blocking ability of NFA to our measurements had deleterious
consequences on the time- and dose-dependence of the NFA-
induced stimulation of the current, which was the main focus
of our analysis.

Whereas washout of 1 �M NFA elicits little effect on the
modeled current, washout of this drug when applied at con-
centrations in the range of 10 �M to 1 mM leads to a tran-
sient stimulation that reproduces our data reasonably well.
Stimulated currents after washout of 10 or 100 �M NFA were
much more transient than those evoked after exposure to 1
mM. It is noteworthy that a longer exposure to 100 �M NFA

clearly led to a biphasic relaxation of the current (Fig. 8B,
third trace from the top) as observed in experiments (Fig.
2C). The biphasic nature of the stimulated current after
washout of 1 mM NFA, characterized by a rapid phase fol-
lowed by a very slow component (Fig. 2D), is also well ac-
counted for by the model (Fig. 8B, fourth trace from top).
Partial recovery of the current after the rapid onset of block
was often observed during the application of NFA in the
range of 10 �M to 1 mM (Fig. 2, B–D). The model qualita-
tively reproduces this behavior with 100 �M and 1 mM NFA
(Fig. 2B, second and third traces), which suggests that chan-
nels blocked by NFA (B1 and B2) may partially transit to the
stimulated states (O2 and O3). Finally, the model is also able
to simulate the impact of a double NFA exposure on the
current (compare Figs. 8C and 6A), which again supports the

Fig. 4. Voltage dependence of the enhanced ICl(Ca) after washout of NFA.
A, sample traces of ICl(Ca) evoked by a 22-s step to �60 mV (HP � �50
mV) followed by a repolarizing step to �50 mV for 8 s every 60 s, as
displayed under the traces. After 2 s, cells were exposed to 100 �M NFA
for 2 s up to 10 s, with 2-s increments followed by the rapid removal of
drug from the external medium using a fast-flow superfusion system as
depicted over the traces. B and C, similar to A, except that the cells were
depolarized to �20 and �90 mV for 22 s (B and C, respectively), as
illustrated under the traces.

Fig. 5. Quantitative analysis of the voltage-dependence of enhanced
ICl(Ca) induced by 100 �M NFA washout in coronary myocytes. A, Bar
graph reporting the mean relative increase in ICl(Ca) induced after wash-
out of 100 �M NFA applied for 10 s in myocytes held at �60 (f), �20 (�),
�60 (s), and � 90 mV (u) (n � 5, 5, 7, and 5, respectively) and calculated
as the peak current amplitude after removal of NFA normalized to the
current value just before exposure to drug, as described in Fig. 4. B, bar
graph summarizing the mean delay in milliseconds between the removal
of drug and the peak amplitude of enhanced ICl(Ca) after washout of 100
�M NFA applied for 10 s in myocytes held at �60 (f), �20 (�), �60 (s),
and �90 mV (u) (n � 5, 5, 7, and 5, respectively). C, bar graph reporting
the mean integrated current stimulated by NFA washout measured at
�60 (f), �20 (�), �60 (s), and �90 mV (u) (n � 5, 5, 7, and 5,
respectively). One-way ANOVA statistical analyses revealed a significant
difference between the three groups; ���, p � 0.001.
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concept that the control and stimulated currents are pro-
duced by the same underlying channels exhibiting distinct
behaviors.

Figure 9 illustrates a quantitative comparison of the ef-
fects of NFA on recorded and simulated ICl(Ca). Experimental
and model data points are shown as filled and empty sym-
bols. Except for a progressive increase of the simulated cur-
rent as a function of exposure time to NFA with 1 mM (Fig.
9A, b) that diverged from the measured current, which de-
creased after NFA exposure times longer than 6 s, the model
adequately describes the steep concentration dependence of
the stimulation between 1 �M and 1 mM; simulated data
points generally fell within one standard deviation for each
average measurement. Modeling this abrupt relationship
could only be achieved by increasing the Hill coefficient to 2
in the equation describing the rate constant �2 (Fig. 7G and
Table 1) of the high-affinity binding site, which suggests that
two or more NFA molecules may be necessary to induce
stimulation. Figure 9B shows plots illustrating the time-
dependent behavior of simulated versus measured ICl(Ca).
Measurements were carried out at washout times that elic-
ited peak stimulated currents for each of the three NFA
concentrations, which were applied for 2 s. These graphs
show reasonable agreement between the data and model

with all three NFA concentrations, except for a discrepancy
observed at the earliest washout time with 100 �M.

Discussion
Niflumic Acid Exerts a Dual Influence on ClCa Chan-

nels in Coronary Myocytes. A number of chemically di-
verse agents block Ca2�-activated Cl� channels, and NFA is
unequivocally considered to be the most potent blocker of this
conductance in vascular smooth muscle cells (Large and
Wang, 1996). The data reported herein show that in coronary
artery myocytes, a sustained Ca2�-activated Cl� current
characterized extensively in previous reports is modulated in
a paradoxical manner by the chloride-channel blocker niflu-
mic acid. Analysis of the dose-dependent block of ICl(Ca) re-
vealed an IC50 value that was higher (159 �M) than that
determined for the inhibitory action of NFA upon spontane-
ous transient inward currents (STICs) (�2–5 �M) (Hogg et
al., 1994a; Greenwood and Large, 1995), which results from
the transient activation of ClCa channels by Ca2� sparks
(Gordienko et al., 1999). This diminished potency of NFA to
inhibit ICl(Ca) was also noticed by Piper et al. (2002) in rabbit
pulmonary myocytes dialyzed with elevated [Ca2�]i (250 nM
to 1 �M). Whether the higher efficacy of NFA for blocking
STICs relative to ICl(Ca) elicited by a sustained elevated in-
tracellular Ca2� level is caused by the much higher Ca2�

concentrations (tens of micromolar) generated by Ca2�

sparks (Jaggar et al., 2000) or the ability of NFA to interfere
with Ca2� release from internal stores (Cruickshank et al.,
2003) remains to be investigated. An alternative possibility is

Fig. 6. Properties of NFA-enhanced ICl(Ca). A, effect of a 2-s application of
NFA on ICl(Ca) recorded at �60 mV. Approximately 500 ms after washout
of NFA, the augmented current was blocked by a subsequent application
of NFA to a similar degree as the control current. B, generation of a ramp
change in voltage 4.5 s after washout of NFA allowed the reversal poten-
tial of the stimulated current to be determined. Inset, relative current
amplitude plotted as a function of the membrane potential imposed by the
ramp protocol (reversal potential in this cell was �16 mV).

Fig. 7. The different kinetic schemes tested in computer simulations. C,
On, and Bn reflect closed, open, and blocked kinetic states, respectively. In
G, �n and �n are the forward and backward rate constants describing the
individual state transitions, respectively. The equations describing all
the rate constants shown on this scheme are listed in Table 1.
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that under conditions of a sustained increase in [Ca2�]i, NFA
may stimulate the Cl� channels, an effect that would be
partially obstructed by the inhibition. The study by Piper et
al. (2002) demonstrated that washout of NFA enhances
ICl(Ca) in pulmonary myocytes and postulated that the higher
open probability of ClCa channels elicited by a sustained
increase in [Ca2�]i may tilt the balance toward the stimula-
tory effect. Our data support this hypothesis, because the
rapid block exerted by NFA was often followed by a partial
recovery of the current, which suggests that the net current
recorded with NFA was the product of a superimposed inhi-
bition and stimulation by the drug.

NFA at concentrations between 10 �M and 1 mM produced

an �2-fold increase in ICl(Ca) elicited by 500 nM [Ca2�]i.
Although the relative increase of ICl(Ca) was independent of
NFA concentration, the time to reach the peak current in-
creased in a concentration-dependent manner. Furthermore,
the time needed to recover from the enhanced state increased
in a concentration-dependent manner. These data reflect an
anomalous modulation of a Ca2�-activated Cl� channels by
NFA because the NFA-increased current reversed near the
predicted equilibrium potential for chloride ions, confirming
that the underlying channels were permeable to Cl�. More-
over, the current enhanced by NFA was equally blocked by a
second exposure to this compound. These findings corrobo-
rate the earlier observations of Piper et al. (2002) showing

Fig. 8. Simulation of the effects of
niflumic acid on Ca2�-activated
Cl� currents using the model de-
scribed in the text. A, normalized
simulated currents elicited by 22-s
voltage-clamp steps to �60 from
holding potential of �50 mV (bot-
tom trace). In these simulations, a
2-s exposure to either 1 �M (top
trace), 10 �M (second trace from
the top), 100 �M (third trace from
the top), or 1 mM (fourth trace
from the top) NFA was imple-
mented 2 s after membrane poten-
tial was stepped to �60 mV, as
illustrated by the trace immedi-
ately above the voltage-clamp pro-
tocol. B, identical to A, except that
each concentration of NFA was ap-
plied for 6 s. C, simulation showing
the effect of a double exposure to
100 �M NFA. The two exposures
(middle trace) lasted 1 s each and
were interspersed by a 500-ms
gap. The voltage-clamp protocol
shown at the bottom was identical
with those described in A and B.
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that the current generated by the removal of NFA was not
caused by the de novo activation of another conductance.

Voltage-Dependence of NFA-Enhanced Anion Cur-
rent. The relative magnitude of NFA-enhanced ICl(Ca) was
independent of membrane potential in the range of �60 to
�90 mV. However, the rate of current recovery after NFA
washout was clearly voltage-dependent, with membrane de-
polarization delaying the return of the current to baseline.
One possibility to explain these results is that the dissocia-
tion of NFA is voltage-dependent, with membrane depolar-
ization reducing the rate of unbinding from its binding
site(s). An interaction of this drug with the hydrophilic chan-
nel pore or extracellular vestibular portion has been postu-
lated (Hogg et al., 1994a; Greenwood and Large, 1995). Piper
et al. (2002) showed that intracellular application of NFA
(100 �M) was ineffective at modifying ICl(Ca) in pulmonary
myocytes, supporting the idea that NFA modulates ClCa

channels by accessing one or several binding sites located
primarily near the outer mouth of the channel pore. It is
possible that NFA may be interacting with a binding site(s)
through an electrostatic interaction that is modulated by the
transmembrane electric field or by the state of Ca2�- and
voltage-dependent gating of the channels.

Mechanism of Action of Niflumic Acid on ClCa Chan-
nels. Until the molecular nature of native Ca2�-activated
Cl� channels is resolved, we can only speculate on the pos-
sible mechanism by which NFA mediates its effects on the
channels. It is possible that the stimulation by NFA is caused
by a leftward shift of the voltage-dependence of ICl(Ca), lead-
ing to saturation at higher [Ca2�]i, although we cannot rule
out the recruitment of silent channels and/or an increase in
single-channel conductance. In agreement with this idea,
Piper et al. (2002) showed that the stimulatory effects of NFA
were abolished by increasing [Ca2�]i from 500 nM to 1 �M in

pulmonary myocytes, which would increase the voltage-de-
pendent availability of ICl(Ca). On the other hand, NFA could
exert a dual effect by inhibiting both ClCa channels and the
ryanodine and/or inositol 1,4,5-trisphosphate Ca2�-release
channels. In the presence of NFA, ClCa channels would be
blocked, and the slow-release Ca2� load would increase be-
cause of reduced Ca2� leakage. Stimulation of ICl(Ca) after
washout of NFA would then result from a transient subsar-
colemmal Ca2� release event produced by relief of block of
the Ca2�-release channels, even though bulk-free [Ca2�]i is
highly buffered by BAPTA. Arguments against this hypoth-
esis are 1) our inability to ever detect STICs in our experi-
ments; 2) the time course of stimulation of ICl(Ca) by NFA was
highly voltage-dependent (Fig. 5); and 3) NFA was recently
shown to enhance rather than inhibit Ca2� release in rat
pulmonary myocytes (Cruickshank et al., 2003).

Although the hypothesis of a single binding site is possible,
we rather favor the hypothesis that NFA is interacting with
more than one binding site, each with different affinities. We
carried out mathematical simulations that might account for
our observations. Only the working model shown in Fig. 7G
could well describe most of the properties of NFA-modulated
ICl(Ca) in our preparation. At low concentrations of NFA (� 10
�M), the molecules would only bind to the high-affinity site,
which would cause a conformational change in the protein,
leading to enhanced activity, but this effect would be mostly
masked by channel occlusion. A small but significant number
of channels would enter the stimulated state O2 and thus
lead to reduced blockade by the compound. When NFA is
washed out, most channels would return to the normal con-
trol open state O1, whereas others that have adopted a new
conformational change favoring stimulation would transit to
O2; the slow and transient nature of ICl(Ca) would arise from
the slow unbinding of NFA (B13 O2) and slow rate constant

Fig. 9. Comparison of the effects of NFA on recorded
and simulated ICl(Ca). A, graphs showing the time- and
dose-dependence of the NFA-induced stimulation of re-
corded and simulated ICl(Ca) after washout of the drug.
Experimental data points are reproduced from Fig. 3. A
22-s step to �60 mV was applied from HP � �50 mV.
Two seconds after the onset of the depolarizing step,
NFA was applied for between 2 and 10 s at the concen-
trations indicated at the top of each graph. The fairly
good correlation between experimental (filled symbols)
and simulated (open symbols) data is noteworthy. B,
graphs showing the time course of NFA-enhanced re-
corded (filled symbols) and simulated (empty symbols)
ICl(Ca) after washout of 10 �M (a), 100 �M (b), or 1 mM
(c) NFA (2-s exposure). The selected washout times
chosen correspond to the time to peak measurements
taken from the experiments described in Fig. 3. Except
for the earliest washout time point with 100 �M NFA,
in which a significant deviation was noticed, the model
generally reproduced the experimental data well.
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describing the return of the stimulated state to the normal
state (O23 O1). At 100 �M NFA, some NFA molecules are
beginning to interact with a second lower-affinity binding
site that also leads to block (B2) and stimulation (O3). The
very slow kinetics of unbinding of NFA (B2 3 O3) and
recovery of the current from the stimulated state (O33 O1)
could explain the appearance of a slower kinetically dis-
tinct phase of transient stimulation of ICl(Ca) after washout
of NFA. This becomes even more apparent after washout of
1 mM NFA. The onset of stimulation is now clearly bipha-
sic with a rapid and a slow phase, both of which are well
described by the model. The enhanced contribution of a
slower phase with a correspondingly reduced rapid com-
ponent is also consistent with the existence of two mutu-
ally exclusive binding sites.

Although useful as an initial working hypothesis to de-
scribe the complex interaction of NFA with native ClCa chan-
nels, the model offers no clues on the molecular mechanisms
that are involved in the NFA-induced alterations in channel
activity. So far, two kinetic models have been postulated to
describe the Ca2�- and voltage-dependence of Ca2�-activated
Cl� channels in parotid acinar cells (Arreola et al., 1996) and
Xenopus laevis oocytes (Callamaras and Parker, 2000; Ku-
ruma and Hartzell, 2000). These two models are divergent in
that one assumes that activation of ClCa channels by voltage-
dependent binding of several Ca2� ions (Arreola et al., 1996;
Callamaras and Parker, 2000) whereas the other postulates
that Ca2� binding is voltage-independent, whereas unbind-
ing involves a voltage-dependent step (Kuruma and Hartzell,
2000). Unfortunately, such a detailed description of the be-
havior of ClCa channels in vascular smooth muscle is still
pending and is complicated by the very small unitary con-
ductance of the channels (�1–3 pS) (Klöckner, 1993; van
Renterghem and Lazdunski, 1993; Large and Wang, 1996;
Hirakawa et al., 1999; Piper and Large, 2003) and the fact
that they are regulated by phosphotransferase reactions in-
volving calmodulin-dependent protein kinase II (Greenwood
et al., 2001) and calcineurin (Ledoux et al., 2003), both of
which are activated by intracellular Ca2�. Although addi-
tional experiments are required to answer this question, a
likely explanation for the effects of NFA may be that the
antagonist promotes Ca2� binding and/or reduces the un-
binding of Ca2�, one of which is voltage-dependent, leading
to an increase in the open probability. Consistent with this
hypothesis was the observation that activation and deactiva-
tion kinetics of ICl(Ca) were, respectively, enhanced and re-
duced after washout of NFA, and this is similar to the effects
of an elevation of intracellular Ca2� to near saturation levels
on ICl(Ca) in other cell types (Arreola et al., 1996; Kuruma and
Hartzell, 2000).

Pharmacological Relevance of Our Findings. Deter-
mination of the role of ClCa channels in vascular smooth
muscle has been hampered by the lack of truly specific phar-
macological probes. Our data provide evidence that niflumic
acid, the most potent inhibitor of these channels in vascular
myocytes (Large and Wang, 1996), also induces a complex
stimulation of the channels in rabbit coronary smooth muscle
cells, an effect which is masked by its faster inhibitory action
but can be revealed upon rapid washout of the drug. Our
work highlights the caveats about the use of this tool to study
the physiological role of ClCa channels. In studies carried out
to investigate their functional role, NFA was shown to alle-

viate agonist-induced tone, which is caused by a sustained
elevation in [Ca2�]i. Such a condition reduces the ability of
NFA to block ICl(Ca) compared with its effect on STICs (Hogg
et al., 1994a; Greenwood and Large, 1995). Our experimental
and simulated data support the notion that the reduced
efficacy of NFA as an inhibitor may be caused by partial
stimulation of the channels in the presence of the drug.
Therefore, lack of effect of NFA in contraction studies with
multicellular preparations should not be taken as evidence
against a physiological role of ClCa in determining vascular
smooth muscle tone.
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