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Abstract
The participation of large-conductance Ca2+ activated K+ channels (BKs) in chloroquine

(chloro)-induced relaxation of precontracted airway smooth muscle (ASM) is currently unde-

fined. In this study we found that iberiotoxin (IbTx, a selective inhibitor of BKs) and chloro

both completely blocked spontaneous transient outward currents (STOCs) in single mouse

tracheal smooth muscle cells, which suggests that chloro might block BKs. We further

found that chloro inhibited Ca2+ sparks and caffeine-induced global Ca2+ increases. More-

over, chloro can directly block single BK currents completely from the intracellular side and

partially from the extracellular side. All these data indicate that the chloro-induced inhibition

of STOCs is due to the blockade of chloro on both BKs and ryanodine receptors (RyRs). We

also found that low concentrations of chloro resulted in additional contractions in tracheal

rings that were precontracted by acetylcholine (ACH). Increases in chloro concentration re-

versed the contractile actions to relaxations. In the presence of IbTx or paxilline (pax), BK

blockers, chloro-induced contractions were inhibited, although the high concentrations of

chloro-induced relaxations were not affected. Taken together, our results indicate that

chloro blocks BKs and RyRs, resulting in abolishment of STOCs and occurrence of contrac-

tion, the latter will counteract the relaxations induced by high concentrations of chloro.
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Introduction
It has been reported that chloro induced an increase in intracellular Ca2+ in ASM cells, however,
which resulted in relaxation in precontracted ASM [1]. The relaxation was partially mediated by
BKs [1, 2]. While, the BK-mediated relaxation was challenged by evidence that BK-mediated
STOCs in ASM cells were completely blocked by chloro and that blockade of BKs failed to affect
chloro-induced relaxation in precontracted ASM [3]. Recently, we [4] and others [5] have de-
fined the mechanism underlying chloro-induced relaxation, which is due to inhibition of chloro
on voltage-dependent L-type Ca2+ channels (VDCCs) and non-selective cation channels
(NSCCs). However, the role of BKs in chloro-induced relaxation is still undefined. In this study,
we found that chloro blocks RyRs and BKs, which results in STOC abolishment and contraction
occurrence, the latter will counteract chloro-triggered relaxation. These results suggest that BKs
are involved in chloro-induced relaxation in precontracted ASM.

Materials and Methods

Isolation of single ASM cells
Single mouse tracheal smooth muscle cells were enzymatically isolated as previously described
[6]. Briefly, adult male BALB/c mice were euthanized by intraperitoneal injection of sodium
pentobarbital (150 mg/kg) according to the protocol approved by the Institutional Animal
Care and Use Committee of the South-Central University for Nationalities (Permit number:
2012-QHL-2). The tracheae were removed and transferred to an ice-cold solution containing
136 mMNaCl, 5.36 mM KCl, 0.44 mM KH2PO4SO4, 4.16 mM NaHCO3, 10 mM glucose,
10 mMHEPES, 0.34 mM NaHPO4�12H2O (pH 7.1, adjusted with NaOH). The epithelium,
cartilage, and connective tissue were removed. The trachealis tissues were minced and incubat-
ed for 22 min at 35°C in the above solution supplemented with 2 mg/ml papain, 1 mg/ml
dithioerythritol, and 1 mg/ml bovine serum albumin (BSA). The partially digested tissues were
then transferred to the above solution supplemented with 1 mg/ml collagenase H, 0.15 mg/ml
dithiothreitol, and 1 mg/ml BSA. After incubation for 8 min, the well-digested tissues were
washed and gently triturated in the above solution to yield single smooth muscle cells. Cells
were stored on ice and used for experiments within 4 h.

Recordings of ion channel currents
Ion channel currents were measured using an EPC-10 patch-clamp amplifier (HEKA, Ger-
many). BK-mediated STOCs were recorded using a classical whole-cell configuration [7].
Patch pipettes had a resistance of 3 to 5 MO when filled with an intracellular solution contain-
ing 74.5 mM KCl, 1 mMMgCl2, 10 mMHEPES, 64 mM K-aspartate, and 3 mMNa2ATP
(pH 7.2, adjusted with KOH). The extracellular solution contained 130 mMNaCl, 5.5 mM
KCl, 2.2 mM CaCl2, 1 mMMgCl2, 10 mMHEPES, and 5.6 mM glucose (pH 7.4, adjusted
with NaOH). The holding potential was set at −40 mV. The junction potential, capacitance,
and series resistance were compensated. The 30 s step voltage pulses were applied from −40
to +10 mV with an increment of 10 mV to record STOCs.

Single BK currents [8] were recorded at 0, 20, 40, and 60 mV using inside-out and outside-
out patch clamp techniques under symmetrical K+ ion concentrations in the pipette and bath
solutions. The intracellular solution contained 140 mM KCl, 1 mMMgCl2, 5 mM EGTA, 4.37
mM CaCl2 and 10 mMHEPES (pH 7.2, adjusted with KOH). The free Ca2+ ion concentration
was 1 μM calculated using WEBMAXC STANDARD (http://www.stanford.edu/~cpatton/
webmaxc/webmaxcS.htm). The extracellular solution contained 140 mM KCl, 1 mMMgCl2,
5 mM EGTA, 4.9 mM CaCl2 and 10 mMHEPES (pH 7.2, adjusted with KOH). The free Ca2+
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ion concentration was 10 μM. Single channel currents were acquired at a digitization rate of
4 kHz and filtered at 1 kHz. Events were detected and all-point amplitude histogram and single
channel open probability (Po) obtained using Clampfit 9 software (Axon Instruments; Foster,
CA, USA) [9]. The histograms were fitted with the Gaussian distribution function. Peak values
were obtained from these fitting traces and the net peak values were the amplitudes of single
BK currents.

Measurements of intracellular Ca2+

For the measurements of Ca2+ sparks, single mouse tracheal smooth muscle cells were loaded
with 2.5 μmol/L fluo-4 AM. Ca2+ sparks were measured using an LSM 700 confocal scanning
laser microscope (Carl Zeiss, Göttingen, Germany) and Zen 2010 software (Carl Zeiss, Göt-
tingen, Germany). The frequency (sparks/s/μm) and amplitude of Ca2+ sparks were analyzed
using Zen 2010 software and Interactive Data Language software (IDL, Research Systems,
Boulder, CO, USA) [10]. Simultaneous recordings of Ca2+ sparks and STOCs were performed
by a method that combined a confocal scanning laser microscope with the patch-clamp ampli-
fier [6].

The global Ca2+ changes were measured using confocal microscope as described previously
[4], which were also measured using fura-2 AM dye. For the latter measurement, single mouse
ASM cells were loaded with 4 μmol/L fura-2AM. Fluorescence images were acquired at 340 nm
and 380 nm and analyzed using the TILL Polychrome V monochromator system (Chroma
Technology, Brattleboro, VT, USA) and Metafluor for Olympus software (TILL, Gräfelfing,
Germany). The ratio of fluorescence intensity at 340 nm and 380 nm was calculated and used
as the index for the intracellular Ca2+ level [11].

Measurement of ASM tension
ASM tension was measured in mouse tracheal rings as previously reported [4]. In brief, trache-
ae were obtained and quickly transferred into an ice-cold solution (135 mMNaCl, 5 mM KCl,
1 mMMgCl2�6H2O, 2 mM CaCl2, 10 mMHEPES, 10 mM glucose, pH 7.4) equilibrated with
5% CO2/95% O2. Connective tissue was removed and four cartilage tracheal rings were cut
from the same distal tracheae. Each ring was mounted horizontally in a 10 ml organ bath
chamber containing the above solution equilibrated with 5% CO2/95% O2. The preload was
0.3 g. During a 60-min equilibration period, the rings were washed every 15 min and then pre-
contracted twice with ACH (10−4 M). After the rings rested for an additional 30 min, experi-
mental measurements of tension were carried out.

Reagents
Papain, dithioerythritol, dithiothreitol, collagenase H, bovine serum albumin, 2-aminoethoxy-
diphenyl borate (2-APB), acetylcholine (ACH) and chloroquine (chloro) were purchased from
Sigma. Iberiotoxin (IbTx), paxilline (pax), ryanodine and U73122 were purchased from Cay-
man Chemical. Fluo-4 AM and fura-2 AM were fromMolecular Probes.

Data analysis
Results are expressed as means ± SEM. Comparisons between two groups were performed with
the Student’s t-test using Origin 9.0 software (OriginLab, Northampton, MA, USA), and
p< 0.05 was considered statistically significant.
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Results

Chloro blocks BK-mediated STOCs
To study the role of BKs in chloro-induced relaxation, we first sought to determine whether
these channels can be blocked by chloro. The voltage steps shown in Fig. 1A were used to re-
cord BK-mediated STOCs in single mouse tracheal smooth muscle cells using the patch clamp
technique [12]. The STOCs were abolished by IbTx (100 nM), a selective blocker of BKs
(Fig. 1B), which indicates that the STOCs were BK currents. We then observed the effect of

Fig 1. Chloroquine (chloro) blocks BK-mediated STOCs. (A) Mouse tracheal smooth muscle cells were
patched using a whole-cell configuration and held at −40 mV. STOCs were recorded using a series of 30 s
voltage steps from −40 through +10 mV. (B, C) Following the addition of the selective BK blocker iberiotoxin
(IbTx, 100 nM, in 6 cells) or chloro (1 mM, in 7 cells), STOCs were abolished. (D) The averaged amplitude
and frequency of STOCs in the absence and presence of IbTx. NS (not significant) denotes p> 0.05. These
data indicate that chloro blocks BK-mediated STOCs.

doi:10.1371/journal.pone.0121566.g001
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chloro on the currents and found that they were completely blocked by 1 mM chloro (Fig. 1C).
The averaged amplitude and frequency of the STOCs in the absence and presence of IbTx or
chloro are shown in Fig. 1D. Together these results suggest that chloro blocks BK-mediated
STOCs.

We next assessed the dose-dependent inhibition of chloro on the STOCs. The STOCs were
recorded at 10 mV, which were gradually inhibited following cumulative additions of chloro
(Part A of S1 Fig.). The amplitude and frequency of the STOCs from 5 cells are summarized
(Part B of S1 Fig.). These results are in agreement with the previous findings that STOCs will
be blocked by chloro [3]. However, on the basis of these results, we cannot conclude that the
disappearance of STOCs was only due to the direct blockage of BKs by chloro, because the
blockade of RyRs can also result in abolishment of STOCs.

Chloro blocks RyRs
We next examined whether the RyRs will be inhibited by chloro via observing its effect on RyR-
mediated Ca2+ sparks. We found that Ca2+ sparks were markedly inhibited and abolished by
0.1 mM (S2 Fig.) and 1 mM chloro (Fig. 2), respectively. These results indicate that chloro can
inhibit RyRs. In order to further confirm it, we used caffeine (10 mM), a selective activator of
RyRs, to stimulate RyRs inducing a cytosolic Ca2+ increase and observed whether it will be af-
fected by chloro. Caffeine induced a Ca2+ increase, which was significantly and completely in-
hibited by 0.1 and 1 mM chloro, respectively (Fig. 3), indicating that chloro is able to completely
block caffeine-induced Ca2+ elevation, further implying chloro inhibits RyRs. Since chloro was
previously shown to induce Ca2+ increases [1, 5], we thus evaluated the effect of chloro on intra-
cellular Ca2+ and found that chloro (0.1 mM) induced a small increase in Ca2+ and inhibited the
following 10 mM caffeine-induced Ca2+ increases (S3 Fig.). These results suggest that chloro not
only induces Ca2+ increases but also inhibits the caffeine-induced Ca2+ increases.

Although caffeine-induced Ca2+ increases were inhibited by chloro, caffeine is a weak bitter
tastant, which would also be able to induce Ca2+ elevations via type 2 taste receptors (T2Rs).
Thus, we observed the effect of 2-APB, an inhibitor of inositol 1,4,5-triphosphate receptor
(IP3Rs), on the caffeine-induced Ca2+ elevations and found that 2-APB significantly inhibited
the increases in Ca2+ triggered by 10 mM caffeine (S4 Fig.), suggesting that caffeine-induced
Ca2+ elevations are partially mediated by IP3Rs. We replaced 2-APB with the phospholipase C
(PLC) inhibitor U73122 (1 μM) and repeated the same experiments and found that U73122
also inhibited caffeine-induced Ca2+ increases (S5 Fig.). This result indicates that PLC mediates
caffeine-induced Ca2+ elevations. All these data imply that caffeine will activate T2Rs to induce
Ca2+ elevations via G protein-PLC-IP3-IP3R pathway. To further confirm this conclusion, we
did the following experiments. We used 10 mM caffeine to open the RyRs and 30 μM ryano-
dine to block them. After washing both out, we observed whether caffeine can induce Ca2+ in-
creases. The result showed that caffeine still triggered Ca2+ elevations (S6 Fig.), indicating that
caffeine will employ RyR-independent pathway to induce Ca2+ increases, supporting above
finding that caffeine can induce Ca2+ increases through T2Rs-G protein-PLC-IP3-
IP3R pathway.

To further observe the inhibition of chloro on RyRs and BKs, we simultaneously recorded Ca2+

sparks and STOCs in single tracheal smooth muscle cells. Cells were patched and held at −40 mV,
and Ca2+ sparks and STOCs were then measured. Ca2+ spark-triggered STOCs were observed (left
of Fig. 4A and B). Following the addition of 1 mM chloro, both were abolished (right of Fig. 4A
and B). The mean frequencies and amplitudes of the Ca2+ sparks and STOCs were calculated
(Fig. 4C and D). These data demonstrate that the abolishment of BK-mediated STOCs was due to
inhibition of chloro on RyRs.
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Chloro blocks BKs
Although our data have shown chloro inhibited BK-mediated STOCs, we did not know wheth-
er chloro directly blocks BKs. To clarify this, we measured single BK currents using an inside-
out configuration with single channel recording. The holding potential was 0 mV and single
channel currents were recorded from an excised patch at 0, 20, 40 and 60 mV. The currents
were abrogated following the addition of 1 μM pax, another selective blocker of BKs [13, 14]
(Fig. 5A), confirming that these single channel currents are BK currents. After pax washout,
the currents were restored and then subsequently completely and reversibly blocked by the ad-
dition of 1 mM chloro. The open probability (Po) values were calculated and presented above
each trace (Fig. 5A). All-point amplitude histograms were also constructed, from which the
amplitudes of single BK currents can be obtained. The Po-voltage and current-voltage curves
were plotted based on the values acquired from experiments conducted on 8 excised patches

Fig 2. Chloro blocks Ca2+ sparks. (A) Ca2+ sparks in a single tracheal smooth muscle cell (left) were abolished by 1 mM chloro (right). (B, C) The frequency
and amplitude of Ca2+ sparks from 15 cells. These results indicate that chloro inhibits RyRs.

doi:10.1371/journal.pone.0121566.g002
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from 8 cells (Fig. 5B). These results indicate that chloro can directly block BKs from the
intracellular side.

Single BK currents were also recorded with an outside-out configuration, and the currents
were inhibited following the application of 1 mM chloro (Fig. 6A and B). The Po (at 40 and
60 mV) and current amplitude (at 60 mV) were significantly inhibited in the presence of chloro
(Fig. 6B). As an additional control, we evaluated the effect of pax on the currents and found
that pax completely blocked the single channel currents from the extracellular side (Fig. 6B),
indicating that the single currents were BK currents. These results demonstrate that chloro can
partially inhibit BKs from the extracellular side.

Fig 3. Chloro blocks caffeine-induced Ca2+ increases. (A) The selective RyR activator caffeine (10 mM) induced an increase in intracellular Ca2+ that was
significantly and completely inhibited by 0.1 mM (B) and 1 mM chloro (C), respectively. Each experiment was conducted in 22 cells and the summarized
results are shown in (D). *** denotes p< 0.001. These results further support that chloro inhibits RyRs.

doi:10.1371/journal.pone.0121566.g003
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Effect of chloro on ASM force
Based on above results, BKs would be involved in chloro-induced relaxation of precontracted
ASM because activation of these channels can result in relaxation [15–19]. To test this hypoth-
esis, we measured the changes in force following cumulative additions of chloro in ACH-pre-
contracted mouse tracheal rings in the absence and presence of 100 nM IbTx and 1 μM pax
(the concentration that completely blocked BKs as shown in Figs. 1, 5 and 6). After the ACH-
induced contraction reached a plateau, low concentrations of chloro (31.6 and 100 μM) evoked
significant additional contractions, although from 0.316 mM and 1 through 3.16 mM, chloro
induced relaxations to baseline level (Fig. 7A and D). These results indicate that the blockade
of BKs by chloro induced contraction was reversed into relaxation following increases of chloro
concentration. After washing and then resting for 40 min, 100 nM IbTx or 1 μM pax was
added and the same experiments were conducted (Fig. 7B and E). Following blockage of BKs
by IbTx or Pax, chloro-induced contractions were inhibited, while chloro-induced relaxations
were unaffected relative to that in the absence of IbTx and pax (Fig. 7C and F). These data fur-
ther support that chloro-induced contraction was due to its blockade on BKs. Such contraction
will counteract high concentrations of chloro-induced relaxations. Thus, BKs involve in
chloro-induced relaxation.

In time control experiments the biphasic effect of chloro (Parts A and C of S7 Fig.) was not
altered after 40 min (Parts B and C of S7 Fig.), indicating that the disappearance of contractions
was not due to the 40 min resting time. In order to further demonstrate that BKs are involved
in the force changes, we observed the effect of pax on the force and found it resulted in a con-
traction (S8 Fig.), confirming that blockade of BKs can induce contraction.

Fig 4. Chloro simultaneously inhibits Ca2+ sparks and STOCs. (A, B) A mouse tracheal smooth muscle cell was patched and held at −40 mV. Ca2+

sparks and STOCs were simultaneously recorded at 0 mV, which were blocked after adding 1 mM chloro. Ca2+ spark-triggered STOCs are indicated by the
dashed lines. (C, D) The frequency and amplitude of Ca2+ sparks and STOCs from 5 cells are summarized. These data further demonstrate that the
disappearance of STOCs will be due to the blockade of RyRs by chloro.

doi:10.1371/journal.pone.0121566.g004
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Discussion
Our data demonstrate that chloro blocks both BKs and RyRs inducing STOC abolishment and
contraction occurrence. The contraction will counteract high concentration of chloro-induced
relaxation of precontracted ASM.

In the present study, we investigated the effect of BKs on chloro-induced relaxation in pre-
contracted ASM. Two studies have shown that BKs mediated chloro-induced relaxation in pre-
contracted ASM [1, 2]. Meanwhile, another work showed chloro blocked BK-mediated STOCs
and BK blockers had no effect on chloro-induced relaxation in precontracted ASM, suggesting
that BKs are not involved in chloro-induced relaxation [3]. To resolve this apparent inconsis-
tency, we first needed to know whether chloro can block BKs. We recorded Ca2+ spark-activat-
ed BK currents (STOCs) and found that they were completely blocked by a specific blocker of
BKs, IbTx (Fig. 1B), suggesting that these STOCs are BK-mediated currents. Moreover, the

Fig 5. Intracellular chloro blocks single BK currents. (A) A cell was patched and an inside-out configuration was formed. The holding potential was 0 mV.
Single channel currents were then recorded at 0, 20, 40, and 60 mV, which were blocked by 1μM paxilline (pax, another selective blocker of BKs), indicating
that these currents were BK currents. After pax washout, the currents resumed and were abolished by 1 mM chloro (from the intracellular side). After washing
out the chloro, the currents re-occurred. The closed state is indicated by arrows. The Po values were calculated and presented above the traces. All-point
histograms were constructed and fitted with the Gaussian distribution function. The amplitudes of single channel currents were then obtained. (B) Based on
the values from 8 experiments, the relationships between the Po and voltage, and amplitude and voltage were plotted. These data indicate that chloro blocks
BKs completely from the intracellular side.

doi:10.1371/journal.pone.0121566.g005
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currents can also be inhibited by chloro in dose-dependent manner (Fig. 1C; S1 Fig.), in agree-
ment with the previous findings that chloro inhibited STOCs [3].

The inhibition of STOCs can be due to the inhibition of RyRs and/or BKs by chloro. In fact,
chloro inhibited Ca2+ sparks (Fig. 2; S2 Fig.) and caffeine-induced Ca2+ increases (Fig. 3; S3 Fig.),
indicating that chloro blocks RyRs. This will be further supported by dual recording experiments
of Ca2+ sparks and STOCs (Fig. 4). Thus, inhibition of chloro on RyRs will be one reason for the
disappearance of STOCs. To further clarify whether the inhibition of STOCs was due to that
chloro directly blocks BKs, we recorded single BK currents in inside-out and outside-out excised

Fig 6. Extracellular chloro inhibits single BK currents. (A) Single channel currents were recorded using an outside-out approach. Following the addition
of 1 mM chloro (from the extracellular side), single channel activities were partially inhibited. The Po values and amplitudes of single channel currents were
calculated as described in Fig. 5. (B) The curves from 7 experiments show that the mean Po (at 40 and 60 mV) and amplitude (at 60 mV) were decreased.
* denotes p< 0.05. These single channel currents were completely blocked by pax (n = 6), indicating these currents are BK currents. These results
demonstrate that chloro partially inhibits BKs from the extracellular side.

doi:10.1371/journal.pone.0121566.g006
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patches. Chloro directly and completely blocked BKs from the intracellular side and partially
from the extracellular side (Figs. 5 and 6). These data indicate that chloro can block RyRs and
BKs, resulting in STOCs to disappear. This implies that BKs would be involved in chloro-in-
duced relaxation of precontracted ASM.

In the next, we further observed the effect of BK blockers, IbTx and pax, on the force
(Fig. 7). In the absence of blockers, chloro induced additional contractions and then relaxa-
tions. This indicates that the contractions will result from the blockade of BKs by chloro, how-
ever, the relaxations would be due to the blockade of both VDCCs and NSCCs by chloro [4, 5].
To further confirm this conclusion, the same experiments were carried out following blockade
of BKs with IbTx of Pax. Under this condition, chloro-induced contractions were inhibited
(Fig. 7), which will not be due to 40 min waiting time (S7 Fig.), confirming that the chloro-
caused contractions were due to its blockade on BKs. The contraction induced by chloro will
then counteract the following relaxations evoked by high concentrations of chloro. Thus, BKs
will involve in chloro-induced relaxation. To further reveal the role of BKs, we observed the

Fig 7. Role of BKs in chloro-induced force changes in precontracted mouse ASM. (A) ACH induced a steady state contraction in a mouse tracheal ring.
Following cumulative additions of chloro, additional contractions were observed prior to the relaxations. (B) The same ring was washed and allowed to rest
for 40 min. IbTx was then added and the same experiments were performed. The chloro-induced contractions were inhibited, the relaxations were not
affected. (C) Averaged net changes in force from 8 experiments. In the absence of IbTx, lower concentrations (31.6 and 100 μM) of chloro induced
contractions compared to that in the presence of IbTx. However, the relaxations in the two groups showed no differences. (D, E, F) The identical experiments
were performed except that IbTx replaced by pax and similar results were obtained from 9 experiments. * denotes p< 0.05; *** denotes p< 0.001; NS
denotes p> 0.05. To calculate the net contractile forces, the ACH-induced peak value was as the reference level, while the total value of ACH- and blocker-
induced peak value will be the reference level for relaxant calculation. These data indicate that BKs involve in chloro-induced force alterations.

doi:10.1371/journal.pone.0121566.g007
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force changes following the addition of pax and found that it induced a contraction (S8 Fig.),
supporting the results that blockade of BKs by chloro will induce contraction (Fig. 7).

In this study, caffeine was used to test whether RyRs were inhibited (Fig. 3; S3 Fig.). In fact,
caffeine is a weak bitter tastant, thus, a question will be raised whether caffeine can stimulate
T2Rs to induce Ca2+ increases. Our experiments demonstrated that caffeine-triggered Ca2+ in-
creases will be partially mediated by T2Rs because following RyR open by caffeine and block-
ade by ryanodine, caffeine still induced Ca2+ increases (S6 Fig.), suggesting caffeine might
cause Ca2+ elevations via T2Rs. This was further supported by that the inhibition of IP3R-PLC
(S4 and S5 Figs.), the downstream signal pathway of T2Rs, resulted in decreases in caffeine-in-
duced Ca2+ increases. However, why caffeine failed to evoke responses in the presence of 1 mM
chloro (Fig. 3), the reason would be because that chloro inhibited both IP3Rs [20] and RyRs, re-
sulting in caffeine cannot induce Ca2+ increases.

Although the inhibition of chloro on RyRs has been demonstrated in this study, which is not
consistent with the previous results showing that chloro (0.1 mM) failed to inhibit an increase
in Ca2+ induced by 20 mM caffeine [20]. This discrepancy may have occurred because: (1) the
diffusion of chloro into ASM cells in lung slices was limited compared to single cells, or (2) the
concentration of chloro was not high enough (we used the higher concentration of 1 mM).

Based on above interpretations, chloro can inhibit RyRs and IP3Rs abolishing caffeine-in-
duced Ca2+increases, however, why chloro induced a Ca2+ elevation (S3 Fig.). The reason
would be because that chloro can not only activate T2R-G protein-PLC-IP3-IP3R pathway to
induce Ca2+ increases [1, 5], but also inhibit IP3Rs to decrease Ca

2+ that supported by our re-
sults that chloro blocked caffeine-induced Ca2+ increases partially via IP3Rs (Fig. 3; S4 Fig.).
Thus, whether the chloro-induced Ca2+ elevations occur or not would be determined by the
degree of chloro-mediated direct inhibition of IP3Rs and activation of IP3Rs via T2R-G pro-
tein-PLC-IP3-IP3R pathway. That degree will be related to chloro concentration. In this study,
0.1 mM chloro induced Ca2+ increases. However, the detailed mechanism needs to be further
investigated.

In summary, our data demonstrate that chloro blocks RyRs and BKs (completely from the
intracellular side and partially from the extracellular side) to abolish STOCs. The blockade of
BKs induces a contractive component that decreases but does not prevent chloro-induced com-
plete relaxation of precontracted ASM. These findings imply that BKs involve in chloro-in-
duced ASM relaxation and that the activators of BKs and chloro might be the potential
bronchodilators.

Supporting Information
S1 Fig. Chloro inhibits STOCs. (A) STOCs were recorded at 10 mV, which were gradually in-
hibited by chloro. (B) The dose-dependent inhibition of amplitude and frequency from 5 cells.
� denotes p< 0.05 (versus control); �� denotes p< 0.01 (versus control). These data show that
chloro dose-dependently inhibits STOCs.
(PDF)

S2 Fig. Chloro inhibits Ca2+ sparks. Ca2+ sparks from 8 cells were measured as described in
Fig. 2A. (A) The frequency and (B) amplitude were markedly inhibited by 0.1 mM chloro. � de-
notes p< 0.05; ��� denotes p< 0.001. These experiments demonstrate that low concentrations
of chloro do not completely block, but rather inhibit RyRs.
(PDF)

S3 Fig. Effect of chloro and caffeine on intracellular Ca2+ levels. (A, B) Caffeine (10 mM) re-
petitively triggered a similar transient Ca2+ increase. (C, D) Chloro (0.1 mM) induced a
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transient Ca2+ rise. Following the addition of the same concentration of caffeine, a small Ca2+

elevation was observed. These experiments demonstrate that chloro can induce Ca2+ increases
and inhibit the following caffeine-triggered Ca2+ elevations. NS: p> 0.05.
(PDF)

S4 Fig. Effect of 2-APB on caffeine-induced Ca2+ increases. (A) Caffeine (10 mM) repeatedly
induced a similar Ca2+ increase, which was inhibited by the IP3R inhibitor 2-APB (B) ���:
p< 0.001; NS: p> 0.05. This result indicates that caffeine-induced Ca2+ elevations arise par-
tially from IP3R-mediated Ca2+ release.
(PDF)

S5 Fig. U73122 inhibits caffeine-induced Ca2+ increases. (A) Caffeine (10 mM)-induced
Ca2+ increases were measured using fluo-4 AM and confocal microscope, which were inhib-
ited by the PLC inhibitor U73122 (B) ���: p < 0.001; NS: p> 0.05. This result suggests that
PLC mediates caffeine-induced Ca2+ elevations.
(PDF)

S6 Fig. Ryanodine inhibits caffeine-induced Ca2+ increases. (A) Caffeine (10 mM) and rya-
nodine (30 μM) were used to open and block RyRs, respectively, which induced Ca2+ increases
measured with fluo-4 AM and confocal microscope. Following washout, caffeine-induced Ca2+

increases were still observed. (B) The summary results from 10 cells. ���: p< 0.001; NS:
p> 0.05. These data imply that caffeine can induce Ca2+ elevations via RyR-independent path-
way.
(PDF)

S7 Fig. Chloro-induced force changes are reproducible. (A) A typical experiment performed
as described in Fig. 7A. (B) After washing out chloro and a 40 min rest period, an equivalent
experiment was performed. (C) The summarized results. NS: p> 0.05. These data indicate that
chloro can time-independently induce biphasic changes in force.
(PDF)

S8 Fig. Pax induces contraction. (A) Following ACH-induced contraction reached a plateau,
pax added and resulted in an additional contraction. (B) Summarized contractions from 4
rings. This result demonstrates that blockade of BKs results in contraction in ASM. ��:
p< 0.01; ���: p< 0.001.
(PDF)
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