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Abstract 

The effects of Ca2+ sparks on cerebral artery smooth muscle cells (CASMCs) and airway smooth muscle cells 
(ASMCs) tone, as well as the underlying mechanisms, are not clear. In this investigation, we elucidated the 
underlying mechanisms of the distinct effects of Ca2+ sparks on cerebral artery smooth muscle cells 
(CASMCs) and airway smooth muscle cells (ASMCs) tone. In CASMCs, owing to the functional loss of 
Ca2+-activated Cl- (Clca) channels, Ca2+ sparks activated large-conductance Ca2+-activated K+ channels (BKs), 
resulting in a decreases in tone against a spontaneous depolarization-caused high tone in the resting state. In 
ASMCs, Ca2+ sparks induced relaxation through BKs and contraction via Clca channels. However, the 
integrated result was contraction because Ca2+ sparks activated BKs prior to Clca channels and Clca 
channels-induced depolarization was larger than BKs-caused hyperpolarization. However, the effects of Ca2+ 
sparks on both cell types were determined by L-type voltage-dependent Ca2+ channels (LVDCCs). In 
addition, compared with ASMCs, CASMCs had great and higher amplitude Ca2+ sparks, a higher density of 
BKs, and higher Ca2+ and voltage sensitivity of BKs. These differences enhanced the ability of Ca2+ sparks to 
decrease CASMC and to increase ASMC tone. The higher Ca2+ and voltage sensitivity of BKs in CASMCs than 
ASMCs were determined by the β1 subunits. Moreover, Ca2+ sparks showed the similar effects on human 
CASMC and ASMC tone. In conclusions, Ca2+ sparks decrease CASMC tone and increase ASMC tone, 
mediated by BKs and Clca channels, respectively, and finally determined by LVDCCs. 

Key words: Smooth muscle cells; Ca2+ sparks; BK channels; Ca2+-activated Cl- channels; L-type 
voltage-dependent Ca2+ channels. 
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Introduction 
The tone of cerebral artery smooth muscle cells 

(CASMCs) and airway smooth muscle cells (ASMCs) 
is important for blood perfusion of the brain and air 
supply to the lung, respectively. Spontaneous, 
transient local Ca2+ elevations (Ca2+ sparks) [1] play a 
pivotal role in tone setting. However, their effects and 
underlying mechanism in CASMCs and ASMCs are 
still largely uncertain. 

Ca2+ sparks decreased the tone in rat and rabbit 
CASMCs through the activation of BKs [2-7]. 
However, TMEM16A, a Clca channel [8], has been 
found to be expressed in rat CASMCs [9] and 
mediates rat cerebral artery contraction [10]. 
Therefore, the effects of Ca2+ sparks on CASMC tone 
and the underlying mechanisms need to be clarified. 

Ca2+ release from intracellular stores induced by 
agonists can activate Cl- and K+ conductance and can 
cause contraction in guinea-pig tracheal smooth 
muscle cells [8]. Spontaneous Ca2+ events, Ca2+ sparks, 
can also occur in airway smooth muscle cells from 
guinea pig [11], pig [12] and mouse [13] ASMCs. They 
simultaneously induced relaxation via activating BKs 
and contraction by triggering Clca channels [11, 14, 
15]. However, the integrated effect was either 
contraction based on Ca2+ sparks being increased and 
mouse ASMC becoming shortened [16, 17] or 
relaxation, suggested by the blockade of RyRs with 
ryanodine mouse ASMC becoming shortened [18]. 
This discrepancy needs to be elucidated. 

In the present study, we comparatively defined 
the effects of Ca2+ sparks on CASMC and ASMC tone 
and investigated the underlying mechanisms.  

Materials and Methods 
For full details of the methods, please see the 

supporting information. 

Study approval 
All experiments on animal and human tissues 

were approved by the Institutional Animal Care and 
Use Committee and the Ethics Committee of the 
South-Central University for Nationalities, 
respectively.  

Ionic and mechanical measurements in single 
CASMCs and ASMCs 

Single CASMCs and ASMCs were enzymatically 
isolated from cerebral arteries and airways [16, 19-21]. 
Ca2+ sparks [13, 17, 22], cell length simultaneously 
with [17] and without [16] Ca2+ sparks, STICs, STOCs, 
and caffeine-induced currents [19, 20], LVDCC 
currents [23, 24], single BK currents [20] and Vm [25] 
were then measured.  

Measurements of TMEM16A and BK mRNA 
Total RNA was extracted from mouse CASMCs 

and ASMCs and was reverse transcribed to synthesize 
cDNA. Samples were analyzed by semi-quantitative 
RT-PCR and quantitative RT-PCR, respectively [26]. 

Immuno-fluorescence staining 
TMEM16A [9, 27] and BK expression [28] in 

single mouse cells were investigated using 
immuno-fluorescence staining.  

Data analysis 
All results are expressed as the means ± SD. 

Comparisons between two and multiple groups were 
performed using Student’s t-test and one-way 
ANOVA. Differences with P< 0.05 were considered 
statistically significant. 

Results 
Ca2+ sparks decrease mouse CASMC tone and 
increase ASMC tone 

Ryanodine (a selective blocker of RyRs) 
abrogated Ca2+ sparks in CASMC and caused their 
shortening. However, the abolishment of Ca2+ sparks 
did not induce shortening in ASMC (Fig. 1A, B). The 
summary results suggested that Ca2+ sparks 
decreased CASMC tone but did not affect ASMC tone 
(Fig. 1C). However, single ASMCs were elongated 
after the incubation of ryanodine under suspension 
conditions (Fig. 1D), suggesting that Ca2+ sparks 
increased ASMC tone and the cells adhered to the 
cover slip were prevented from extending (Fig. 
1B).Therefore, we used suspended cells to measure 
the cell length in subsequent experiments. This result 
was further confirmed by ryanodine and the known 
bronchodilator isoproterenol (ISO) inducing ASMC 
relaxation, resulting in increases in the airway lumen 
area (ALA) (Fig. S1, the detailed explanation for this 
method in the supplemental material). 

The efficiency of Ca2+ sparks is related to their 
frequencies and amplitudes. We found that Ca2+ 
sparks had a 2.4-fold higher frequency and a 1.7-fold 
higher amplitude in CASMCs than those in ASMCs 
(Fig. S2).  

Ca2+ sparks fail to activate STICs 
Ca2+ sparks activate Clca channels and BKs to 

generate STICs and STOCs, respectively. STOCs were 
observed in CASMCs, and both STICs and STOCs 
were noted in ASMCs (Fig. 2A, B, C). The frequency of 
STOCs in CASMCs was higher than that in ASMCs. 
These data indicate that CASMCs might only have 
BKs, and ASMCs may have both Clca channels and 
BKs. 
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Figure 1. Effects of ryanodine on Ca2+ sparks and cell length. (A) 
Simultaneous recordings of Ca2+ sparks and cell length were performed in 
mouse CASMCs using an LMS 700 confocal microscope. Ca2+ sparks were 
abolished by ryanodine, and the cell was shortened. (B) The same experiments 
were conducted in mouse ASMCs. The cell length did not change. (C) Summary 
of the results. (D) Single mouse ASMCs were incubated with ryanodine or 
vehicle for 15 min in the suspended state. Their lengths were increased 
compared with those of the controls. NS: P> 0.05; ***: P< 0.001. These results 
indicate that Ca2+ sparks decreased CASMC tone and increased ASMC tone. 

We used caffeine to further confirm these results. 
The caffeine-induced currents were recorded using a 
voltage ramp protocol. After washing out, the cells 
were incubated with NA (a blocker of Clca channels) 
or paxilline (a blocker of BKs) for 15 min, and then 
caffeine-induced currents were recorded again. The 
two peak currents at -60 mV (to represent Clca 
currents) or 40 mV (to reflect BK currents) were 
measured and the net values were calculated (Fig. 
2D), suggesting that CASMCs only had BKs, and 
ASMCs had both Clca channels and BKs. 

Rat CASMCs express TMEM16A, a Clca channel 
[9]. We observed large inward currents in rat 
CASMCs (Fig. S3). Thus, we then measured 
TMEM16A mRNA (Fig. S4) and protein (Fig. S5) in 
mouse CASMCs and ASMCs. The results suggest that 
TMEM16A was expressed in both mouse cell types 
but did not function as a Clca channel in CASMCs.  

To know whether TMEM16A functions in mouse 
ASMCs, the STICs and caffeine-induced currents were 
measured. The results show that anti-TMEM16A 
antibodies declined the amplitude of STICs and 
caffeine-induced inward currents (not significantly) 
(Fig. S6), suggesting that other genes may play a role 
in Clca channels in mouse ASMCs.  

Ca2+ sparks result in Vm changes and LVDCC 
activation 

STICs and STOCs affect Vm and then LVDCC 
activation and inactivation. LVDCC currents were 
blocked by nifedipine (a selective blocker of LVDCCs 
[29]). The current-voltage (I-V) curves (Fig. S7) 
indicate that LVDCCs were activated at 
approximately -40 mV in CASMCs and ASMCs, 
however, the currents were larger in the former than 
in the latter.  

Vm in CASMCs exhibited oscillations (Fig. 3), 
which were abolished, and the baseline was elevated 
by TEA (a blocker of BKs [2]). NA (an inhibitor of Clca 
channels [30]) did not induce Vm change. Based on 
-40 mV of the LVDCC threshold, we constructed 
distributions of Vm values. The area to the right of -40 
mV (S40) represents the LVDCC activation time, 
showing that the LVDCC opening time was short at 
the resting state (right) and was longer after TEA 
treatment (middle) and did not change after NA 
treatment (left). We further calculated the ratio of P0, 
S40 divided by the total area (ST), representing the 
open probability of LVDCCs (Fig. 3B). These results 
demonstrate that CASMCs had no functional Clca 
channels, and that, at the resting state, LVDCCs 
opened (P0= 0.13 ± 0.04, n = 6) by spontaneous 
depolarization that was potently inhibited by 
BKs-induced hyperpolarization. 
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Figure 2. Ca2+ sparks-activated currents in mouse cells. (A) Ca2+ sparks-activated currents at potentials from -60 mV to +10 mV were recorded in CASMC. 
Only STOCs were observed. (B) The same recordings were performed in an ASMC, showing that Ca2+ sparks simultaneously triggered STOCs and STICs; however, 
the former occurred prior to the latter shown in the inset box. (C) STOC and STIC frequency and amplitude. (D) Whole-cell ramp currents induced by 10 mM 
caffeine were recorded in CASMCs and ASMCs. The paxilline-sensitive currents were observed only in CASMCs and these currents with NA-sensitive currents were 
noted in ASMCs. The paxilline-sensitive currents were larger in CASMCs than in ASMCs. *: P< 0.05. These data indicate that CASMCs had no functional Clca 
channels; however, they had more STOCs and caffeine-induced inward currents than ASMCs. 

 
In ASMCs, we performed the same experiments 

and analyses (Fig. 3C, D). Vm exhibited large 
oscillations and frequently reached -40 mV (P0= 0.29 ± 
0.03, n = 8; P < 0.05 versus that in CASMCs). TEA did 
not affect the large upward spikes (i.e., depolarization 
spikes); however, it blocked the small downward 
spikes (i.e., hyperpolarization spikes) and resulted in 
the baseline elevating to ~-40 mV. NA abolished the 
large depolarization spikes, leading the baseline to 

decline below -40 mV. These results indicate that 
ASMCs had Clca channels and BKs. The 
former-induced LVDCC activation degree was larger 
than the latter-caused LVDCC inactivation degree; 
therefore, LVDCCs were still opened and mediated 
contraction. In addition, BKs-induced LVDCC 
activation degree was larger in CASMCs than 
ASMCs. 
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Figure 3. BKs and Clca channels mediate Vm changes in mouse cells. (A) Vm in a CASMC displayed smaller oscillations and TEA abolished oscillations and 
elevated the baseline. NA did not induce changes. All-point amplitude histograms were constructed, and S40 (the area to the right of -40 mV) and ST (the total area) 
were marked. (B) The ratios of S40/ST are summarized. (C-D) The same experiments and analyses were performed in ASMCs. *: P< 0.05; ***: P < 0.001. These 
results indicate that CASMCs had no functional Clca channels; in the resting state, the Po of LVDCCs was lower in CASMCs than in ASMCs, Clca channels-induced 
depolarization and LVDCC activation were higher than BKs-caused hyperpolarization and LVDCC inactivation in ASMCs, and that BKs-caused hyperpolarization and 
LVDCC inactivation were higher in CASMCs compared to ASMCs. 

 

The voltage and Ca2+ sensitivity of BKs are 
different in both cell types 

Ca2+ sparks cause local Ca2+ increases and Vm 
changes and then affect BKs activation. Therefore, we 
compared the BKs voltage and Ca2+ sensitivity 
between two cell types. Single BK currents were 
recorded using the inside-out technique on an excised 
membrane from a CASMC at 0, 20, 40, and 60 mV 
with 1 μM (left), 3 μM (middle) and 10 μM free Ca2+ 
(right, Fig. 4A). The Po values were calculated and 
presented above the traces. The histograms were 

constructed and the peak values (i.e., single-channel 
amplitudes) were obtained. These recordings and 
analyses were performed in a patch from an ASMC 
(Fig. 4B). The I-V curves were linear and the 
conductance values were calculated as 265.7 ± 0.01 pS 
for CASMCs and 272.6 ± 0.01 pS (P > 0.05) for ASMCs 
(Fig. 4C), suggesting that the BK conductance did not 
contribute to the different effects of Ca2+ sparks on 
tone in the two cell types. The Po-voltage curves (Fig. 
4D) showed that, in 1 μM free Ca2+, Po values between 
both cell types were not different at each of the 
voltages tested; however, in 3 and 10 μM free Ca2+, Po 
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values at 20, 40 and 60 mV were significantly higher in 
CASMCs than those in ASMCs. These results suggest 
that Po value at the same voltage was higher in 
CASMCs than in ASMCs, indicating that BKs had 

higher voltage sensitivity and higher Ca2+ sensitivity 
in the former than the latter, and that BKs were fully 
activated in both cell types with 10 μM Ca2+ and at a 
voltage of 60 mV.  

 

 
Figure 4. Voltage and Ca2+ sensitivity of BKs in mouse CASMCs and ASMCs. (A) Single BK currents were recorded using the inside-out technique at 0, 
20, 40, and 60 mV under 1, 3, and 10 μM free Ca2+ conditions in an excised patch from a CASMC. The Po values are shown above each trace. The corresponding 
all-point amplitude histograms were constructed and fitted, and the single-channel currents were obtained. (B) The same recordings and analyses from an excised 
patch from an ASMC. (C) I-V curves were constructed, and the conductance values were calculated for CASMCs and ASMCs. (D) Po-voltage curves show that the 
Po was larger in CASMCs than in ASMCs following the increases in voltage and free Ca2+, indicating that BKs in the former had a higher voltage and Ca2+ sensitivity 
than in the latter. *: P < 0.05. 
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Based on the single and whole-cell BK current 
amplitudes at 40 mV, the density of BKs was 
calculated as 31.0 ± 5.0 channels/pF (n = 10) in 
CASMCs and 16.4 ± 5.2 channels/pF (n = 5, P < 0.05) 
in ASMCs, suggesting that CASMCs had a 1.9-fold 
higher BK density than ASMCs. This was supported 
by staining with anti-BK-FITC antibodies, for which 
the intensity of FITC fluorescence was higher in 
CASMCs than in ASMCs (Fig. S8). 

Mechanism of the differences in voltage and 
Ca2+ sensitivity of BKs between the two cell 
types 

Both the voltage and Ca2+ sensitivities of BKs are 
determined by five subunits α, β1, β2, β3 and β4 [31, 
32]. We found that α, β1 and β4 mRNA was expressed 
in both cell types, and the level of α was 0.54-fold 
lower, that of β1 was 0.29-fold lower and β4 was 
3.8-fold higher in CASMCs than in ASMCs (Fig. S9). 
The mRNA levels of β2 and β3 were not detected. 
These results indicate that α, β1 and/or β4 are 
responsible for the differences in the voltage and Ca2+ 

sensitivity.  
We next defined which subunit plays a role 

using the antibody neutralization approach [33]. 
Single BK currents at 0, 20, 40, and 60 mV were 
recorded using the inside-out configuration in an 
excised patch from a CASMC and an ASMC in bath 
solutions with 1 μM intracellular free Ca2+ (Fig. S10). 
The currents were abolished following the addition of 
anti-BK α subunit antibodies in the bath. The 
denatured anti-BK α subunit antibodies had no effect 

(data not shown). These results were consistent with 
the α subunit being the pore-forming subunit of BKs 
[34].  

We next studied the role of the β1 subunit. The 
single BK currents at 0, 20, 40, and 60 mV in bath 
solutions with 1 and 3 µM free Ca2+ were similarly 
recorded using the inside-out technique in the 
absence and presence of anti-β1 subunit antibodies. 
The Po-voltage curves show that the Po values were 
decreased by the antibodies, and the decreases were 
larger in CASMCs than in ASMCs (Fig. 5A, B). These 
data indicate that β1 is the subunit responsible for the 
voltage and Ca2+ sensitivity in each cell type, as well 
as for the higher voltage and Ca2+ sensitivity of BKs in 
CASMCs than in ASMCs. The denatured anti-β1 
subunit antibodies had no effect (data not shown). 

Anti-β4 subunit antibodies failed to affect the Po 
values (Fig. S11), suggesting that the β4 subunits did 
not play a role.  

Effects of Clca, BK and LVDCC on tone 
We further observed the role of Clca, BK and 

LVDCC. The blocker of BKs (paxilline) induced 
shortening and the blocker of LVDCCs (nifedipine) 
induced elongation in CASMCs; in ASMCs, the 
blocker of Clca channels (NA) and nifedipine induced 
elongation, and paxilline caused shortening (Fig. S12). 
These results indicate that Clca channels and BKs 
mediate tone increases and decreases, respectively. 
LVDCCs was the final step, based on nifedipine 
abolishing ryanodine-induced cell length changes 
(Fig. S13). 

 

 
Figure 5. Effects of anti-β1 antibodies on single BK currents in mouse cells. (A) Single BKs-mediated currents were similarly recorded at 0, 20, 40 and 60 mV under 
1 and 3 µM free Ca2+ on excised patches from CASMCs and ASMCs using the inside-out technique. After incubation with anti-β1 antibodies, the currents were recorded again. 
Po values before and after the incubation with antibodies were calculated, and Po-voltage curves were constructed. The results show that the antibodies induced decreases in Po 
values in both CASMCs and ASMCs, however, the decreases were larger in the former than in the latter. (B) The net decreases in the Po (i.e., ∆Po) values were calculated and 
used to plot the ∆Po-voltage curves, showing that the ∆Po values were larger following increases in Ca2+ concentration and voltage in CASMCs than in ASMCs. *: P < 0.05. These 
data demonstrate that β1 subunits mediated the Ca2+ and voltage sensitivity of BKs in both cells and the higher Ca2+ and voltage sensitivity in CASMCs than in ASMCs. 
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Figure 6. Effects of Ca2+ sparks on human cell tone and the underlying mechanism. (A) Human CASMCs and human ASMCs were incubated with vehicle 
and ryanodine, and the cell lengths were measured. (B) Only STOCs were recorded in human CASMCs, however, STICs and STOCs were observed in human 
ASMCs. (C) Average frequency and amplitude of STICs and STOCs, showing that the amplitude of STOCs was lower in CASMCs than in ASMCs. (D) Caffeine failed 
to induce inward currents in three human CASMCs that occurred in three human ASMCs. **: P < 0.01; ***: P < 0.001. These results indicate that Ca2+ sparks 
decreased human ASMC tone and increased human CASMC tone and the former had only BKs and the latter had both Clca channels and BKs. 

 

Effects and mechanism of Ca2+ sparks on 
human CASMC and ASMC tone 

We next investigated whether Ca2+ sparks 
exhibit a similar effect on human CAMSC and ASMC 

tone. Ryanodine induced shortening in human 
CASMCs and elongation in human ASMCs (Fig. 6A). 
We hypothesized that these effects would also be 
mediated by Clca channels, BKs and LVDCCs. 
Therefore, we recorded STICs and STOCs. Only 
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STOCs were observed in CASMCs, and both were 
noted in ASMCs (Fig. 6B, C), consistent with the 
above findings in mouse cells. Moreover, caffeine 
failed to induce inward currents in human CASMCs; 
however, it did in human ASMCs (Fig. 6D), further 
indicating that human CASMCs had no functional 
Clca channels. In addition, we found that LVDCCs 
were expressed in both cell types (Fig. S14).  

The above results are summarized in Fig. 7. 

Discussion 
Ca2+ sparks decreased mouse and human 

CASMC tone. The key reason was the functional loss 
of Clca channels, although TMEM16A protein, a Clca 
channel, was expressed in mouse CASMCs. BKs 
mediated Ca2+ sparks to relax the cells through the 
pathway of STOC-hyperpolarization-inactivating 
LVDCC-terminating Ca2+ influx, suppressing 
spontaneous depolarization-induced contraction to 

maintain the tone at a low level [35]. However, in 
ASMCs, Ca2+ sparks activated the pathway of Clca 
channel (one is TMEM16A)-STIC-depolarization- 
LVDCC activation-Ca2+ influx, except for the 
above-described BKs-mediated relaxation. However, 
the integrated result was contraction. The reasons are 
that Ca2+ sparks activated BKs prior to Clca channels 
and the Clca channels-induced LVDCC activation 
degree was larger than the BKs-caused LVDCC 
inactivation degree. In addition, compared with 
ASMCs, CASMCs had great and higher amplitude 
Ca2+ sparks, a higher BK density and higher voltage 
and Ca2+ sensitivity of BKs. These allow Ca2+ sparks to 
induce more relaxation in CASMCs than in ASMCs, 
additionally supporting Ca2+ sparks in decreasing 
CASMC tone and increasing ASMC tone. Moreover, 
β1 subunits determine the higher voltage and Ca2+ 
sensitivity of BKs in CASMCs than in ASMCs. 

 

 
Figure 7. Mechanisms of Ca2+ sparks-induced decreases in CAMSC tone and increases in ASMC tone. CASMCs lack functional Clca channels. Ca2+ sparks only 
activate BKs, which mediate relaxation via the STOC-Vm-LVDCC-Ca2+ influx termination pathway. However, this relaxation is partially counteracted by the contraction induced 
by the spontaneous depolarization of Vm. In ASMCs, except for this BKs-mediated relaxant pathway, Ca2+ sparks also activate Clca channels, which then mediate contraction 
through the STIC-Vm-LVDCC-Ca2+ influx pathway. However, the integrated result is contraction. The cause may be that Ca2+ sparks activate BKs prior to Clca channels, allowing 
the contraction is not exactly antagonized by the relaxation. Moreover, Clca channels-induced membrane depolarization and LVDCC activation are larger compared to 
BKs-caused membrane hyperpolarization and LVDCC inactivation. In addition, the Ca2+ spark frequency and amplitude, BK density, BK currents and β1-determined Ca2+ and 
voltage sensitivity of BKs were higher in CASMCs than in ASMCS. These allow Ca2+sparks to cause more relaxation in CASMCs than in ASMCs. In addition, TMEM16A will be 
one type of Clca channels in ASMCs that plays a lesser role in mediating Ca2+sparks’ effect on cell tone. 
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Mechanism of Ca2+ sparks decreasing the 
mouse CASMC tone 

Ca2+ sparks induced rat and human CASMC 
relaxation [2-4, 36]. However, this was not reported in 
mouse CASMCs [37-39]. We found that Ca2+ spark 
abolishment induced mouse CASMC elongation (Fig. 
1), suggesting that Ca2+ sparks decreased mouse 
CASMC tone. This was mediated by BKs because 
paxilline induced cell shortening (Fig. S12). On the 
other hand, Ca2+ sparks can activate Clca channels to 
generate STICs and eventually cause contraction. 
TMEM16A is a Clca channel [40, 41], which was 
expressed and which mediated a contraction in rat 
CASMCs ([9, 42], Fig. S3). However, in mouse 
CASMCs, STICs and caffeine-induced inward 
currents were not recorded (Fig. 2), Vm was not 
affected by the Clca channel blocker NA (Fig. 3). 
These results were consistent with no inward STICs 
being observed at -40, -50 and -60 mV in mouse 
CASMCs [37-39]. These results excluded the existence 
of functional Clca channels, including TMEM16A, 
although it was expressed (Figs. S4, S5). The 
underlying reason for this needs to be further defined. 
Therefore, BKs mediated Ca2+ sparks to decrease the 
mouse CASMC tone. This relaxant action plays an 
important role in preventing cerebral artery 
narrowing; because CASMC keep contracting 
induced by spontaneous depolarization-activated 
LVDCCs (Figs. 3, 7). Thus, the key and final step for 
Ca2+ sparks to decrease CASMC tone is the 
inactivation of LVDCCs. This was evidenced by the 
results (Fig. S13).  

Mechanism of Ca2+ sparks increasing mouse 
ASMC tone 

In mouse ASMCs, Ca2+ sparks increased, and the 
cells contracted [16, 17], suggesting that Ca2+ sparks 
increased tone. In the present study, we abolished 
Ca2+ sparks, and the cells became elongated (Figs. 1, 
S1). These data suggest that Ca2+ sparks increased 
mouse ASMC tone. This was inconsistent with 
ryanodine inducing mouse ASMC shortening [18].The 
reason for this discrepancy needs to be further 
clarified, although it might be due to species 
differences. 

Mouse ASMCs expressed functional BKs and 
Clca channels (Figs. 2, [18, 43]). These 
channel-mediated currents resulted in Vm oscillations 
(Fig. 3, [18]). The upward spikes resulted from Clca 
channels, and the downward spikes resulted from 
BKs (Fig. 3), and the former can result in LVDCC 
activation (Figs. 3, S7; [18]). Therefore, in the 
physiological state, Ca2+ sparks result in contraction 
(Fig. S12). However, BKs can also mediateCa2+ sparks 

to relax the cells (Fig. S12). Why did the two 
components not completely counteract each other? 
The cause may be that Ca2+ sparks activated BKs prior 
to Clca channels (Fig. 1), a phenomenon that was also 
observed in guinea-pig ASMCs [11], allowing Clca to 
result in LVDCC activation, and that Clca-induced 
LVDCC activation was much larger than BK-caused 
LVDCC inactivation (Fig. 3D). Therefore, the 
determinant step for Ca2+ sparks to increase ASMC 
tone is the activation of LVDCCs, an activity that was 
demonstrated (Fig. S13).  

Whether Clca channels in mouse ASMCs were 
TMEM16A channels [40, 41]? TMEM16A was found 
to be expressed (Figs. S4, S5), but it might not be the 
main Clca channel because it did not contribute 
greatly to STICs and caffeine-induced inward currents 
(Fig. S6). Previous data have shown that TMEM16A 
gene deletion in the mouse resulted in an abolishment 
of STICs in ASMCs and that the inhibition of 
TMEM16A prevented agonist-induced mouse airway 
contraction [44]. Such a role was also observed in 
human [45] and guinea-pig ASMCs [46]. This 
indicates that the role of TMEM16A needs to be 
further investigated. 

BKs induce larger tone decreases in mouse 
CASMCs than in mouse ASMCs  

CASMCs have more STOCs than ASMCs (Fig. 2), 
likely due to CASMCs having great and higher 
amplitude Ca2+ sparks (Fig. S2), more BKs (Figs. 2, 4, 
S8) and higher voltage and Ca2+ sensitivity of BKs 
(Fig. 4) than ASMCs. STOCs then induce more 
hyperpolarization in CASMCs than in ASMCs, 
resulting in moe inactivation of LVDCCs in the former 
than in the latter. Indeed, this was confirmed by the 
results (Fig. 3). However, the blockade of BKs by 
paxilline failed to induce larger elongation of 
CASMCs (Fig. S12). The cause may be that CASMCs 
had larger LVDCC currents (Fig. S7), which resulted 
in more Ca2+ flux to induce larger contraction than 
ASMCs, counteracting the BKs-mediated larger 
relaxation in CASMCs.  

BKs are voltage- and Ca2+-dependent channels 
and each channel includes one pore-forming α and 
four tissue-specific regulatory β subunits (β1-4) [47, 
48]. β1 is widely expressed in smooth muscle [47], 
consistent with this, its mRNA in both cell types was 
detected (Fig. S9). β4 was also observed and its level 
was higher in CASMCs. The level of α was high in 
both cell types as expected. These mRNA data helped 
us to narrow the auxiliary subunits to β1 and β4. Our 
results show that α was the pore-forming subunit 
(Fig. S10); therefore, its role in voltage and Ca2+ 
sensitivity of BKs [49] cannot be observed by this 
approach. Both sensitivities will be determined by β1 
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(Fig. 5), and not by β4 (Fig. S11), in both cell types, 
therefore, the higher voltage and Ca2+ sensitivity of 
BKs in CASMCs than in ASMCs is also attributable to 
β1 subunit (Fig. 5). 

Effects of Ca2+ sparks on human cell tone 
In addition, we found that Ca2+ sparks similarly 

decreased human CASMC tone and increased human 
ASMC tone, and the underlying mechanism might be 
the same as that in mouse cells, based on the results 
(Figs. 6, S14).  

Summary 
Our results suggest that Ca2+ sparks had distinct 

effects on the tone of mouse and human CASMCs and 
ASMCs, mediated by BKs and/or Clca channels and 
finally determined by LVDCCs (Fig. 7). These 
findings may provide new interpretations and 
therapeutic strategies for cerebral ischemia diseases 
and lung obstructive diseases. 
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