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BACKGROUND AND PURPOSE
While selective, bitter tasting, TAS2R agonists can relax agonist-contracted airway smooth muscle (ASM), their mechanism of
action is unclear. However, ASM contraction is regulated by Ca2+ signalling and Ca2+ sensitivity. We have therefore investigated
how the TAS2R10 agonists chloroquine, quinine and denotonium regulate contractile agonist-induced Ca2+ signalling and
sensitivity.

EXPERIMENTAL APPROACH
Airways in mouse lung slices were contracted with either methacholine (MCh) or 5HT and bronchodilation assessed using
phase-contrast microscopy. Ca2+ signalling was measured with 2-photon fluorescence microscopy of ASM cells loaded with
Oregon Green, a Ca2+-sensitive indicator (with or without caged-IP3). Effects on Ca2+ sensitivity were assessed on lung slices
treated with caffeine and ryanodine to permeabilize ASM cells to Ca2+.

KEY RESULTS
The TAS2R10 agonists dilated airways constricted by either MCh or 5HT, accompanied by inhibition of agonist-induced Ca2+

oscillations. However, in non-contracted airways, TAS2R10 agonists, at concentrations that maximally dilated constricted
airways, did not evoke Ca2+ signals in ASM cells. Ca2+ increases mediated by the photolysis of caged-IP3 were also attenuated
by chloroquine, quinine and denotonium. In Ca2+-permeabilized ASM cells, the TAS2R10 agonists dilated MCh- and
5HT-constricted airways.

CONCLUSIONS AND IMPLICATIONS
TAS2R10 agonists reversed bronchoconstriction by inhibiting agonist-induced Ca2+ oscillations while simultaneously reducing
the Ca2+ sensitivity of ASM cells. Reduction of Ca2+ oscillations may be due to inhibition of Ca2+ release through IP3 receptors.
Further characterization of bronchodilatory TAS2R agonists may lead to the development of novel therapies for the treatment
of bronchoconstrictive conditions.

Abbreviations
[Ca2+]i, cytosolic calcium concentration; ASM, airway smooth muscle; BKCa, Ca2+-dependent, large-conductance
potassium channels; COPD, chronic obstructive pulmonary disease; IP3, inositol-1,4,5-trisphosphate; MCh,
methacholine; MLC, myosin light chain; MLCK, myosin light chain kinase; PBST, 0.1% triton X-100 PBS solution; RyR,
ryanodine receptor; SOC, store-operated calcium; SR, sarcoplasmic reticulum; TAS2R, taste receptor type 2
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Introduction
Bronchoconstriction is a feature of asthma and chronic
obstructive pulmonary disease (COPD) mediated partly
by excessive airway smooth muscle (ASM) contraction.
β2-Adrenoceptor agonists are widely used for the relief of
bronchoconstriction. However, β2-adrenoceptor agonists are
not always effective; hence, there is a need for additional
bronchodilators.

ASM tone is regulated by GPCRs. Activation of mus-
carinic, histamine and leukotriene GPCRs, which act via Gαq/

11, stimulates ASM contraction (Ressmeyer et al., 2010) by
increasing cytosolic calcium concentration ([Ca2+]i), which
activates myosin light chain (MLC) kinase (MLCK) to induce
MLC phosphorylation. These Ca2+ increases result from
phospholipase-Cβ (PLCβ) activity that produces inositol-
1,4,5-trisphospate (IP3), which, in turn, activates IP3 receptors
on the sarcoplasmic reticulum (SR) to open and release stored
Ca2+ (Bai et al., 2009). The increased release of Ca2+ is mani-
fested as Ca2+ oscillations with the frequency of oscillations
correlating with airway constriction (Bai and Sanderson,
2009; Ressmeyer et al., 2010). The extent of airway constric-
tion induced by a particular Ca2+ oscillation frequency is also
modulated by ASM Ca2+ sensitivity (Bai and Sanderson,
2006b), which itself is a multi-component mechanism acti-
vated by Gαq/11 signalling. The major mechanisms mediating
Ca2+ sensitivity are the activation of Rho kinase or PKC.
Increased activity of these kinases leads to reduced MLC
phosphatase (MLCP) activity. With decreased MLCP activity,
Ca2+-dependent MLCK activity enhances MLC phosphoryla-
tion and increased contraction (Sanderson et al., 2008;
Wright et al., 2013).

By contrast, β2-adrenoceptor GPCRs signal through Gαs to
activate adenylate cyclase and cAMP production to induce
ASM relaxation. Bronchodilation through β2-adrenoceptors
is associated with the inhibition of agonist-induced Ca2+

oscillations by either inhibiting the release of Ca2+ via the
IP3 receptor, preventing IP3 generation or both (Bai and
Sanderson, 2006a). Furthermore, β2-adrenoceptor activation
by formoterol (Delmotte and Sanderson, 2010) or salbutamol
(Delmotte and Sanderson, 2008) reduces the Ca2+ sensitivity
associated with agonist-induced bronchoconstriction.

A GPCR screening study has also revealed that ASM cells
express other GPCRs. Of particular interest in the present
context is the type 2 taste receptor (TAS2R) family responsible
for the sensation of a bitter taste (Chandrashekar et al., 2000).
While TAS2R-stimulation resulted in increased Ca2+ signalling
in cultured ASM cells, which would normally be associated
with contraction, the TAS2R agonists chloroquine, quinine
and saccharin paradoxically relaxed tracheal strips contracted
with contractile agonists (Deshpande et al., 2010; Pulkkinen
et al., 2012). Thus, bronchodilation by TAS2R agonists was
proposed to be mediated by elemental Ca2+ events that acti-
vated Ca2+-dependent, large-conductance potassium chan-
nels (BKCa), which hyperpolarized the membrane to induce
ASM relaxation (Deshpande et al., 2010).

However, there are several inconsistencies in this hypoth-
esis. While BKCa can be activated by spontaneous Ca2+ sparks
in cultured ASM cells (Zhuge et al., 2010), Ca2+ sparks are rare
in ASM cells within lung slices and occur only when stressed
with external KCl; this is believed to result in the over-filling

of the SR with Ca2+, which sensitizes ryanodine receptors
(RyRs) to open (Perez and Sanderson, 2005b; Tazzeo et al.,
2008; Bai et al., 2009). Importantly, spontaneous transient
outward currents (BKCa activation by Ca2+ sparks measured by
patch clamp) in ASM cells are unaffected by TAS2R agonists
(Zhang et al., 2012). Furthermore, TAS2R agonist-induced
Ca2+ sparks in ASM cells appear to be Ca2+ puffs arising from
the opening of IP3 receptors, which have not been correlated
with BKCa activation in ASM. Nevertheless, if TAS2R agonist-
induced bronchodilation is dependent on Ca2+ sparks or
puffs, these elemental Ca2+ signals would have to contend
with agonist-induced whole-cell Ca2+ oscillations and waves
to reverse bronchoconstriction. Evidence for this dual form of
Ca2+ signalling has not been reported for TAS2R agonists
because ASM relaxation and Ca2+ signalling were examined
separately with different cellular preparations (Deshpande
et al., 2010). ASM force was measured with agonist-contracted
ASM tissue strips, whereas Ca2+ signalling was observed in
cultured ASM cells in the absence of contractile agonists
(Deshpande et al., 2010; Robinett et al., 2011).

Previous studies characterized bronchodilation by TAS2R
agonists in trachea or large bronchi. However, pathological
alterations in asthma extend down to small peripheral
airways (∼1–3 mm diameter in human lungs). In this study,
we examined the effects of the TAS2R10 agonists, chloro-
quine, quinine and denotonium, in peripheral airways with
diameters of 100–200 μm in mouse lung slices in order to
correlate bronchoconstriction with ASM intracellular Ca2+

signalling and Ca2+ sensitivity. TAS2R10 agonists induced
bronchodilation without stimulating Ca2+ signals. Instead,
bronchodilation by TAS2R10 agonists correlated with an
inhibition of agonist-induced Ca2+ oscillations and decreased
Ca2+ sensitivity.

Methods

Materials
Most reagents were obtained from Sigma Aldrich (St. Louis,
MO, USA). HBSS was supplemented with 20 mM HEPES
(sHBSS), which was adjusted to pH 7.4 with NaOH. All ago-
nists were prepared in sHBSS. Stock solutions of quinine were
prepared in DMSO with final solutions containing 0.5% (or
less) DMSO.

Lung slice preparation
All animal care and experimental procedures complied with
the requirements of the Animal Welfare Act, US Public Health
Service Policy and NIH guidelines and were approved by the
Institutional Animal Care and Use Committee of the Univer-
sity of Massachusetts Medical School. Studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). BALB/c mice (Charles River
Breeeding Labs, Needham, MA, USA) were kept in 484 cm2

rectangular polysulfone cages containing Bed-o’ Cobs 1/4
inch bedding material (The Andersons Inc, Maumee, OH,
USA), which were autoclaved prior to use. Mice (4 per cage)
were exposed to 12 h day/night cycle and provided with free
access to irradiated Isopro 5P76 pellet diet (LabDiet, St Louis,
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MO, USA) and water (pH 2.8–3). Sixty-one female BALB/c
mice were killed by i.p. injection of sodium pentabarbitone
(15 mg per mouse). After removal of the chest wall, lungs
were inflated with ∼1.1 mL of 1.8% warm agarose in sHBSS
via an intratracheal catheter. Subsequently, air (∼0.3 mL) was
injected to push the agarose within the airways into the
alveoli. The agarose was gelled at 4°C. A vibratome (VF-300,
Precisionary Instruments, Greenville, NC, USA) was used to
make 180 μm thick slices, which were maintained in DMEM
(Invitrogen, Carlsbad, CA, USA) at 37°C in 10% CO2/air. All
experiments were conducted at 37°C in a custom-made
temperature-controlled Plexiglas chamber, as described in Bai
and Sanderson (2009).

Immunocytochemistry
Lung slices fixed in 4% formalin for 45 min were permeabi-
lized in 0.1% Triton X-100 PBS solution (PBST) for 45 min.
Non-specific sites were blocked by 1 h incubation in PBST
containing 1% BSA. Slices were incubated with either
4 μg·mL−1 mouse tas2r107 rabbit polyclonal antibody (SC-
139175, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
rabbit IgG isotype control (SC-2027) for 2 h. After PBS wash,
slices were incubated in 20 μg·mL−1 Alexa-488-conjugated
goat anti-rabbit IgG (A-11034, Molecular Probes, Leiden, the
Netherlands) for 2 h. After PBS wash, slices were incubated in
50 μg·mL−1 Cy3-conjugated α-smooth muscle actin monoclo-
nal mouse antibody (C6198, Sigma) for 1 h. Immunofluores-
cence was recorded using confocal microscopy. Simultaneous
recording of transmitted-light images was achieved using a
third photomultiplier to detect laser light transmitted by the
specimens.

Measurement of bronchoconstriction
Full details are described in Bai and Sanderson (2009). Briefly,
a lung slice was mounted on a cover-glass and held down
with 200 μm mesh with a hole aligned over an airway. A
smaller cover-glass was placed on top of the mesh and sealed
at the sides with silicone grease to facilitate solution
exchange. Phase-contrast images were recorded on an
inverted microscope with a ×20 objective. An image was
recorded every 2 s with a CCD camera and image acquisition
software (Video Savant, IO Industries, Montreal, Canada).
Analysis was performed using ImageJ software by converting
each video frame into a binary image after setting a threshold
to separate lumen grey levels (set to black) from the sur-
rounded tissue grey level (set to white). The change in lumen
area was determined by summing the number of contiguous
pixels (black) in each image.

Measurement of Ca2+ oscillations
Lung slices were incubated in sHBSS containing 20 μM
Oregon Green 488 BAPTA-1-AM (Invitrogen), a Ca2+-sensitive
dye, 0.1% Pluronic F-127 and 200 μM sulfobromophthalein
in the dark at 30°C for 1 h. Subsequently, the slices were
incubated in 200 μM sulfobromophthalein for 30 min. Slices
were mounted as previously described and examined with a
custom-built 2-photon scanning laser microscope with a ×40
oil immersion objective and images recorded at 30 images s−1.
Changes in fluorescence intensity (which represent changes
in [Ca2+]i) were analysed in an ASM cell of interest by

averaging the grey value of a 10 × 10 pixel region using
custom-written software. Relative fluorescence intensity was
expressed as a ratio of the fluorescence intensity (Ft/F0) at a
particular time (Ft) normalized to the initial fluorescence
intensity (F0). Ca2+ oscillation frequency was determined by
measuring the period between each spike and expressed as
the number of spikes per minute. For all experiments, each n
number refers to the number of ASM cells analysed.

Flash photolysis of caged-IP3
Lung slices were prepared as described earlier. However,
during the 1 h incubation with the Ca2+ indicator, sHBSS also
contained 2 μM caged-IP3 [iso-Ins(1,4,5)P3/PM; Enzo Life Sci-
ences Farmingdale, NY, USA]. Details of the flash photolysis
setup have been previously described (Leybaert and
Sanderson, 2001). Briefly, a pulse (2 s) of UV light was gener-
ated from a mercury arc lamp with a band-pass filter (330 nm)
and shutter. The mercury arc was focused to a small image in
the conjugate plane of the microscope with a convex lens
(200 mm focal length). Ca2+-dependent fluorescence changes
in ASM cells were examined and analysed as described earlier.
The amount of Ca2+ released during 45 s after the UV flash
was determined by the AUC of the Ft/F0 versus time trace. In
control experiments, to determine that the TAS2R10 agonists
did not interfere with the process of photolyis, an aqueous
solution of CMNB-caged-fluorescein (40 μM, Invitrogen),
mixed with or without TAS2R10 agonists, was placed on a
cover-glass and exposed to a UV flash as described earlier.

Measurement of Ca2+ sensitivity
Ca2+-permeabilized lung slices were created by pretreating
lung slices with 20 mM caffeine and 50 μM ryanodine (Enzo
Life Sciences) for 5 min, followed by a thorough washout
with sHBSS prior to experiments. The details of this approach
and its validation are described in Bai and Sanderson (2006b).

Data analysis
Statistical analyses were performed using Prism 6 (GraphPad,
La Jolla, CA, USA). Results are presented as mean ± SEM, and
significance (P) was determined using one-way ANOVA with
Bonferroni post hoc test.

Results

Expression of bitter taste receptors on murine
ASM cells
To determine if mouse ASM expressed bitter taste receptors,
lung slices were stained with antibodies against the mouse
bitter taste receptor tas2r107 and the ASM marker, α-smooth
muscle actin (αSMA) (Figure 1). Tas2r107 is the mouse ortho-
logue of the human TAS2R10 expressed on human ASM
(Deshpande et al., 2010). Mouse ASM cells expressing αSMA
(red) showed high expression of tas2r107 (green); a correla-
tion confirmed by the resultant yellow/orange colour in
the overlay image (Figure 1D,E). Although there was weak
staining of the epithelium with the isotype control, the
ASM remained negative. Because chloroquine, quinine and
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denotonium are known to be TAS2R10 agonists (Wiener et al.,
2012), we investigated their effects on bronchodilation and
ASM Ca2+ signalling.

Effects of TAS2R10 agonists on methacholine
(MCh)- and 5HT-induced bronchoconstriction
Bronchodilation by the TAS2R10 agonists was examined in
the presence of 400 nM MCh, which induced a submaximal
bronchoconstriction of 61 ± 3% (n = 24, 6 mice) of the initial
lumen size (average = 3.7 ± 0.25 × 104 μm2) (Figure 2A–C).
Treatment of MCh-constricted airways with chloroquine
induced a concentration-dependent bronchodilation with
maximum effect of 101 ± 3% with 100 μM (n = 6, 3 mice, P <
0.05) (Figure 2A,B) and EC50 of 8.1 ± 1.2 μM (Figure 2D) (Sup-
porting Information Video S1). A similar bronchodilation
was induced by quinine (Figure 2C,D; Supporting Informa-
tion Video S2) and denotonium (Figure 2D) with a maximum
bronchodilation of 95 ± 3% for 500 μM quinine (n = 10, 3
mice, P < 0.05) and 94 ± 1.4% for 100 μM denotonium (n = 11,
3 mice, P < 0.05), with EC50 values of 13.4 ± 1.4 μM and 83 ±
2 μM for quinine and denotonium respectively (Figure 2D).

Similar studies were performed using 1 μM 5HT, which
reduced lumen area to 57 ± 1% (n = 34, 6 mice, P = 0.017)
(Figure 2E–H). In these 5HT-constricted airways, chloroquine
and quinine (500 μM) induced a maximum bronchodilation
of 99.7 ± 1% (n = 7, 3 mice, P < 0.001) and 99 ± 1% (n = 8, 3
mice, P < 0.001) and EC50 of 87 ± 2% and 28 ± 1% for
chloroquine and quinine respectively (Figure 2H).

Chloroquine and quinine also retained their ability to
dilate airways constricted with higher MCh concentrations; 1
and 10 μM MCh reduced airway to 40 ± 5% (n = 18, 4 mice)
and 30 ± 4% (n = 18, 4 mice) respectively (Figure 3A,B).
Under these conditions, chloroquine (100 μM) and quinine
(200 μM) induced bronchodilation of 99 ± 1% (n = 9, 2 mice)
and 83 ± 3% (n = 9, 2 mice), respectively, in the presence of
1 μM MCh, and 85 ± 5% (n = 9, 2 mice) and 73 ± 3% (n = 9,
4 mice), respectively, in the presence of 10 μM MCh
(Figure 3A,B).

Aristolochic acid and saccharin are agonists for human
TAS2R31 and TAS2R43 (Wiener et al., 2012), which are not
expressed in mice. Consistent with the lack of murine recep-
tors, aristolochic acid and saccharin (n = 8, 3 mice) mediated
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Rabbit IgG
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Figure 1
Expression of mouse bitter-taste receptor tas2r107 on ASM. (A) A
non-confocal transmitted-light image displaying a section of the
airway lumen, epithelium and surrounding alveolar tissue. (B) ASM
cells in the same airway were identified by αSMA expression
(pseudo-coloured with red). (C) Expression of the bitter-taste recep-
tor tas2r107 (pseudo-coloured with green). (D) The merged image
of ASM cells expressing αSMA and tas2r107; ASM cells with positive
staining for both αSMA and tas2r107 are indicated by yellow/orange
pseudo-colour. (E) The αSMA and tas2r-positive ASM cells overlaid
onto the transmitted-light image shows the ASM were localized
adjacent to the airway epithelium. (F) To identify non-specific cross-
reactivity of the tas2r polyclonal antibody, additional lung slices were
stained with normal rabbit IgG isotype control in lieu of the tas2r
antibody. Non-specific staining was pseudo-coloured with green in
overlay image. Images are representative of three separate experi-
ments conducted on 3 mice.
◀
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Figure 2
Effects of TAS2R10 agonists on MCh- and 5HT-induced airway constriction. Phase-contrast images (scale bar = 100 μm) of an airway in a lung slice
under resting conditions and treated with (A) 400 nM MCh or (E) 1 μM 5HT in the absence and presence of chloroquine (CQN). (B, C) The effects
of (B) chloroquine and (C) quinine (QN) at a range of concentrations and 0.5% DMSO vehicle in airways constricted with 400 nM MCh. (F, G)
The effects of (F) chloroquine and (G) quinine at a range of concentrations in airways constricted with 1 μM 5HT. Each line represents the mean
and each point represents the mean ± SEM of the lumen area normalized to the initial size at t = 0 s (D, H). The concentration-dependent
bronchodilation of chloroquine, quinine and denotonium (DEN) in airways constricted with (D) 400 nM MCh and (H) 1 μM 5HT. Each point
represents the mean ± SEM. All experiments were performed on lung slices prepared from 3 to 4 mice. *P < 0.05, significantly different from the
MCh or 5HT responses.
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only weak or no bronchodilation respectively (Figure 3C,D).
Aristolochic acid had no effect at 300 μM but at 1 mM
resulted in a slowly developing partial bronchodilation of 50
± 4% (n = 5, 2 mice) (Figure 4D).

Effects of TAS2R10 agonists on ASM
intracellular Ca2+ signalling
Because TAS2R-induced Ca2+ signalling in ASM cells has been
proposed as a mechanism mediating bronchodilation, we
investigated this possibility using concentrations of TAS2R10
agonists that fully reversed MCh-induced bronchodilation.
Initially, the competency of ASM cells to display Ca2+ signal-
ling was confirmed with 400 nM MCh (Figure 4A,B), which
induced Ca2+ oscillations with a mean frequency of 56 ±
5 min−1 and a fluorescence ratio intensity of 2.2 ± 0.5 (n = 8,
4 mice). These Ca2+ oscillations stopped when MCh was
removed. By contrast, chloroquine, quinine (at 500 μM) or
vehicle alone failed to induce any changes in [Ca2+]i in the
same ASM cells (mean fluorescence ratio intensity of 0.9 ±
0.03, 1 ± 0.1 and 1 ± 0.1, respectively) (Figure 4B, representa-
tive of n = 8, 4 mice). When the lung slice was re-exposed
to MCh, the Ca2+ oscillations in the ASM cells resumed.
However, the magnitude, but not the frequency, of the

fluorescence signals reporting these later Ca2+ oscillations
were reduced (Figure 4B). This is consistent with the fact
that the signal magnitude is also influenced by the intracel-
lular concentration of the Ca2+-sensitive indicator. With long
duration experiments (∼1800 s), both bleaching and extru-
sion of the indicator can occur, leading to decreased fluores-
cence for similar Ca2+ changes. The signal intensity in the
control experiment (Figure 4C) declines with a similar
pattern, which indicates a loss of the Ca2+ indicator rather
than a change in Ca2+ signalling as a result of exposure to
TAS2R10 agonists.

While the TAS2R10 agonists at a concentration that
induced maximum bronchodilation (500 μM) did not
increase ASM cell [Ca2+]i, treatment of lung slices with higher
concentrations of chloroquine (1–10 mM) could stimulate
transient Ca2+ spikes (Ft/F0 > 2.0), albeit in a small proportion
of ASM cells (Figure 4D). These Ca2+ spikes occurred within
60 s of chloroquine application and appeared as either single
or double transients propagating throughout the cell. After
the initial Ca2+ spikes, no additional Ca2+ spikes appeared
during the prolonged chloroquine treatment for up to 5 min.
The Ca2+ competency of the ASM cells that were unresponsive
to chloroquine was verified by the ability of 400 nM MCh to
induce Ca2+ oscillations. The proportion of responsive ASM
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Figure 3
Effects of TAS2R10 (chloroquine and quinine), TAS2R31 (aristolochic acid ) and TAS2R43 (saccharin) agonists on MCh-induced airway constriction.
(A, B) Effects of (A) 100 μM chloroquine (CQN) and (B) 200 μM quinine (QN) on airways constricted with 1 μM and 10 μM MCh. (C, D) Effects
(C) 1 mM saccharin (SAC) and (D) aristolochic acid (AA) at a range of concentrations on airways constricted with 400 nM MCh. Each line
represents the mean and each point represents the mean ± SEM of the lumen area normalized to the initial size at t = 0 s. All experiments were
performed on lung slices prepared from 2 to 3 mice.
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cells increased from 6.3 ± 1% to 37 ± 5% as the chloroquine
concentration increased from 1 and 10 mM (Figure 4E; ana-
lysed from 70 to 80 ASM cells, 3–4 mice).

Chloroquine and quinine (500 μM) also had no effect
on basal airway area (Figure 5A,B; n = 9, 3 mice). The order

of chloroquine and quinine exposure also did not affect the
results because their application was randomized. Again, in
non-responding airways, the viability of the airway was
confirmed at the end of experiments by re-exposure to
MCh, which stimulated both Ca2+ oscillations (Figure 4B)

A t=0 s t=60 s t=570 s t=960 s

sHBSS MCh 400 nM CQN 500 μM QN 500 μM 

ASM

Lumen

AEC

D

CQN 500 μM QN 500 μM Vehicle

In
te

ns
ity

 (F
t/F

0)

0.5

1.5

2.5 MCh 400 nM

0 30 60 900 30 60 90 510 600 900 990 1290 1380 1680 1770

MCh 400 nMB

In
te

ns
ity

 (F
t/F

0)

0.5

1.5

2.5 MCh 400 nM

0 30 60 90 255 285 315 345 375 405 435

MCh 400 nM

1680 1770

C
sHBSS

Time (s)

Time (s)

Time (s)

In
te

ns
ity

 (F
t/F

0)

1

2

3

0 60 120 180 0.1 0.3 1 3 10

0

10

20

30

40

50

[CQN] mM

%
 re

sp
on

si
ve

 A
SM

 c
el

ls

Time (s)
0 60 120 180

Time (s)
0 60 120 180

CQN 1 mM CQN 3 mM CQN 10 mM
E

1.0

2.0

1.0

2.0

Figure 4
Effects of TAS2R10 agonists on ASM cell Ca2+ signalling and bronchoconstriction. (A) A series of 2-photon fluorescence microscopy images (scale
bar = 20 μm) showing ASM cells (ASM) adjacent to airway epithelial cells in the same airway of a mouse lung slice in response to sHBSS, 400 nM
MCh, 500 μM chloroquine (CQN) and 500 μM quinine (QN) at various times (indicated above) during the experimental protocol in (B). (B) Ca2+

signal trace from the ASM cell shown (A) under resting (t = 0–15 s) and during treatment with 400 nM MCh (t = 15–90 s), 500 μM chloroquine
(t = 510–600 s), 500 μM quinine (t = 900–990 s), 0.5% DMSO vehicle (t = 1290–1380 s) and 400 nM MCh (t = 1690–1770) with 5 min sHBSS
washout intervals in between treatments (representative of n = 8, 3 mice). Inset traces show details of Ca2+ oscillations. (C) A control Ca2+ signal
trace from a separate experiment demonstrating the effects of Ca2+-fluorescent indicator bleaching and/or extrusion due to extended experi-
mental time on the fluorescence intensity associated with Ca2+ oscillations. (D) Ca2+ signal traces from ASM cells demonstrating 1 or 2 transient
Ca2+ spikes in response to 1, 3 and 10 mM chloroquine. (E) The percentage of ASM cells displaying Ca2+ signals in response to increasing high
concentrations of chloroquine (analysed from 75 to 80 ASM cells, 3–4 mice). For B–D, representative traces are expressed as intensity (Ft)
normalized to the initial intensity at t = 0 s (F0), measured from a 10 × 10 pixel ROI of a single ASM cell.

BJP X Tan and M J Sanderson

652 British Journal of Pharmacology (2014) 171 646–662



and bronchoconstriction (Figure 5B) similar to the initial
MCh treatment.

Effect of TAS2R10 agonists on MCh- and
5HT-induced Ca2+ oscillations
Treatment with either MCh (400 nM) or 5HT (1 μM) estab-
lished stable Ca2+ oscillations with mean frequencies of 72 ±
6 min−1 (n = 17, 3 mice) and 62 ± 5 min−1 (n = 10, 3 mice)
respectively (Figure 6). In MCh-constricted airways, chloro-
quine (Figure 6A,B), quinine (Figure 6C,D) and denotonium
(Figure 6E,F) reduced the Ca2+ oscillation frequency in a
concentration-dependent manner with an IC50 of 23 ± 1 μM
(n = 6–13, 4 mice), 56 ± 1 μM (n = 8–20, 5 mice) and 31 ±
1.2 μM (n = 8–12, 4 mice) respectively (Figure 7A). All
TAS2R10 agonists assayed abolished MCh-induced Ca2+

oscillations (Figure 6B,D,F). MCh-induced Ca2+ oscillations
returned when the TAS2R10 agonists were removed
(Figure 6B,D,F). Similar concentration-dependent reductions
and recoveries in the 5HT-induced Ca2+ oscillation frequency
were mediated by chloroquine and quinine with IC50 values
of 57 ± 1.2 μM (n = 9–13, 3 mice) and 48 ± 1.4 μM (n = 6–10,
3 mice) respectively (Figure 7B).

Chloroquine and quinine also inhibited higher Ca2+ oscil-
lation frequencies associated with higher MCh concentra-
tions. The Ca2+ oscillation frequency of 80 ± 4 min−1 (n = 26,
3 mice) induced by 1 μM MCh was reduced by 90 ± 3% (n =
14, 2 mice, P < 0.01) by chloroquine (100 μM) and by 61 ± 8%
(n = 12, 2 mice, P < 0.01) by quinine (500 μM) (Figure 7C).
Similarly, the Ca2+ oscillation frequency of 88 ± 4 min−1

induced by 10 μM MCh (n = 40, 3 mice) was reduced by 67 ±
3% (n = 18, 3 mice, P < 0.01) with chloroquine (100 μM) and

by 59 ± 4% (n = 24, 3 mice, P < 0.01) with quinine (200 μM)
(Figure 7C).

Effects of TAS2R10 agonists on
GPCR signalling
Previous studies reported that TAS2R agonist-induced bron-
chodilation was mediated through the G-protein Gβγ and the
Pertussis toxin-sensitive Gαi signalling pathways (Deshpande
et al., 2010; Zhang et al., 2013). To test these hypotheses, lung
slices were stimulated with 400 nM MCh to stimulate Ca2+

oscillations before and after 45 min treatment with 20 μM
gallein, a non-specific inhibitor of Gβγ subunits. MCh
induced Ca2+ oscillations with a frequency of 70 ± 6 min−1

(n = 18, 3 mice) before gallein treatment and a significantly
lower frequency of 55 ± 5 min−1 (n = 18, 3 mice, P < 0.05, cf.
initial MCh) after gallein treatment. The MCh-induced Ca2+

oscillations in gallein-treated ASM cells were significantly
inhibited by 100 μM chloroquine (1 ± 0.5 spikes min−1, n = 18,
3 mice, P < 0.01). Similarly, lung slices pretreated with
1 μg·mL−1 Pertussis toxin for 8 h failed to alter the effects of
chloroquine on MCh-induced Ca2+ oscillations (n = 13, 2
mice, P < 0.01). These results indicate that in lung slices,
bronchodilation induced by the TAS2R10 agonists was not
mediated via Gβγ and Gαi signalling pathways.

Effects of TAS2R10 agonists on activation of
IP3 receptors and SR Ca2+ stores
To determine if the inhibition of Ca2+ oscillations by the
TAS2R10 agonists was though the inhibition of IP3 receptors
or PLC, leading to reduced IP3 concentration, IP3 was gener-
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Effect of TAS2R10 agonists on resting airway size. (A) Phase-contrast images (scale bar = 100 μm) showing an airway, lined with airway epithelial
cell with surrounding alveolar tissue and (B) changes in lumen area of the same airway under resting condition (t = 0–30 s) and treated with
400 nM MCh (t = 30–330 s), 500 μM chloroquine (CQN; t = 630–930 s), and 500 μM quinine (QN; t = 1230–1530 s), 0.5% DMSO vehicle
(t = 1830–2130 s) and 400 nM MCh (t = 2430–2730) with 5 min sHBSS washout in between treatments (representative of n = 9, 3 mice).
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ated within ASM cells by UV photolysis of caged-IP3. Control
responses were initially determined by a 2 s UV flash focused
on a single ASM cell in lung slices loaded with caged-IP3

(Figure 8A,B). After treatment with either chloroquine,
quinine or denotonium for 2 min, a second UV flash (2 s) was
applied to the same cell (Figure 8A,B). After washing the lung
slice with sHBSS for 10 min to remove the TAS2R10 agonists,
a third UV flash was applied.

In the presence of chloroquine (100 μM) (Figure 8A,D),
quinine (500 μM) (Figure 8B,E) or denotonium (100 μM)

(Figure 8C,F), the increase in [Ca2+]i generated in response
to the UV flash was reduced to 26 ± 5% (n = 14, 3 mice,
P < 0.0001), 2 ± 1% (n = 9, 2 mice, P < 0.0001) and 36 ± 5%
(n = 13, 2 mice, P < 0.0001) of the initial control response
respectively. This reduced Ca2+ signal in response to the
second UV flash was not due to the depletion of intracellular
caged-IP3 because, after washout of the TAS2R10 agonists , the
third UV flash generated a strong Ca2+ signal (Figure 8A–F).
The response to the third UV flash was slightly decreased
compared with that of the first flash, but this was consistent
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with a gradual decline in the Ca2+ response to three successive
UV flashes in the absence of TAS2R10 agonists (n = 6, 2 mice)
(Figure 8G). The TAS2R10 agonists did not affect UV photoly-
sis of CMNB-caged-fluorescein (data not shown), which indi-
cates that the attenuation of IP3-induced Ca2+ signals was not

due to the TAS2R10 agonists preventing the uncaging of
caged-IP3.

The reduced IP3-induced Ca2+ signal by TAS2R10 agonists
could result from the depletion of the SR Ca2+ store. However,
this was ruled out because neither 100 μM chloroquine (n =
16, 3 mice) (Figure 9A,B) nor 500 μM quinine (n = 12, 3 mice)
(Figure 9C,D) inhibited the Ca2+ increase induced by caffeine
(20 mM). Additionally, these results also indicate that the
TAS2R10 agonists were not reducing Ca2+ signals by somehow
quenching the fluorescence signals emitted by the Ca2+-
sensitive fluorescence dyes.

Effects of TAS2R10 agonists on
Ca2+ sensitivity
The exposure of airways in lung slices to increasing concen-
trations of both MCh and 5HT increased the Ca2+ oscillation
frequency and the amount of bronchoconstriction in a
concentration-dependent manner. By plotting bronchocon-
striction as a function of the Ca2+ oscillation frequency (illus-
trated with MCh data), a near-linear relationship is revealed
(Figure 10) and this is consistent with previous studies (Bai
and Sanderson, 2009). However, in the presence of either
chloroquine or quinine, this relationship between the MCh-
induced Ca2+ oscillations and bronchoconstriction displayed
a downward shift and decreased gradient. The effect of chlo-
roquine was greater than quinine. These alterations indicate
that bronchodilation by the TAS2R10 agonists was not medi-
ated only by decreasing Ca2+ oscillation frequency but also by
reducing Ca2+ sensitivity of ASM cells (Figure 10).

To confirm that the TAS2R10 agonists reduced Ca2+ sen-
sitivity, ASM cell [Ca2+]i was clamped to a sustained elevated
level that precludes the generation of Ca2+ oscillations. In the
presence of a fixed [Ca2+]i, further ASM contraction by bron-
choconstricting agonists can only occur by increasing Ca2+

sensitivity (Bai and Sanderson, 2006b).
ASM cell [Ca2+]i was clamped, by pretreating lung slices

with 20 mM caffeine and 50 μM ryanodine. This treatment
irreversibly locks the RyR in the open state to empty the SR of
Ca2+, which, in turn, stimulates the opening of store-operated
Ca2+ channels (SOC) on the cell membrane to enable Ca2+

entry (Ay et al., 2004). This Ca2+ efflux from the SR and influx
from the external environment results in an immediate tran-
sient increase in [Ca2+]i (Figure 11Ai) that is followed by a
stabilization of the [Ca2+]i at a sustained level (Figure 11Aii) as
a result of a persistent SOC Ca2+ flux (n = 12, 3 mice), even
after caffeine and ryanodine removal (Figure 11Aii–iii). We
confirmed that the SR was depleted of Ca2+ because after
caffeine/ryanodine washout, and in the absence of caffeine/
ryanodine, stimulation with either MCh (Figure 11Aiii) or
caffeine (Figure 11Aiv) failed to alter [Ca2+]i. Under these con-
ditions, the ASM cell is considered ‘Ca2+-permeabilized’ (Bai
and Sanderson, 2006b). These [Ca2+]i changes were accompa-
nied by a transient bronchoconstriction (Figure 11Bi) fol-
lowed by bronchodilation (Figure 11Bii). Bronchodilation
occurs even when ASM [Ca2+]i remains elevated. This is a
characteristic of mouse ASM that possess an inherent low Ca2+

sensitivity (Bai and Sanderson, 2006b). However, this state of
an initial relaxed airway with sustained [Ca2+]i greatly facili-
tates the study of the changes in Ca2+-sensitivity in response
to bronchoconstrictors or bronchodilators.
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Concentration-dependent effects of TAS2R10 agonists on MCh- and
5HT-induced Ca2+ oscillations in ASM cells. Lung slices were treated
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In Ca2+-permeabilized lung slices, in the absence of any
change in [Ca2+]i, MCh (400 nM) (Figure 11B) and 5HT
(1 μM) (data not shown) reduced the airway lumen
area to 65 ± 4% (n = 22, 4 mice) and 59 ± 2% (n = 36, 5
mice) respectively. This indicates that bronchoconstriction
occurred as a result of increased Ca2+ sensitivity of ASM cells.
These same MCh-constricted airways were dilated by chlo-
roquine and quinine (Figure 11B–D). Chloroquine (100 μM)
and quinine (500 μM) induced a maximum relaxation of 94
± 1% (n = 4, 4 mice, P < 0.001) and 89 ± 2% (n = 5, 4 mice,
P < 0.001) respectively (Figure 11C,D). In Ca2+-permeabilized
airways constricted with 5HT (1 μM), chloroquine (500 μM)
and quinine (200 μM) induced a maximum relaxation of 98
± 1% (n = 9, 4 mice) and 90 ± 3% (n = 10, 4 mice) respec-
tively (Figure 11E). The re-application of caffeine at the end
of all experiments failed to stimulate any changes in airway
size or [Ca2+]i, indicating that ASM cells remained Ca2+

permeable throughout the experiment. These data indicate
that chloroquine and quinine reduced the Ca2+ sensitivity
previously increased by bronchoconstrictors. The potency of
chloroquine at reducing Ca2+ sensitivity was greater than
quinine and this is consistent with the greater displacement
of the Ca2+ oscillation frequency to airway constriction rela-
tionship in Figure 10.
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Discussion
Despite the widespread use of β2-adrenoceptor agonists for
the treatment of asthma and COPD, there remains a subset of
patients who are unresponsive to this therapy. Hence, the
need for novel bronchodilators that acts via other pathways.
While the bitter tasting TAS2R agonists have been reported to
elicit bronchodilation, their therapeutic potential requires a
better understanding of their mechanism of action. Previous
studies have suggested that IP3-dependent Ca2+ signalling

underlies the bronchodilation induced by TAS2R agonists.
Given that IP3-induced Ca2+ signalling usually evokes bron-
choconstriction, it is necessary to elucidate the paradoxical
relationship between IP3-induced Ca2+ signalling and bron-
chodilation by TAS2R agonists. We found that TAS2R10
agonists, at concentrations capable of inducing airway
bronchodilation, did not induce Ca2+ signalling in ASM cells.
Instead, the TAS2R10 agonists induced bronchodilation by (i)
the inhibition of Ca2+ oscillations stimulated by contractile
agonists, which may be due to diminished activation of IP3
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receptors, and (ii) a simultaneous reduction in Ca2+ sensitivity
of ASM cells. Our findings are consistent with previous
results, which demonstrate that other bronchodilators also
decrease Ca2+ signalling and Ca2+ sensitivity to synergistically
achieve bronchodilation.

The TAS2R10 agonists consistently induced bronchodila-
tion in constricted airways with EC50 values in the μM range.
This effect was not restricted to muscarinic agonists because
TAS2R10 agonists also dilated 5HT-constricted airways with
differing rank order of potency. While in MCh-constricted
airways chloroquine was more potent than quinine, quinine
was slightly more potent at dilating 5HT-constricted airways.
Non-specific relaxation effects of TAS2R10 agonists have also
been reported in guinea pig trachea contracted with PGE2,
LTD4 and histamine (Pulkkinen et al., 2012). These findings
indicate that TAS2R are not acting solely as muscarinic
antagonists. Consistent with other studies (Deshpande et al.,
2010; Pulkkinen et al., 2012), we found bronchodilation by
TAS2R10 agonists was fully reversible. Although comparing
the TAS2R10 agonists with β2-adrenoceptor agonists was
not our aim, in airways constricted with 400 nM MCh,
formoterol (Delmotte and Sanderson, 2010) and salbutamol
(Delmotte and Sanderson, 2008) only mediated maximum
bronchodilation of about 70 and 25% respectively. In com-
parison, we found that all three TAS2R10 agonists could
induce full bronchodilation. Thus, TAS2R agonists may
be more efficacious than some β2-adrenoceptor agonists
(Deshpande et al., 2010) but with substantially lower
potencies.

This and a previous study (Zhang et al., 2013) have con-
firmed that tas2r107 is expressed in murine ASM cells. To
elucidate whether the bronchodilation induced by chloro-
quine, quinine and denotonium was receptor independent,
we also assayed saccharin and aristolochic acid in MCh-
constricted airways. Bronchodilation by saccharin was
absent, whereas aristolochic acid exhibited extremely low
potency and efficacy. These findings are consistent with the
absence of murine tas2r receptors for saccharin and aris-
tolochic acid and indicate that effects by the TAS2R10 ago-
nists used were TAS2R dependent.

Studies on isolated tracheal rings (Deshpande et al., 2010;
Zhang et al., 2013) showed that TAS2R10 agonists alone mod-
estly relaxed ASM with an externally applied basal tension. A
similar effect on airway resting tone was not evident in our
studies. In the absence of contractile agonist, there is absent
or limited basal constriction in small airways within murine
lung slices. We did not apply any external tension to the
airways in lung slices other than the normal tethering forces
associated with lung inflation. Hence, while it is possible that
TAS2R10 agonists alone may relax ASM cells under tension,
this effect does not occur in dilated resting small airways with
physiological tension.

In taste bud cells (Rossler et al., 1998; Zhang et al., 2003),
airway epithelial cells (Shah et al., 2009; Cohen et al., 2012)
and ASM cells (Deshpande et al., 2010; Zhang et al., 2013),
the activation of TAS2R by TAS2R10 agonists was found to
induce Ca2+ signalling via a Gβγ/PLCβ2-dependent pathway.
While Ca2+ signals could be generated in ASM cells within our
lung slices, this only occurred at concentrations at and above
1 mM and only then in a small proportion of cells. Unlike
MCh and 5HT-induced Ca2+ signals, chloroquine only

induced a transient increase in [Ca2+]i, which returned to
baseline. This response is similar to the Ca2+ signalling profile
reported for TAS2R-expressing HEK cells (Meyerhof et al.,
2010) and ASM cells (Deshpande et al., 2010) stimulated
by millimolar concentrations of TAS2R10 agonists, which
induced a brief increase in [Ca2+]i (approximately twofold
above baseline) followed by a return to near baseline [Ca2+]i.
In contrast, micromolar concentrations of TAS2R10 agonists,
which fully dilated MCh and 5HT-constricted airways, failed
to generate Ca2+ signals in ASM cells.

The observation that bronchodilation occurred at micro-
molar concentrations without [Ca2+]i increases, whereas
TAS2R-induced Ca2+ signals occurred at millimolar concentra-
tions suggest that bronchodilation is not a function of
increases in [Ca2+]i. This may not have been discernible in
earlier studies which mainly utilized millimolar concentra-
tions of TAS2R agonists to characterize TAS2R-induce bron-
chodilation and ASM Ca2+ signalling (Deshpande et al., 2010;
Zhang et al., 2013). Additionally, some of the discrepancies
may be attributed to our use of lung slices to study Ca2+

responses in ASM cells, whereas others (Deshpande et al.,
2010; Robinett et al., 2011; Zhang et al., 2013) examined iso-
lated or cultured ASM cells. ASM cells in lung slices retain
many of their in situ morphological and physiological char-
acteristics, but these may be altered in isolated or cultured
ASM cells. For example, MCh or histamine, which also acti-
vate PLCβ signalling, induce Ca2+ oscillations in ASM cells in
lung slices (Bai and Sanderson, 2009; Ressmeyer et al., 2010),
freshly isolated ASM cells (Kannan et al., 1997; Prakash et al.,
1997) and ASM bundles (Dai et al., 2007) but agonist-induced
Ca2+ oscillations in ASM were not reported by Zhang et al.
(2013) and Deshpande et al. (2010).

In lung slice ASM cells, MCh- and 5HT-induced Ca2+ oscil-
lations were inhibited by all bronchodilating TAS2R10 ago-
nists. Concentrations of TAS2R10 agonists that induced full
bronchodilation also abolished Ca2+ oscillations. In isolated
human and murine ASM cells, chloroquine also reduced the
non-oscillatory MCh-induced increase in [Ca2+]i (Zhang et al.,
2013). These findings imply that inhibition of Ca2+ signalling
underlies the bronchodilation induced by TAS2R agonists.
Similar to their effects on bronchodilation, inhibition of Ca2+

oscillations by TAS2R10 agonists was reversible. In addition,
even though chloroquine was more potent than quinine in
MCh-treated lung slices, their IC50 values were similar in
5HT-treated lung slices which may indicate that chloroquine
and quinine have different mechanisms of action, which
gives chloroquine enhanced potency in inhibiting MCh-
induced effects.

Relaxation of ASM induced by β2-adrenoceptor agonists is
partly mediated by cAMP (Bai and Sanderson, 2006a). Hence,
a similar mechanism may underlie bronchodilation by TAS2R
agonists. However, TAS2R agonists do not increase cAMP
levels or mediate bronchodilation via cAMP-dependent path-
ways (Deshpande et al., 2010; Pulkkinen et al., 2012). A recent
study suggested that chloroquine inhibited MCh-induced
Ca2+ signals in ASM cells by blocking voltage-gated Ca2+ chan-
nels (VGCC) via Gβγ and Gαi signalling pathways. In mouse
small airways, VGCC do not appear to play an important
role in contractile agonist-induced ASM contraction, hence
inhibition of VGCC would not entirely account for the
bronchodilation by TAS2R agonists (Perez and Sanderson,
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2005a,b). In addition, blockage of Gβγ or Gαi signalling in our
studies failed to attenuate the effects of chloroquine on MCh-
induced Ca2+ signalling. Although TAS2R receptors can
couple Gαi G-proteins (Sainz et al., 2007), TAS2R predomi-
nantly associates with Gα-gustducin in taste bud cells
(Kinnamon, 2012). Hence, bronchodilation by TAS2R ago-
nists could be directed by Gα-gustducin or other G-proteins
that can associate with TAS2R.

In ASM cells, Ca2+ oscillations are due to Ca2+ mobiliza-
tion through IP3 receptors (Bai et al., 2009). In this study, UV
photolysis of caged-IP3 to generate IP3-induced [Ca2+]i

increases was significantly attenuated by the TAS2R10
agonists, indicating that they were either inhibiting or
desensitising IP3 receptor opening. This inhibitory effect on
IP3-induced Ca2+ increases was not due to depletion of SR
Ca2+ because TAS2R10 agonists failed to prevent Ca2+ mobi-
lization through the RyR by caffeine. Additionally, the lack
of effect on caffeine-induced Ca2+ signals further rules out
other mechanism of Ca2+ handling in ASM. Firstly, it sug-
gested that TAS2R10 agonists are not affecting Ca2+-extrusion
pathways (i.e. Na+/Ca2+ exchanger, SERCA, Ca2+-ATPase). If
this were the case, caffeine-induced Ca2+ signals would have
been reduced by TAS2R10 agonists. Because TAS2R10 ago-
nists did not affect the sustained elevation of [Ca2+]i induced
by caffeine, this implies that these agonists do not alter Ca2+

influx.
The inhibitory effects of bitter-taste compounds on the IP3

receptor have also been reported in macrophages, where
quinoline-based compounds such as chloroquine and
quinine attenuated PLCβ-mediated Ca2+ mobilization by sup-
posedly competing with IP3 binding to IP3 receptor (Misra
et al., 1997). This competitive antagonism of the IP3 receptor
by chloroquine and quinine, as well as denotonium may be
occurring in ASM. However, if competitive antagonism of IP3

receptor was the main mechanism underlying the inhibition
of Ca2+ oscillations, chloroquine and quinine should have
retained their rank order of potency on MCh- and 5HT-
induced Ca2+ oscillations.

While many have demonstrated the association of
TAS2R activation with IP3 receptor-dependent Ca2+ signals
(Kinnamon, 2012), any inhibitory actions of TAS2R agonists
on the IP3 receptor could diminish this effect. This may
account for the requirement of high millimolar concentra-
tions of TAS2R10 agonists to evoke increases in ASM [Ca2+]i in
our lung slice studies, whereas micromolar concentrations
that fully dilated MCh- and 5HT-constricted airways were
insufficient. These results suggest that exposure to high con-
centrations of TAS2R agonists may initially generate sufficient
intracellular levels of IP3 to activate the IP3 receptors;
however, Ca2+ release is terminated when the IP3 receptors are
inhibited by TAS2R agonists.

The molecular mechanisms by which the TAS2R10 ago-
nists inhibit IP3-induced Ca2+ signals remain to be identified.
Several proteins are known to interact with IP3 receptors
to alter their sensitivity to IP3 and Ca2+ (Narayanan et al.,
2012). These include kinases PKA (Danoff et al., 1991), PKG
(Komalavilas and Lincoln, 1994) and IRAG (Schlossmann
et al., 2000), which can phosphorylate or bind to the IP3

receptor to alter IP3-mediated Ca2+ mobilization. Hence,
TAS2R activation could potentially modulate these proteins
to decrease the open probability of IP3 receptors.

MCh-induced bronchoconstriction was shown to be a
near-linear function of ASM Ca2+ oscillation frequency. In
previous studies, the gradient of this relationship was shown
to be influenced by the Ca2+ sensitivity of the ASM with an
increasing gradient indicating increasing Ca2+ sensitivity (Bai
and Sanderson, 2009). Consequently, the fact that chloro-
quine or quinine reduced the gradient of this relationship
implies that the TAS2R10 agonists mediated airway dilation
via mechanisms other than reducing Ca2+ oscillation fre-
quency. This effect is most obvious at 10 μM where quinine
failed to have any effect on the MCh-induced Ca2+ oscillation
frequency, but it still induced bronchodilation by 19%. Simi-
larly, 10 μM chloroquine only reduced the MCh-induced Ca2+

oscillation frequency by 26% but induced bronchodilation of
68%. Thus, the TAS2R10 agonists appear to reduce Ca2+ sen-
sitivity, in addition to Ca2+ oscillations.

To confirm that Ca2+ sensitivity was reduced by TAS2R10
agonists , ASM [Ca2+]i was clamped at a high level using
Ca2+-permeabilized ASM cells in which the [Ca2+]i can be
controlled by the extracellular Ca2+ concentration (Bai and
Sanderson, 2006b; Ressmeyer et al., 2010). After washout of
caffeine and ryanodine, subsequent MCh or caffeine expo-
sure failed to alter the [Ca2+]i confirming that the [Ca2+]i had
been clamped. Under these conditions of sustained [Ca2+]i,
MCh and 5HT, but not caffeine, induced bronchoconstric-
tion indicating an increase in Ca2+ sensitivity. This broncho-
constriction was subsequently reversed by TAS2R10 agonists
indicating a decrease in Ca2+ sensitivity. In contrast, Zhang
et al. (2013) reported that chloroquine had no effect on
ASM contraction in response to elevated extracellular [Ca2+]
in α-toxin-permeabilized mouse tracheal muscle strips. This
difference may relate to non-specific effects of α-toxin
which creates membrane pores that permit, in addition to
Ca2+, other ions and small molecules to leak across the cell
membrane (Ahnert-Hilger and Gratzl, 1988). In our method
of Ca2+ permeabilization, the cell membrane integrity is
retained and Ca2+ moves via SOC entry. However, we believe
the most important reason for the difference in the
response related to Ca2+ sensitivity is that (Zhang et al.,
2013) did not address whether TAS2R agonists affected con-
tractile agonist-induced increases in Ca2+ sensitivity. While
Ca2+ sensitivity is defined as changes in contraction without
a change in [Ca2+]i, the mechanisms modulating Ca2+ sensi-
tivity are commonly stimulated by the same GPCR agonists
that stimulate Ca2+ changes. Consequently, to experimen-
tally explore if physiological Ca2+ sensitivity is modulated
by bronchodilators, it is essential to have a contractile ago-
nists present.

Although it is possible to induce bronchodilation by
either inhibiting Ca2+ oscillations or reducing Ca2+ sensitivity
alone, for example, with soluble guanylate cyclase agonists
(Perez-Zoghbi et al., 2010) or S,S-formoterol (Delmotte and
Sanderson, 2010), respectively, the most efficacious broncho-
dilators inhibit both parameters. In this study, bronchodila-
tion by chloroquine was attributed equally to inhibition of
Ca2+ oscillations and Ca2+ sensitivity. However, quinine had a
more complex mechanism where the relative action on Ca2+

oscillations and Ca2+ sensitivity varied with concentration.
quinine < 100 μM mediated larger inhibitory effects on MCh-
induced Ca2+-sensitivity than Ca2+ oscillations whereas the
reverse was observed with quinine > 100 μM. Dilation of
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5HT-constricted airways by both chloroquine and quinine
was mediated equally by inhibiting both Ca2+ oscillations and
Ca2+ sensitivity.

The increase in Ca2+ sensitivity by bronchoconstrictors in
Ca2+-permeabilized airways can be mediated by MLCP inhi-
bition by Rho kinase activation (Bai and Sanderson, 2006b;
Mukherjee et al., 2013). Hence, TAS2R agonists could be tar-
geting Rho kinase to reduce Ca2+ sensitivity. Alternatively,
decreased Ca2+ sensitivity can occur via non-MLCP pathways
such as decreased MLCK activity, Ca2+-calmodulin activity or
interference with actin polymerization. Further studies will
be required to ascertain which pathways are targeted by
TAS2R agonists to decrease Ca2+ sensitivity.

In this study, we confirmed that TAS2R agonists were
effective bronchodilators in mouse small airways. This bron-
chodilation was not mediated by elemental Ca2+ signalling,
but was due to the inhibition of ongoing Ca2+ oscillations and
Ca2+ sensitivity induced by bronchoconstricting agonists. The
attenuation of Ca2+ oscillations by the TAS2R10 agonists may
be due to inhibition of IP3 receptor activation by contractile
agonists. Further elucidation of the complete signalling path-
ways that link TAS2R receptors on ASM cells to their effects
on the activation of IP3 receptors and Ca2+ sensitivity may
enable the identification of novel bronchodilators that func-
tion through the TAS2R receptor.
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