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multiple comparisons. All analyses were performed in SAS version
9.2 (SAS Institute, Cary, NC), and the two-sided P values < 0.05
were considered significant.

RESULTS

Chloroquine is highly efficacious in decreasing the stiffness
of human ASM cells. We established primary human ASM cell
cultures from five separate lungs and, using MTC, measured
their mechanical responses to the 3>AR agonist isoproterenol
and a selective TAS2R agonist chloroquine. For these studies,
ASM cells were first contracted for 5 min with methacholine
(10 wM) and then relaxed with increasing doses of either
isoproterenol or chloroquine. In methacholine-contracted ASM
cells, maximal decreases in stiffness occurred with 10 pM
isoproterenol and 1 mM chloroquine, respectively, consistent
with our laboratory’s previously reported responses under
other conditions (18). Human ASM cells isolated from the lung
donors showed some degree of between-cell and -donor vari-
ation in isoproterenol- and chloroquine-induced stiffness re-
sponses (Fig. 1, A and B). Nevertheless, the maximal reduction
in cell stiffness induced by chloroquine was greater in magni-
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Fig. 1. Dynamic changes of cell stiffness in response to a full B>-adrenergic receptor (32AR) agonist isoproterenol (Iso) and a selective bitter taste receptor

EFFICACY OF BITTER TASTANT CHLOROQUINE IN 3:AR TACHYPHYLAXIS

tude than isoproterenol, with differences ranging from ~7 to
44% among individual lung donors (Fig. 2A). Applying nested
design analysis, we found statistical differences between the
effects of chloroquine and isoproterenol on cell stiffness as
early as 6 s (P < 0.0001 vs. isoproterenol) upon and through-
out drug stimulation, with the maximal differences at time 87
s (P < 0.00005 vs. isoproterenol). In addition, there were
significant differences (P < 0.00001) in the rate of stiffness
decreases between isoproterenol (—0.00018/s) and chloroquine
(—0.00251/s). These findings demonstrate that TAS2R activa-
tion by chloroquine has a faster onset of action and greater
efficacy than the full B,-agonist isoproterenol in relaxing
methacholine-contracted human ASM.

Prolonged exposure to albuterol induces AR desensitiza-
tion in isolated human ASM. To induce 3,AR desensitization
(13), we treated isolated human ASM cells for 18 h with 1 pM
albuterol. Subsequently, cells were washed, the response to
methacholine ascertained, and then their mechanical responses
to the B>AR agonist isoproterenol and a selective TAS2R
agonist chloroquine were measured. Albuterol-treated and -un-
treated cells exhibited differential cellular responses to isopro-
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(TAS2R) agonist chloroquine (Chloro) in human airway smooth muscle (ASM), as assessed by Magnetic Twisting Cytometry. Primary human ASM cell cultures
were established from 5 separate lung donors. Isolated human ASM cells were untreated (A and B) or treated for 18 h with 1 wM albuterol (C and D). Cells were
contracted with 10 wM methacholine (MCh) and then relaxed with 10 uM Iso (A and C) or | mM Chloro (B and D). For each cell, changes in stiffness in response
to Iso or Chloro were normalized to its respective MCh-contracted stiffness. Values are presented as median (A: n = 53-266; B: n = 62-281; C: n = 58-248;

D: n = 70-233 individual cell measurements).

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00126.2012 - www.ajplung.org

9T0Z ‘ST Jaqwadas uo z'ee'0z2z 0T Aq /610 ABojoisAyd-6un|dfe;/:dny wouy papeojumoq



http://ajplung.physiology.org/

EFFICACY OF BITTER TASTANT CHLOROQUINE IN 3:AR TACHYPHYLAXIS

A Untreated

~100% -
g H |soproterenol
-g Chloroquine
S 80% -
IS
=] *
w @
n c
g QO 60%
e = *
H—1 !
® £ *
T 40% :
o< *
o *
'-8 |
_g 20% 1
: )
o
S i Ul N L N
Donor#1  Donor#2 Donor#3 Donor#4  Donor#5
B Albuterol Exposed
_100% -
o = |soproterenol
2 Chloroquine
o
S 80% A
£
w @
8BS 60%- #
c
£ = ' "
» 5 ' | #
= £ 40% |
8¢ #
S 20%
i)
. r
2\0, 0% j T T ﬁ T T - '
Donor#1  Donor#2 Donor#3  Donor#4  Donor#5

Fig. 2. Maximum stiffness reduction of MCh-contracted human ASM induced
by Iso and Chloro in untreated (A) and albuterol-exposed (B) cells. Values are
means *= SE (A: n = 53-281; B: n = 58-248 individual cell measurements).
*P < 0.01; #P < 0.00005.

terenol (Fig. 1, A and C). In albuterol-untreated cells, isopro-
terenol (10 wM) caused stiffness decreases that ranged from
~8 to 21% reduction from the methacholine-contracted state
(Fig. 2A). Ten micromoles of this full 3,-agonist isoproterenol
had little effect on the stiffness of albuterol-treated cells con-
tracted with methacholine, even at higher doses of isoprotere-
nol (data not shown). These findings are consistent with pre-
vious findings in human lung slices (13) and demonstrate a
direct effect, independent of the epithelium, of long-term
[B-agonist exposure on receptor desensitization in isolated hu-
man ASM cells. As shown in Fig. 1, this extensive ,AR
desensitization by 3-agonist was observed with cells from each
of the five donors.

B2AR desensitized in human ASM cells are fully responsive
to chloroquine. Under these same conditions that essentially
eliminated the effectiveness of a full 2AR agonist isoproter-
enol, we found that a selective TAS2R agonist chloroquine (1
mM) substantially decreased stiffness of albuterol-treated cells
from each donor (Fig. 1, B and D, and Fig. 2). In fact,
chloroquine evoked nearly identical degrees of reduction in
stiffness of both albuterol-treated and -untreated human ASM
cells (Fig. 3), amounting to 39 = 3.9 and 40 * 7.2% maximal
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reduction from their respective methacholine-contracted state
(P = nonsignificant). These results indicate a lack of physio-
logically relevant cross-desensitization between the [B,AR
pathway and the TAS2R pathway. To further confirm this
notion, human ASM in culture were exposed to carrier (ascor-
bic acid) or B-agonist for 18 h and washed, and cAMP (the
B-agonist response) or [Ca?*]; (the TAS2R response) was
measured with exposure to isoproterenol or chloroquine, re-
spectively. As shown in Fig. 4A, long-term (3-agonist exposure
markedly desensitized (>90%) the isoproterenol-stimulated
cAMP response, but did not alter chloroquine-mediated
[Ca?*]; release (Fig. 4B).

Chloroquine responsiveness during ;AR desensitization in
intact airways. We next examined the efficacy of chloroquine
in relaxing ASM of intact mouse airways, under conditions of
B>AR desensitization. For each control tissue precontracted
with a submaximal dose of acetylcholine, both isoproterenol
and chloroquine decreased the force-generating capacity of
mouse trachealis (Fig. 5, A and B). Consistent with our labo-
ratory’s previous report (18), however, chloroquine-promoted
reduction in ASM tension was greater in magnitude than that of
isoproterenol in tissues that had not been pretreated with
B-agonist (Fig. 6). In tissues that were pretreated for 18 h with
isoproterenol, and then washed, acetylcholine-induced tension
development was similar in magnitude as in time-matched,
untreated tissues (data not shown). Subsequent isoproterenol
treatment, however, showed a significant decrease in relaxation
(from 59 = 5.2 to 5.3 = 4.3%, P < 0.001), representing a
92 * 6.0% desensitization of the response (Fig. 5, A and C). In
contrast, as with isolated ASM measurements with MTC,
chloroquine markedly decreased ASM tension in tissues that
had been pretreated with [3-agonist, with desensitization
amounting to 11 * 3.5%, which was not statistically significant
(Fig. 5D). Indeed, the reduction in ASM tension with chloro-
quine was indistinguishable from that of time-matched, non-
[B-agonist-treated airways (Fig. 6).

Based on our established intact human airways model,
demonstrating decreased sensitivity to isoproterenol-mediated
bronchodilation, following chronic exposure to [3-agonists (12,
13) and compelling evidence for increased bronchial hyperre-
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Fig. 3. Dynamic changes of cell stiffness in response to 1 mM Chloro in
untreated and albuterol-exposed human ASM. To control random effects due
to multiple cell measurements from the same donor, the nested regression was
used for group comparisons. Values are means = SE (n = 775-859 individual
cell measurements from 5 lung donors).
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Fig. 4. B2AR desensitization and intracellular
signaling in isolated human ASM cells. A: cul-
tured primary human ASM cells were incu-
bated for 18 h with ascorbic acid (AA) or
B-agonist (Iso), and cAMP was measured by
CatchPoint assay (Molecular Devices). Iso-
mediated accumulation of cAMP (15 min) is
abrogated in human ASM cells that were pre-
treated for 18 h with B-agonist, but not in un-
treated cells (means = SE, n = 4 experiments).
NS, nonsignificant. *P < 0.01. B: human ASM
cells were loaded with Fluo-4 AM, and intracel-
lular Ca>* concentration ([Ca®*];) release
evoked by TAS2R activation was measured.
Arrow indicates the time of Chloro addition.
[Ca?"]; transient curves to 1 mM Chloro is
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sponsiveness with regular use of long-acting (3-agonist salme-
terol (11, 12, 45, 46), we incubated human PCLSs for 18 h in
the absence (control) or presence of 50 nM salmeterol. This
dosage of salmeterol is as equi-effective in bronchodilating
PCLSs and in desensitizing B>AR when chronically adminis-
tered, as 1 wM albuterol (12). For each control PCLS precon-
tracted with a submaximal dose of carbachol, both isoprotere-
nol and subsequent chloroquine increased the luminal area of
these airways, amounting to 65 = 4.2 and 75 * 7.8% bron-
chodilation (P = nonsignificant), respectively, at doses that
were 1/10th and 1/20th of those used for mouse tracheal rings
(Fig. 7). In human PCLSs that were pretreated for 18 h with
salmeterol, however, isoproterenol treatment showed 64 =
5.7% desensitization of airway lumen dilation (P < 0.001 vs.
control isoproterenol), and subsequent chloroquine treatment
markedly bronchodilated these carbachol-constricted airways
(Fig. 7). Chloroquine also effectively rescued desensitization in

Control

>

Fig. 5. TAS2R activation evokes ASM re-
laxation under conditions of B,AR desensi-
tization. Intact mouse trachealis were stud-
ied in the absence (Control; A and B) or after
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carbachol-constricted airways (73 * 6.7% bronchodilation;
mean = SE, n = 4) that were chronically exposed to albuterol.
Taken together, our findings in intact mouse and human airway
physiology ex vivo and isolated human ASM mechanics and
intracellular signaling in vitro demonstrate a consistent 3,AR
desensitization with chronic [3-agonist exposure in ASM, re-
gardless of the model. Despite such [>AR desensitization,
however, we show no physiologically relevant cross-desensi-
tization between the B>AR pathway and the TAS2R pathway,
and that TAS2R activation is highly efficacious in relaxing
ASM and bronchodilating the airways under conditions of
[B-agonist tachyphylaxis.

DISCUSSION

We have contrasted signaling and mechanical responses of
primary human ASM cells and airway relaxation responses in
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Fig. 6. TAS2R activation is highly efficacious in relaxing ASM under conditions
of B>AR desensitization. As described above in Fig. 4, intact mouse trachealis
were studied before (Control) or after treatment with the B-agonist Iso (Post-Iso
treatment). Subsequent Iso and Chloro responses were measured in rings con-
tracted with ACh. Values are means * SE (n = 4 experiments). *P < 0.01.

human and mouse bronchi to a selective TAS2R agonist,
chloroquine, in the context of the (3-agonist-desensitized state.
These studies were prompted by the recent finding that
TAS2Rs are expressed on ASM and act to markedly relax
ASM and bronchodilate the airways. These studies have
brought to the forefront the potential for a new class of direct
bronchodilators acting at TAS2Rs. These agents might be used
in patients with asthma or chronic obstructive lung disease who
have not achieved adequate control on chronic [-agonists,
“indirect” bronchodilators (such as Ms-receptor antagonists),
and other agents. As introduced earlier, chronic [3-agonist
activation of 3,AR is associated with clinical deterioration,
which may be due to B>AR desensitization. Such desensitiza-
tion, particularly when defined by the end-organ response, can
act across multiple nodal points, including at the receptor, G
protein, the “initial” effector (such as adenylyl cyclase), and
more distal effectors. Cross talk has been shown among mul-
tiple GPCRs, even those with disparate structures and ligands
(26, 30-33, 36). We thus felt it necessary to explore the
potential for chronic (3-agonist activation of $,AR on ASM to
cross-desensitize TAS2R responses. Studies were carried out
measuring intracellular signaling, isolated ASM mechanics,
and intact mouse and human airways.

In studies of isolated ASM mechanics with MTC, chloro-
quine had a more rapid onset and greater efficacy than isopro-
terenol in decreasing stiffness of an individual human ASM
cell from each lung donor. As previously shown in human lung
slices (13), here we have also demonstrated $,AR desensiti-
zation in isolated human ASM cells with long-term exposure to
B-agonists. Whereas this exposure inhibited generation of
cAMP and completely abrogated the ability of an individual
human ASM cell to decrease stiffness in response to isopro-
terenol, such receptor desensitization did not affect the efficacy
of chloroquine. Chloroquine evoked intracellular calcium re-
lease and decreased stiffness of isolated human ASM cells,
even with [3-agonist-promoted 3,AR desensitization. Scaling
up to the level of intact airways ex vivo, chloroquine markedly
inhibited force-generating capacity of mouse trachealis, as well
as effectively bronchodilated human airways that exhibited
tolerance to [3-agonists. These findings further confirm that
TAS2R activation utilizes a novel GPCR pathway that is
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distinct from G4/Gs-mediated activation of downstream targets
and suggest limited deleterious cross talk with (3-agonists in
promoting ASM relaxation.

Desensitization of GPCR signaling is frequently encoun-
tered in both in vitro and in vivo systems. Some receptors
display little or no detectable desensitization (21), while others,
such as the B2AR, undergo a marked decrease in function, as
exhibited by measurements of the second-messenger cAMP
(Fig. 4A) or the end-organ response (Figs. 2, 6, and 7). Our
laboratory has previously shown only a modest degree of
desensitization (20-30%) of TAS2R function with bitter tas-
tant exposure in human ASM and monkey bronchus (38). At
issue for the present studies is whether the markedly desensi-
tized relaxation response evoked by prolonged {3-agonist treat-
ment affects the relaxation response to TAS2R activation. As
discussed earlier, ample evidence suggests that interaction can
occur between different GPCRs at multiple points within the
signaling cascade, from initial receptor activation and coupling
to G protein, to further downstream components. We show
here no evidence for such interaction between chronic [3-ago-
nist evoked B>AR desensitization and TAS2R function in
ASM, as determined by intracellular signaling measurements,
single cell mechanics, and mouse and human airway relaxation
responses. Importantly, our studies, derived from tissues re-
taining much of the native architecture of small human air-
ways, provide further support for the idea that parallel path-
ways for bronchodilation exist that could be used therapeuti-
cally.

TAS2Rs belong to a family of GPCRs that is composed of
25 members (1, 10, 34), and, in human ASM, three dominant
TAS2Rs (subtypes 10, 14, and 31) are detected at the mRNA
and functional levels (18). TAS2Rs function in airways is
mediated by [Ca?™]; release, but, nevertheless, leads to ASM
relaxation and bronchodilation. This is based on a concordance
of relaxation potency and efficacy with measured [Ca®"];
release, loss of TAS2R-mediated relaxation when [Ca®'];
release was blocked, and stimulation of spatially and tempo-
rally distinct [Ca®™]; events evoked by TAS2R agonists in
intact ASM (18). In that study, we considered that the BKc,
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Fig. 7. TAS2R activation dilates intact human small airways under conditions
of B2AR desensitization. Human precision-cut lung slices (PCLSs) were
incubated for 18 h in the absence (Control) or presence of long-acting
B-agonist salmeterol (Post-Sal treatment), washed, and constricted with car-
bachol. Carbachol-constricted airways were treated sequentially with 1 pM Iso
and 50 pM Chloro. Values are means * SE (obtained using 102 PCLSs
derived from 4 donors). *P < 0.005.
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channels were activated and thus played some role in the
relaxation response, based on a sensitivity of TAS2R-mediated
relaxation of mouse airways, and individual ASM cells, to the
BKc,-channel inhibitor iberiotoxin. This remarkable degree of
ASM relaxation and its unique mechanism of action has led to
the consideration of developing TAS2R agonists for treating
obstructive lung disease. TAS2Rs are also expressed on airway
epithelial cells and, upon activation, increase ciliary beat fre-
quency (41), which may also have a therapeutic effect by
increasing mucous clearance. Our laboratory has previously
shown, using submaximal doses, that the acute relaxation
effects of B-agonist and TAS2R agonist are additive (18). Thus
concomitant use of both agents can be envisioned, providing
two direct bronchodilators, which act via different mecha-
nisms. We now know that, even under conditions of marked
B>AR desensitization of the relaxation response, TAS2R ago-
nists maintain full efficacy, which is a favorable property in
consideration of taking forward TAS2R agonists as novel
treatment options.
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