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Background: Previous studies have suggested the involvement of epithelium in modulating the
contractility of neighboring smooth muscle cells. However, the mechanism underlying epithelium-derived
relaxation in airways remains largely unclear. This study aimed to investigate the mechanism underlying
epithelium-dependent smooth muscle relaxation mediated by neurotransmitters.

Methods: The contractile tension of Sprague-Dawley (SD) rat tracheal rings were measured using
a mechanical recording system. Intracellular Ca’* level was measured using a Ca’* fluorescent probe
Fluo-3 AM, and the fluorescence signal was recorded by a laser scanning confocal imaging system. The
prostaglandin E, (PGE,) content was measured using an enzyme-linked immunosorbent assay kit.

Results: We observed that the neurotransmitter acetylcholine (ACh) restrained the electric field stimulation
(EFS)-induced contraction in the intact but not epithelium-denuded rat tracheal rings. After inhibiting the
muscarinic ACh receptor (mAChR) or cyclooxygenase (COX), a critical enzyme in prostaglandin synthesis,
the relaxant effect of ACh was attenuated. Exogenous PGE, showed a similar inhibitory effect on the EFS-
evoked contraction of tracheal rings. Moreover, ACh triggered phospholipase C (PLC)-coupled Ca’* release
from intracellular Ca’* stores and stimulated COX-dependent PGE, production in primary cultured rat
tracheal epithelial cells.

Conclusions: Collectively, this study demonstrated that ACh induced rat tracheal smooth muscle
relaxation by promoting PGE, release from tracheal epithelium, which might provide valuable insights into

the cross-talk among neurons, epithelial cells and neighboring smooth muscle cells in airways.
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Introduction

The contractility of smooth muscle cells is precisely
regulated by the neighboring cells, including neurons
and epithelial cells. After stimulation, the pro-contractile
neurotransmitters are released from nerve terminals and
evoke maximal contraction of the adjacent smooth muscles
(1-4). On the other hand, epithelial cells actively modulate
the local smooth muscle tone via the release of various
relaxing factors, including prostaglandins, nitric oxide (NO),
cytokines, and the recently identified bacterial permeability
family member Al (5-9). The balanced smooth muscle
contractility resulting from the contribution of nerve
and epithelium is important in promoting respiration,
gastrointestinal motility, micturition, and parturition. Once
smooth muscle contractility dysfunction occurs, it may
lead to various clinical disorders such as asthma, dyspepsia,
overactive bladder, and dysmenorrhea (10).

As a dominant neurotransmitter in airways, acetylcholine
(ACh) is primarily released from parasympathetic nerves
and regulates airway smooth muscle tone. After combining
with the muscarinic ACh receptors (mAChR), ACh
activates phospholipase C (PLC) pathways and induces
elevation of intracellular Ca** concentration {[Ca**]} of
airway smooth muscle cells, which leads to the contraction
(11-13). Although ACh has long been considered a strong
bronchoconstrictor, previous evidence has demonstrated
that ACh also showed an epithelium-dependent relaxant
effect on histamine-contracted human bronchial rings (14).
However, the regulatory mechanism underlying epithelium-
dependent relaxation remains largely unclear, and the
candidate molecules for epithelium-derived relaxing
factor (EpiDRF) in airways still need to be identified.
Prostaglandins have long been known for their relaxant
effect on the smooth muscles. In human airway epithelial
cells, the generation of prostaglandins could be induced by
ACh (15,16), which indicated that neurotransmitters such
as ACh might trigger prostaglandin production and induce
smooth muscle relaxation. Rats have been widely used as a
model for allergen-induced asthma. Therefore, this study
aimed to investigate the involvement of epithelium-derived
prostaglandins in the dual regulatory effect of ACh on
smooth muscle contractility in rat airways and identify the
underlying mechanism.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
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Methods

Animals

Male Sprague-Dawley (SD) rats (7-8 weeks with
bodyweight between 180-200 g) were purchased from
Guangdong Medical Laboratory Animal Centre and housed
in a specific pathogen-free room with 12 to 12 h light-
and-dark cycle. Food and water were provided ad libitum.
Experiments were performed under a project license (No.
0013122401) granted by the institutional ethics board of
Sun Yat-sen University, in compliance with Sun Yat-sen
University institutional guidelines for the care and use of
animals.

Reagents

Keratinocyte serum-free medium (K-SFM), Hank’s
balanced salt solution, trypsin, penicillin, and streptomycin
were purchased from Gibco (Carlsbad, CA, USA). Fetal
bovine serum was purchased from Hyclone Laboratories
(Logan, UT, USA). ACh, L-NG-nitro-arginine (L-NNA),
indomethacin, prostaglandin E, (PGE,), U73122, and
thapsigargin (Tg) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Fluo-3 AM was purchased from
Molecular Probes (Eugene, OR, USA). Atropine sulfate was
purchased from Hengjian Pharmacy (Jiangmen, China).
NaCl, KCI, CaCl,, MgCl,, NaHCO;, MgSO,, KH,PO,,
Glucose, and Na,HPO, were purchased from Guangzhou
Chemical Reagent Factory (Guangzhou, China). N-2-
hydroethypiperazine-N’-2-ethanessulfonic acid (HEPES)
was purchased from Biocolor BioScience & Technology
(Shanghai, China).

Measurement of contractile tension

The contractile tension of rat tracheal rings was measured
with a modified procedure, as previously described (17-19).
Briefly, the SD rats were sacrificed by CO, inhalation,
followed by isolation of tracheas incubated in Krebs-
Henseleit (K-H) solution containing (in mM) NaCl [117],
KCI [4.7], CaCl, [2.5], MgSO, [1.2], NaHCO,; [24.8],
KH,PO, [1.2], D-glucose [11.1] bubbled with 95% O,/5%
CO,. Then the tracheal rings were cut into two portions
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with 6 mm length. To remove the epithelium, the tracheal
rings were threaded onto silk surgical threads and rolled
three revolutions on a dish filled with K-H solution as
previously described (20). The epithelium removal was
confirmed by the contractile response induced by bradykinin
(I pM) in rat tracheal rings (21). The contractile tension
was recorded using a mechanical recording system (BL-
420E+, Chengdu Taimeng Technology, Chengdu, China).
The tracheal rings were equilibrated for 45 min with
5 mN pre-loaded tension. Then, electric field stimulation
(EFS) was applied via two filamentary silver connected to
a stimulator. The stimulation parameters were 5 s for the
duration, 10 Hz for frequency, and 0.5 ms for square pulse
duration. Before the experiments, EFS pulses ranging from
10 to 35 V were applied to ensure that the contractile force
reached 10 mN. All the experiments have been conducted
within 2 h to avoid time-dependent variation of EFS-
induced contraction. The number of experimental and
control groups were indicated in the figure legends.

Primary culture of vat tracheal epithelial cells

Rat tracheal epithelial cells were cultured with a modified
procedure, as previously described (22). In brief, the
tracheas were isolated and bathed in Hank’s balanced salt
solution. After removing the blood vessels and connective
tissues, the tracheas were digested enzymatically in 0.25%
(w/v) trypsin at 4 °C overnight. The tracheas were then
digested at room temperature for another 30 min before
the enzyme activity was terminated. The isolated cells
were harvested by centrifugation at 200 xg for 5 min.
The tracheal epithelial cells were cultured in K-SFM
supplemented with epidermal growth factor (5 ng/mL),
bovine pituitary extract (50 pg/mL), penicillin (100 U/mL),
and streptomycin (100 pg/mL) at 37 °C with 5% CO, in a
humidified atmosphere. PO cells without subculture were
used in all the experiments.

Measurement of [Ca’*];

The intracellular Ca’™* level was measured with a modified
procedure, as previously described (17). The primary
cultured rat tracheal epithelial cells were grown on the glass
coverslips for 3 days. Before the experiment, the cells were
washed three times using the normal physiological saline
solution (NPSS) containing (in mM) NaCl [137], KCI
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[5], CaCl, [2.5], MgCl, [1], D-glucose [10], HEPES [10]
and incubated with the Ca’* indicator Fluo-3 AM (5 pM)
dissolved in NPSS at room temperature for 45 min. After
another three times wash step with NPSS, the coverslip
was mounted onto a chamber perfused with 2 mL NPSS.
The 530 nm Fluo-3 fluorescence signal excited at 488 nm
was recorded at 3 s intervals using a laser scanning confocal
imaging system (T'CS SP2; Leica Microsystems, Wetzlar,
Germany). The cells were equilibrated for at least 60 s
before the administration of ACh. Inhibitors were added
15 min before the [Ca®]; measurement. The change of the
fluorescence intensity after treatment was normalized to the
initial intensity. The number of experimental and control
groups were indicated in the figure legends.

Measurement of PGE,

Primary cultured rat tracheal epithelial cells were washed
and incubated in K-SFM at 37 °C. ACh (200 pM) was added
to the wells and incubated for 15 min. The supernatant
was then collected and centrifuged (4 °C, 2,000 xg, 4 min)
to remove cellular debris. Indomethacin (10 pM) was
added 15 min before the administration of ACh. PGE,
in the supernatant was measured using an enzyme-linked
immunosorbent assay kit (R&D Systems, Mineapolis, MN,
USA) following the manufacturer’ instructions. The protein
content of the cells was measured by the bicinchoninic acid
protein assay kit (CWBIO, Beijing, China). The number
of experimental and control groups were indicated in the
figure legends.

Statistical analysis

Data were presented as mean = SEM. The student’s #-test
was used to compare the means between two groups. For
three groups, data were analyzed with one-way analysis-of-
variance, followed by Bonferroni for multiple comparisons.
P<0.05 was considered as significant difference.

Results

ACh inbibited EFS-evoked contraction of rat tracheal
rings in an epithelium-dependent manner

EFS was applied to elicit a stable contraction of rat tracheal
rings. The EFS-evoked contraction could be repeated
nine times during 2 h of the experiment. After applying
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Figure 1 Relaxant effect of acetylcholine (ACh) on electric field stimulation (EFS)-contracted rat tracheal rings. (A) Representative traces
showing the relaxant effect of ACh (20 nM) on the contraction evoked by EFS in intact and epithelium-denuded rat tracheal rings with (B)

the corresponding statistical analysis. Data were presented as a percentage of the initial contraction evoked by EFS. Each column and error

bar indicated the mean + SEM. n=9; ***, P<0.001 compared with the intact trachea group. The experiment was repeated at least three times.

ACh (20 nM), a small transient contraction was observed
(Figure S1). EFS was then applied when the basal tone
returned to normal. Notably, the EFS-evoked contraction
was markedly inhibited in the presence of ACh, and the
amplitude of EFS-induced contraction recovered when the
ACh was removed (Figure 14).

To investigate whether epithelium was implicated in
the ACh-induced inhibitory effect, epithelium-denuded
tracheal rings were used in the subsequent experiments. As
shown in Figure 1, the inhibition of ACh on EFS-induced
contraction was significantly attenuated after epithelium
removal, revealing that the relaxant effect of ACh on EFS-
evoked contraction was epithelium-dependent.

Involvement of mAChR in ACh-induced relaxant effect on
EFS-contracted rat tracheal rings

Previous studies have demonstrated that ACh induced
a potent dilation via interaction with mAChR in brain
cortical arterioles (23). However, the possible involvement
of mAChHR in the relaxant effect of ACh in airways remains
unclear. We then questioned whether mAChR mediated
the inhibitory effect of ACh on EFS-evoked contraction.
After pretreatment with atropine (2 pM), a non-selective
antagonist of mAChR, ACh failed to attenuate the
contraction response evoked by EFS in rat tracheal rings
(Figure 2). Therefore, the relaxant effect of ACh on EFS-
evoked contraction may be mediated by mAChR located on

© Annals of Translational Medicine. All rights reserved.

the tracheal epithelium.

The ACh-induced relaxant effect on EFS-contracted rat
tracheal rings was not mediated by NO

As a well-known endothelium-derived relaxant factor,
NO plays crucial roles in regulating the contractility of
smooth muscle from the vessel and other tubular structures,
including airways (8,24,25). We next sought to explore
whether NO participated in the ACh-induced relaxant
effect on EFS-contracted rat tracheal rings. Surprisingly,
after the addition of L-NNA (300 pM), a NO synthase
inhibitor, the relaxant effect of ACh on EFS-evoked
contraction was not significantly altered (Figure 3), which
excluded the involvement of NO in ACh-induced relaxant
effect on rat tracheas.

Involvement of cyclooxygenase (COX)-PGE, signaling
in ACh-induced relaxant effect on EFS-contracted rat
tracheal rings

Because the relaxing factor PGE, could be released
in human airway epithelial cells after stimulation with
ACh (15), we then testified the putative involvement of
COX-PGE, signaling in the inhibitory effect of ACh.
As illustrated in Figure 4, indomethacin (10 pM), a non-
selective COX inhibitor, markedly suppressed ACh-induced
relaxation response. Additionally, exogenous PGE, (1 pM)
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Figure 2 The effect of atropine on acetylcholine (ACh)-induced relaxation in electric field stimulation (EFS)-contracted rat tracheal rings. (A)
Representative traces showing the effect of atropine (2 pM) on the 20 nM ACh-induced relaxant effect on the contraction evoked by EFS

in rat tracheal rings with (B) the corresponding statistical analysis. Data were presented as a percentage of the initial contraction evoked by

EFS. Each column and error bar indicated the mean = SEM. n=5; ***, P<0.001. The experiment was repeated three times.
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Figure 3 The effect of L-NG-nitro-arginine (L-NNA) on acetylcholine (ACh)-induced relaxation in electric field stimulation (EFS)-
contracted rat tracheal rings. (A) Representative traces showing the effect of L-NNA (300 pM) on the 20 nM ACh-induced relaxant effect
on the contraction evoked by EFS in rat tracheal rings with (B) the corresponding statistical analysis. Data were presented as a percentage of

the initial contraction evoked by EFS. Each column and error bar indicated the mean + SEM. n=5; ns: P>0.05. The experiment was repeated

at least three times.

significantly restrained the EFS-evoked contraction in both
intact and epithelium-denuded tracheal rings (Figure 4C,D),
a finding which was similar to that in the intact but
not epithelium-denuded tracheal rings treated by ACh
(Figure 1A4). These results suggested that epithelium-
derived PGE, might mediate the relaxant effect of ACh in
rat tracheas.

ACh triggered elevation in [Ca’], and PGE, release in
primary cultured rat tracheal epithelial cells

Intracellular Ca’* mobilization reportedly mediates COX-
dependent PGE, synthesis in epithelial cells (18,26). To
further ascertain whether ACh induced Ca’™
intracellular Ca**

release from
stores via mAChR, which promoted
the production of PGE, in rat tracheal epithelium, we
established primary cultures of the epithelial cells from rat
trachea (Figure S2). Using a real-time confocal imaging
system, we found that ACh (200 pM) induced a transient

© Annals of Translational Medicine. All rights reserved.

increase in [Ca™]; in primary cultured rat tracheal epithelial
cells (Figure 5A). However, after applying Tg (2 pM)
to deplete intracellular Ca’* stores, the ACh-elicited
elevation in [Ca™]; was abolished (Figure 5B), suggesting
that the ACh-induced Ca’* response may be attributed to
intracellular Ca™ release. Moreover, atropine (2 tM), or the
PLC inhibitor U73122 (10 uM), abolished the ACh-induced
increase in [Ca®™); (Figure SC,D), which confirmed that ACh
induced PLC-dependent intracellular Ca’* mobilization via
activation of mAChR in rat tracheal epithelial cells.

Finally, we detected the PGE, level secreted by rat
tracheal epithelial cells. As illustrated in Figure 6A4,
pretreatment with ACh (200 pM) induced an increase in the
PGE, content in the supernatants of the primary cultured
rat tracheal epithelial cells. However, indomethacin
(10 pM) potently inhibited ACh-induced PGE, production.
The above results confirmed that ACh facilitated the COX-
dependent PGE, synthesis by depleting the internal Ca’*
store via the mAChR-PLC signaling pathway in rat tracheal

Ann Transl Med 2021;9(4):313 | http://dx.doi.org/10.21037/atm-20-5500


https://cdn.amegroups.cn/static/public/ATM-20-5500-supplementary.pdf

Page 6 of 10 Zhao et al. ACh induces epithelium-derived PGE2 in regulating smooth muscles

A B .
3 T 100 >
Intact Intact g E 80
® %5 60
/ [ ACh | S = 40
f '\ ./ ./ / S 20
4_/___25le_' \\\ %EO—O:
EFS 4 o £
o M Casml. O F 2 &
EFS 4s S £
O o
§
[
C D 2
7 B T 100
Intact De-epithelium % £ ‘g0
[
/ A m > S 60] o &
i S8 40
|5}
./\ K./\ ./\IJ&./\../\\ g&zo
mNL, 5mNL, cw 0=
EFS 45 EFs 4s 8§ » § S
£ o
=
3
@
[0
o

Figure 4 The effect of indomethacin on acetylcholine (ACh)-induced relaxation and the relaxant effect of prostaglandin E, (PGE,) on electric
field stimulation (EFS)-contracted rat tracheal rings. (A) Representative traces showing the effect of indomethacin (10 pM) on the 20 nM
ACh-induced relaxant effect on the contraction evoked by EFS in rat tracheal rings with (B) the corresponding statistical analysis. n=5; ***,
P<0.001. (C) Representative traces showing the relaxant effect of PGE, (1 pM) on the contraction evoked by EFS in intact and epithelium-
denuded rat tracheal rings with (D) the corresponding statistical analysis. Data were presented as a percentage of the initial contraction evoked

by EFS. Each column and error bar indicated the mean + SEM. n=5; ns: P>0.05. The experiment was repeated at least three times.
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Figure 5 Effect of acetylcholine (ACh) on intracellular Ca’* concentration {[Ca*]} in primary cultured rat tracheal epithelial cells. (A) Average
time-course trace of [Ca’]; after application of ACh (200 uM) in rat tracheal epithelial cells. (B) Average time-course trace of [Ca™]; after
applying ACh in 2 uM Tg-pretreated rat tracheal epithelial cells. (C) Average time-course trace of [Ca”"]; after applying ACh in 2 M atropine-
pretreated rat tracheal epithelial cells. Thapsigargin (Tg, 2 pM) was used as a positive control. (D) Average time-course trace of [Ca’™;
after application of ACh in 10 pM U73122-pretreated rat tracheal epithelial cells. Tg (2 pM) was used as a positive control. Each symbol and

error bar indicated the mean = SEM. n=5. The experiment was repeated at least three times.
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Figure 6 Effect of acetylcholine (ACh) on the release of prostaglandin E, (PGE,) in primary cultured rat tracheal epithelial cells and

schematic diagram of epithelium-derived PGE, in regulating smooth muscle contractility in rat tracheas. (A) Statistical analysis showing the
effect of ACh (200 pM) on PGE, content in the presence or absence of indomethacin (10 pM) in the rat tracheal epithelial cells. Each column
and error bar indicated the mean + SEM. n=3—4; **, P<0.01. The experiment was repeated at least three times. (B) The neurotransmitter ACh

released from parasympathetic nerves has a dual regulatory effect on rat tracheas. On the one hand, ACh directly evokes the contraction of the

smooth muscles. On the other hand, ACh mediates epithelium-derived cyclooxygenase (COX)-dependent PGE, release from epithelial cells

via muscarinic ACh receptors (mnAChR)-phospholipase C (PLC)-Ca’* signaling, thereby relaxing the smooth muscle cells.

epithelium.

Discussion

The epithelium-dependent control of smooth muscle
tone has been demonstrated in various systems, including
airways, gastrointestinal tracts, and reproductive tracts
(5,27,28). However, the identity of airway EpiDRFs and
their regulatory mechanisms remain to be explored. This
study revealed that the neurotransmitter ACh suppressed
EFS-evoked contraction of tracheal smooth muscle in an
epithelium-dependent manner. Furthermore, the inhibitory
effect of ACh was mediated by epithelium-derived PGE,
via the mAChR-PLC-COX signaling pathway, implying
an interaction among the smooth muscles, nerves, and
epithelia in airways (Figure 6B).

As a prominent endothelium-derived relaxing factor,
NO plays a crucial role in regulating vascular tone (29).
Previous studies have demonstrated that the endogenous
NO synthases, including neuronal NO synthase,
endothelial NO synthase, and inductive NO synthase
were all detectable in airway epithelium (30). Additionally,
exogenous NO showed a relaxant effect on airway smooth
muscle in vitro and in vivo (31), indicating that NO may be

© Annals of Translational Medicine. All rights reserved.

a candidate for EpiDRF in airways. However, our results
revealed that after applying the NO synthase inhibitor
L-NNA, the inhibitory effect of ACh on EFS-contracted
rat tracheal smooth muscle was not altered, ruling out the
involvement of endogenous NO in this process.

It has long been known that PGE, contributes to
epithelium-dependent control of smooth muscle tone in a
wide range of organ systems (5). The key enzyme, COX,
catalyzes the conversion of arachidonic acid to prostaglandin
H2, an unstable prostaglandin intermediate that is
subsequently converted into PGE, via PGE, synthase (5).
In airways, PGE, exerts a relaxant effect on the airway
smooth muscle cells by acting on the E prostanoid 2
receptor (32,33). Early evidence showed that the loss of
the epithelium or incubation with the non-selective COX
inhibitor indomethacin facilitated contractile response to
bethanechol in rabbit bronchi (34), which indicated the
involvement of PGE, in epithelium-dependent smooth
muscle relaxation. In our study, however, the administration
of indomethacin or L-NNA did not significantly alter
the basal tone in rat tracheal rings, which indicated that
the basal production of prostanoids and NO was low in
rat airways as described previously (35). Our study also
demonstrated that either pretreatment with indomethacin
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or exogenously applied PGE, significantly attenuated the
inhibitory effect of ACh on EFS-evoked contraction of
rat tracheas, which is consistent with previous reports in
canine airways (36). These observations suggested that
ACh might trigger the release of PGE,, which acted on
tracheal smooth muscle and induced relaxation. Indeed,
our in vitro study demonstrated that ACh elicited COX-
dependent PGE, release from primary cultured rat tracheal
epithelial cells, which was in line with other research (15,16).
However, it should be noted that indomethacin is a COX
inhibitor, and thus the potential involvement of other types
of prostaglandins can not be excluded. More investigations
are needed to elucidate the critical role of prostaglandins in
regulating smooth muscle contraction.

The expression of COX was reportedly associated with
Ca’* signaling in various cell types (18,26,37-39). We thus
explored the cellular mechanism underlying ACh-evoked
PGE, production. Using the [Ca®]; detection technique,
we found that ACh induced a transient increase in [Ca™];,
which could be blocked by Tg, atropine, or U73122
in primary cultured rat tracheal epithelial cells. These
observations suggested that ACh triggered PLC-dependent
Ca’ release from intracellular Ca’™ stores via activation of
mAChR. Parallel to the Ca™ detection results, atropine
also suppressed the epithelium-dependent relaxation
induced by ACh in EFS-contracted rat tracheal rings.
These observations implied that activation of mAChR
evoked Ca®™ release in airway epithelium, which promoted
COX-dependent PGE, release and the subsequent smooth
muscle relaxation as described previously (34). Interestingly,
after pretreatment with atropine, the contractile response
induced by EFS was attenuated. This may be attributed
to the inhibitory effect of atropine on the smooth muscle
contraction induced by ACh released from vagus nerve
terminals.

Airway epithelial cells may respond to signals from the
adjacent nerves, immune cells, or pathogens, thereby exerting
modulation on airway smooth muscle cells (5). Under
physiological conditions, the cellular signaling mediating the
release of EpiDRFs such as PGE, remains unclear. Previous
evidence showed that the epithelium-dependent modulating
effect on smooth muscle was destroyed in dog lungs when
denervation occurred (40), indicating the involvement of
neural stimulation in facilitating EpiDRFs release from
airway epithelium. Considering the critical roles of the
parasympathetic neurotransmitter ACh in regulating airway
function, our study may provide a possible explanation for
the above observation. Disruption of EpiDRFs production

© Annals of Translational Medicine. All rights reserved.
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has accounted for smooth muscle disorders, including
asthma (27). Given that inhalation of PGE, alleviated
the early and late response to allergens in patients with
asthma (41), reconstruction of the mAChR-Ca’*-COX-
PGE, signaling system in airway epithelium might be a
therapeutic strategy for the treatment of respiratory diseases
associated with airway hyperresponsiveness.

In conclusion, the neurotransmitter ACh has a dual
regulatory effect on rat tracheas by directly contracting
the smooth muscles or mediating epithelium-derived
PGE, release via the mAChR-Ca*-COX pathway, thereby
exerting the relaxant effect on the neighboring smooth
muscles. Our study confirms the critical regulatory effect
of neurotransmitter-triggered epithelium-derived PGE, on
airway function, providing valuable insights into the cross-
talk between epithelial cells and the neighboring cells.
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Supplementary

Appendix 1

Method
Immunofluorescence assay

The primary cultured rat tracheal epithelial cells were
grown on the glass coverslips for 3 days. The cells were

incubated with a mouse monoclonal antibody against

pan cytokeratin (1:100, Wuhan Boster, Wuhan, China)
overnight at 4 °C and incubated with a secondary antibody
against mouse IgG conjugated to fluorescein isothiocyanate
(FITC; 1:100, Wuhan Boster, Wuhan, China) for
90 min at room temperature. Cells were visualized using a
fluorescence microscope (Eclipse 50i, Nikon, Tokyo, Japan).
The negative control was obtained by omitting the primary
antibody.

ﬁ\
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Figure S1 Effect of acetylcholine (ACh) on rat tracheal rings. Representative trace showing the transient contraction response induced by

ACh (20 nM) in rat tracheal ring. The experiment was repeated at least three times.

TEC

Figure S2 Characterization of the primary cultured rat tracheal epithelial cells. Fluorescence images showing the fluorescein isothiocyanate

(FITC) immunoreactivity for PCK, the epithelial cell marker. Scale bars, 25 pm. NC, negative control; TEC, tracheal epithelial cell; PCK,

pan-cytokeratin.
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