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Abstract

A non-phorbol ester-type tumor promoter, thapsigargin has been reported to deplete Ca?* stores in endothelia cells by inhibiting
Ca?"-ATPase, which in turn increases intracellular Ca?* by mobilization of extracellular Ca2*, leading to activation of constitutive nitric
oxide synthase (cNOS) and resultant generation of nitric oxide (NO). In the present study, to evaluate the role of Ca?* in the release of
epithelium-dependent relaxing factor (EpDRF), we determined the effect of thapsigargin (10~ M) on the contraction evoked by
exogenous Ca?™ or acetylcholine (107° M) in epithelium-denuded or epithelium-intact smooth muscle from guinea pig trachea. The
following results were obtained: (1) In epithelium-denuded smooth muscle, the contraction evoked by exogenous Ca?* in Ca2*-free
solution or by acetylcholine (10~% M) in Ca2*-containing solution did not change within 20 min after thapsigargin application, but the
contraction evoked by exogenous Ca?* increased markedly after 120 min, indicating that thapsigargin had no effect on smooth muscle
itself within 20 min of application. The following experiments were performed within 20 min of thapsigargin application. (2) In
epithelium-intact smooth muscle, thapsigargin significantly suppressed the contraction evoked by acetylcholine, suggesting that
thapsigargin stimulate the epithelium to produce EpDRF. N ®-nitro-L-arginine methylester (L-NAME) partly, but significantly, attenuated
this inhibitory effect of thapsigargin. (3) In epithelium-denuded smooth muscle, atropine (10~ % M) and L-NAME (10~° M) did not
change the contraction evoked by exogenous Ca?* after application of thapsigargin, suggesting that thapsigargin did not stimulate
acetylcholine and NO release from nerve terminals. These results suggest that thapsigargin (10~® M) may stimulate EpDRF, including
NO and other factor(s) by Ca?"-dependent mechanisms. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been reported that airway hyperresponsiveness
can be induced by epithelial damage in animals (Fabbri et
a., 1984) and in humans (Seltzer et a., 1986). The
removal of airway epithelium increases the responsiveness
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of smooth muscle, suggesting that the epithelium may be
involved in the inhibition of smooth muscle contraction
(Flavahan et al., 1985; Aizawaet al., 1988; Nijkamp et al.,
1993; Folkerts and Nijkamp, 1998). Airway epithelial cells
release various inhibitory factor(s), such as prostaglandin
E, and epithelium-derived relaxing factor (EpDRF), and
these cells also inhibit excitatory vagal neurotransmission,
presumably by suppressing the release of acetylcholine
(Xie et d., 1992). Airway epithelial cells may therefore
play an important role in regulating the responses of
airway smooth muscle (Flavahan et a., 1985; Aizawa et
al., 1994).
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In the vascular system, the endothelium-derived relax-
ing factor produced and released from arteries is reported
to be nitric oxide (NO) (Ignarro et al., 1987; Pamer et al.,
1987). Endothelia nitric oxide synthase is expressed by
cultured human bronchiolar epithelium (Shaul et al., 1994).
Recently, it has been reported that bradykinin releases NO
from the tracheal epithelium (Figini et al., 1996), and that
epithelial depolarization releases a relaxing factor(s) like
NO in guinea pig airway (Folkerts and Nijkamp, 1998). It
has also been shown that human epithelial cells express
nitric oxide synthase (Watkins et al., 1997).

The purpose of the present study was to evaluate the
role of Ca2" in the release of EpDRF. We used thapsigar-
gin, which is non-phorbol ester promoter that causes relax-
ation due to release of NO from endothelial cells in a
Ca’ " -dependent manner (Moritoki et al., 1994). Thapsigar-
gin directly inhibits endoplasmic reticulum Ca®"-ATPase
and thus increases cytosolic Ca?* in sensitive cells by
acute blockade of the Ca™ pump in the endoplasmic
reticulum, followed by rapid leakage of Ca’* stores
(Thastrup et al., 1990). Consequently, the intracellular
Ca’" concentration is regulated by the extracellular Ca?™*
concentration after application of thapsigargin (Amrani et
a., 1995; Gonzalez et a., 1995) and can be used as a
probe to investigate intracellular Ca?* storage and release
processes. The second purpose of this study was to exam-
ine the role of NO in the epithelium-dependent relaxation
mediated by Ca®*. We obtained evidence that thapsigargin
inhibits acetylcholine-induced contraction by promoting
the formation of NO and other factor(s) through a process
that depends on the intracellular Ca?" concentration of
epithelial cells.

2. Material and methods

2.1. General procedure

Male Hartley guinea pigs weighing 500—600 g (Kyudo,
Kumamoto, Japan) were anaesthetized with sodium pento-
barbital (50 mg/kg i.p.) and exsanguinated. The thorax
was opened and the heart, lungs, and whole trachea were
transferred to a bath containing oxygenated Krebs solution.
The trachea was cleaned of fat and connective tissue under
a dissecting microscope and separated from the rest of the
preparation by cutting the main bronchi, and then was cut
into one-cartilage segment. Tracheal ring was opened lon-
gitudinaly through the anterior aspects, and a dorsal strip
was cut transversely at a length of 2—3 mm and a width of
1-1.5 mm.

The preparation was bathed in modified Krebs solution
with the following composition (mM): Na* 137.4, K* 5.9,
Mg?* 1.2, Ca¢* 2.5, CI7134.0, H,PO,; 1.2, HCO; 155

and glucose 11.5. The solution was aerated with 97% O,
and 3% CO, and the pH was 7.3-7.4. Modified Krebs
solution contained 2.5 mM Ca&*, while Ca®*-free modi-
fied Krebs solution also contained 0.3 mM EGTA.

For measurement of mechanical responses, the tracheal
tissue was mounted verticaly in a 1-ml organ bath through
which the medium (maintained at 35—36°C) flowed contin-
uously at arate of 2 ml /min. One end of the tracheal ring
was tied by fine silk thread to a mechanotransducer (Nihon
Kohden, RCA-5734) and the other to a hook at the bottom
of the bath. The strips were set up with an optimum initial
tension of 0.01-0.02g (Aizawa et al., 1990, 1991; Ito et
al., 1989) and mechanical activity was recorded with a pen
recorder. The epithelial cells were removed mechanically
by rubbing the internal surface of the trachea with fine
silver wire (200 wm diameter) or by hypo-osmolarity
shock by exposing the inner lumen of the trachea to
distilled water for about 30—60 s as has previously been
done in vascular tissues for removal of endothelial cells
(Bolton et al., 1984; Nagao and Suzuki, 1987).

2.2. Sudy 1

In order to investigate the time-dependent effect of
thapsigargin on smooth muscle and cholinergic nerve
fibers, we used epithelium-denuded smooth muscle strips
in Ca?*-free modified Krebs solution. After the first con-
tractile responses to Ca?* (2.5 mM)-containing acetyl-
choline (107° M) and to Ca?* (2.5 mM) were obtained,
the strips were washed out with Ca?*-free Krebs solution,
then thapsigargin (107° M) was added to the organ bath.
The contractile responses to Ca?*-containing acetylcholine
or Ca?* were measured at 20 min and 120 min after
thapsigargin application. We also examined the effect of
atropine (10°® M) and NC®-nitro-L-arginine methylester
(L-NAME) (107° M) on the release of acetylcholine and
NO at 120 min after thapsigargin application.

2.3. Sudy 2

In order to investigate the effect of thapsigargin on the
airway epithelium, we used epithelium-intact smooth mus-
cle strip. After the first contractile response to Ca2* (2.5
mM)-containing acetylcholine (107° M) was obtained,
thapsigargin (10°® M) was added to the organ bath and
the contractile response to Ca?* (2.5 mM)-containing
acetylcholine was measured 20 min after thapsigargin ap-
plication. To examine the contribution of NO to EpDRF
during acetylcholine-induced contraction, we investigated
the effect of L-NAME. The contractile responses to acetyl-
choline was measured before and 20 min after application
of thapsigargin. The contractile response to acetylcholine
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Fig. 1. Effect of thapsigargin (10~ M) on acetylcholine (10~°> M) and C&?™ (2.5 mM)-induced contraction of epithelium-denuded smooth muscle from
guinea pig tracheain Ca?*-free solution. Ca?* (2.5 mM)-induced contraction was not altered within 20 min after the application of thapsigargin, but it was
markedly enhanced after 120 min. This increase in contraction was not affected by atropine and L-NAME.

20 min after application of thapsigargin was measured
with and without addition of L-NAME.

2.4. Drugs

Acetylcholine chloride, thapsigargin,
arginine methylester (L-NAME), N C-nitro-p-arginine
methylester (D-NAME), EGTA, dimethyl sulphoxide
(DMSO) (@l from Sigma, MO, USA), and atropine sul-
phate (Daiichi Pharmaceutical, Tokyo, Japan) were used in

N G-nitro-L-

the present study. Thapsigargin was dissolved in DMSO.
Each drug was added to the organ bath medium.

2.5. Satistics

Smooth muscle responses were standardized as a per-
centage of the contraction evoked by Ca?*-containing
acetylcholine solution before thapsigargin application, and
were expressed as the arithmetic mean and standard error.
Differences between mean values were tested for signifi-
cance using the paired Student’s t-test. Differences among
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Control Thapsigargin Thapsigargin L-NAME Atropine Atropine(10'6M)
20 min. 120 min. (10'5M) (10'6M) + L-NAME(10'5M)

(NS not significant, ** p<0.01)

Fig. 2. Effect of thapsigargin at 20 and 120 min after application to epithelium-denuded smooth muscle from guinea pig trachea. The amplitude of the
contraction evoked by acetylcholine in the presence of Ca®" before thapsigargin was defined as 100%. Ca&2* (2.5 mM)-induced contraction was not
altered within 20 min after the application of thapsigargin, but it was significantly enhanced after 120 min. This increase in contraction was not affected by

atropine and L-NAME (n = 8).
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Fig. 3. Effect of thapsigargin (1078 M) on acetylcholine-induced contraction of epithelium-denuded smooth muscle from guinea pig trachea in
Ca®*-containing solution. Acetylcholine-induced contraction was not changed within 20 min after application of thapsigargin. This contraction was not

affected by L-NAME (10~ M) or indomethacin (1075 M).

more than two groups were compared by one-way analysis
of variance followed by Bonferroni’s correction. In all
analysis, P < 0.05 was considered significant.

3. Results

3.1. Effect of thapsigargin on epithelium-denuded tracheal
smooth muscle in Ca? *-free solution

Thapsigargin (10~° M) did not influence the Ca?* (2.5
mM)-application in Ca®*-free solution and acetylcholine

Epithelium-intact

0.1g
Thapsigargin
20 min.

ACh(10-5Mm)+
Ca2t (2.5mM)

ACh(10"5M)+
Ca2* (2.5mM)

(107° M)-application in Ca?*-free solution at 20 min after
its application, but markedly contracted the Ca®* (2.5
mM)-application in Ca?*-free solution at 120 min (n = 6,
P < 0.01; Figs. 1 and 2).

To examine the influence of thapsigargin on the release
of acetylcholine and NO from peripheral nerve fibers on
thapsigargin action, the effect of L-NAME (107> M) and
atropine (10~® M) on this experimental system were inves-
tigated. Both agents did not affect the Ca?*-induced con-
traction at 120 min after thapsigargin application (n= 6,
P < 0.01; Fig. 2).

Indomethacin (10°3M)

L-NAME (10-M)
e San S = — ]

ACh(1 0-5m)+ ACh(1 O'SM)+
Ca2* (2.5mM) Ca2* (2.5mM)

Fig. 4. Effect of thapsigargin (106 M) on acetylcholine-induced contraction of epithelium-intact smooth muscle from guinea pig trachea in
Ca’*-containing solution. Acetylcholine-induced contraction was markedly suppressed 20 min after application of thapsigargin. This inhibition was
partially reversed in the presence of L-NAME (10~° M) and indomethacin (1075 M).
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Fig. 5. Effect of thapsigargin on acetylcholine-induced contraction of epithelium-intact smooth muscle from guinea pig trachea at 20 min after application.

The amplitude of the contraction evoked by acetylcholine with Ca®* before

thapsigargin was defined as 100%. Acetylcholine-induced contraction was

significantly suppressed by application of thapsigargin. It was not affected by application of DMSO. This inhibition was partialy but significantly reversed

by L-NAME (10~% M) and indomethacin (10~° M) (n= 8).

These results suggests that release of acetylcholine and
NO from periphera nerve fibers did not play a role in
mediating Ca2"-induced contraction in Ca?*-free solution
after thapsigargin application.

3.2. Effect of thapsigargin on acetylcholine-induced con-
traction of epithelium-intact and -denuded tracheal smooth
muscle

Thapsigargin did not alter the acetylcholine-induced
contraction of epithelium-denuded smooth muscle in
Ca’*-containing solution at 20 min after its application
(Fig. 3), but significantly suppressed the acetylcholine-in-
duced contraction of epithelium-intact smooth muscle

(Figs. 4 and 5). The maximal concentration by DMSO in
the bath was < 0.1% and had no effect on the acetyl-
choline-induced contraction of epithelium-intact smooth
muscle (Fig. 6).

3.3. Effects of thapsigargin on Ca?*-free and Ca?*-con-
taining acetylcholine-induced contraction of epitheliuntin-
tact guinea pig trachea

3.3.1. Effect of L-NAME and indomethacin on inhibition by
thapsigargin on acetylcholine-induced contraction of ep-
ithelium-intact tracheal smooth muscle

To clarify the contribution of NO and prostanoids to
epithelium-dependent relaxation, the effect of L-NAME

Epithelium-intact

DMSO
20 min.

| A
I

ACh(105M)+
Ca2* (2.5mM)

ACh(10"5M)+
Ca?t (2.5mM)

Fig. 6. Effect of DMSO on the Ca?"-containing acetylcholine-induced contraction of epithelium-intact smooth muscle.
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Fig. 7. Effect of thapsigargin (10® M) on acetylcholine-induced contraction of epithelium-intact smooth muscle from guinea pig trachea in
Ca®*-containing solution. Acetylcholine-induced contraction was markedly suppressed 20 min after application of thapsigargin. This inhibition was not

reversed in the presence of -NAME (1075 M).

and indomethacin (10~° M) on the actions of thapsigargin
was investigated. The contraction evoked by acetylcholine
in the presence of Ca?* before thapsigargin application
was defined as 100%. In epithelium-intact smooth muscle,
thapsigargin suppressed by acetylcholine induced contrac-
tion about 25% at 20 min after application, and L-NAME
partly but significantly, reversed the inhibitory effect of
thapsigargin  compared with b-NAME (Fig. 7). In-
domethacin still reversed the inhibitory effect of thapsigar-
gin (n=6, P<0.05; Fig. 5).

4, Discussion

In the present study, we obtained evidence that thapsi-
gargin could suppress the acetylcholine-induced contrac-
tion of epithelium-intact smooth muscle in the guinea pig
trachea. Inhibition of acetylcholine-induced contraction by
thapsigargin was epithelium-dependent, because thapsigar-
gin did not affect the contraction of epithelium-denuded
smooth muscle.

Thapsigargin is known to inhibit Ca2*-ATPase and
to deplete intracellular Ca®* stores. This results in the
subsequent of influx of extracellular Ca?*, so that the
intracellular Ca?* concentration becomes regulated by the
extracellular Ca?* concentration (Amrani et al., 1995;
Gonzalez et a., 1995). In the present study, application of
Ca?* to smooth muscle strips in Ca®*-free solution or
application of acetylcholine in Ca?*-containing solution
evoked contraction after thapsigargin treatment, and this
suggested the influx of extracellular Ca2*. The amplitude
of acetylcholine-induced contraction was not changed by
thapsigargin within 20 min after its application to epithe-
lium-denuded preparations, which indicates that thapsigar-

gin did not have any effect on smooth muscle itself within
20 min. Therefore, we investigated the role of Ca®* in the
release of epithelium-dependent relaxing factor from tra-
cheal epithelium using epithelium-intact preparations
within 20 min of thapsigargin application. In preparations
treated with thapsigargin, intracelluar Ca2* mobilized in
the presence of extracellular Ca?* may be available for
synthesis of epithelium-dependent relaxing factor, which
may then inhibit smooth muscle contraction.

Thapsigargin did not affect the contraction of epithe-
lium-denuded smooth muscle, but significantly suppressed
the contraction of epithelium-intact preparations within 20
min, suggesting that thapsigargin caused the release of
epithelium-dependent relaxing factor from tracheal epithe-
lia cells. In epithelial cells, thapsigargin increase intra-
cellular Ca?* concentration about 200 s (Kanoh et al.,
1999). In smooth muscle cells, thapsigargin increase intra-
cellular Ca?* concentration about 12—15 min (Roux et al.,
1997) and about 15-20 min (Kannan et a., 1997). The
difference between the affinity of thapsigargin for Ca?*-
ATPase in epithelial cells and smooth muscle cells was
time-dependent. It was also suggested that inhibition of
tracheal smooth muscle contraction by thapsigargin was
due to an increase of the intracellular Ca®* concentration
in tracheal epithelial cells that was mediated by mobiliza-
tion of extracellular Ca?*. Another possibility is that the
results obtained are due to different release of calcium
from intracellular stores. To clarify the role of intracellular
Ca2" on EpDRF, the effects of thapsigargin on the action
of Ca?*-free and Ca?*-containing acetylcholine-induced
contraction of epithelium-intact guinea pig trachea were
investigated. Although thapsigargin suppressed the Ca?*-
containing acetylcholine-induced contraction, it did not
influence Ca2*-free acetylcholine-induced contraction of
epithelium-intact guinea pig trachea (data not shown).
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The inhibitory effect of thapsigargin was partially but
significantly reversed by L-NAME, suggesting that part of
the action of thapsigargin was due to blocking of the
production of nitric oxide compounds in the epithelial
cells. In endothelial cells, NO synthase is Ca?*-calmodu-
lin-dependent, and many studies have shown a crucia role
of Ca2" in endothelium-dependent relaxation (Bredt et al.,
1991; Bredt and Snyder, 1990; Pamer et al., 1987). It has
been concluded that endothelium-dependent relaxing factor
is actually nitric oxide (Ignarro et al., 1987). However, few
studies have investigated the role of Ca?* in releasing
nitric oxide from the tracheal epithelium. Previous studies
have shown that airway epithelia cells release at least two
factor(s), which may be prostanoid (prostaglandin E,) and
another factor that is distinct from prostanoid (Matsumoto
et al., 1996). In the endothelia cells, there is at least one
other relaxant factor from, known as hyperpolarizing fac-
tor, now known to be K (He et a., 1996; Zygmunt and
Hogestatt, 1996). The L-NAM E-insensitive component may
be attributed to epithelium-dependent relaxing factor(s)
other than nitric oxide. Thus, our findings provide evi-
dence that airway epithelial cells may release nitric oxide
and other epithelium-dependent relaxing factor(s) by
Ca?*-dependent mechanisms.

In conclusion, thapsigargin inhibited tracheal smooth
muscle contraction by acting on airway epithelial cells,
presumably by promoting the release of epithelium-depen-
dent relaxing factor. Our results also suggested that intra-
cellular Ca2* mobilization in epithelial cells may be cru-
cial for triggering the release of relaxing factor(s). L-NAME
and indomethacin partly blocked this inhibitory effect of
thapsigargin, suggesting that one relaxing factor is nitric
oxide. The L-NAME and indomethacin-insensitive compo-
nent indicated the presence of other epithelium-dependent
relaxing factor. Airway epithelial cells may release nitric
oxide and prostanoid(s) and other epithelium-dependent
relaxing factor(s) by Ca?"-dependent mechanisms.
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