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Ca increase and Ca2+-influx in human tracheal smooth
muscle cells: role of Ca2± pools controlled by sarco-endoplasmic
reticulum Ca2 + -ATPase 2 isoform
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1 The contribution of sarco-endoplasmic reticulum Ca2 +-ATPases (SERCA)-regulated Ca2 + stores to
the increase in intracellular free calcium ([Ca2+]i) induced by bradykinin (BK) was investigated in fura-2
loaded human tracheal smooth muscle cells (TSMC). For this purpose, we used thapsigargin, a selective
inhibitor of Ca2+-ATPases of intracellular organelles.
2 Thapsigargin (10-' to 10' M) induced a dose-dependent increase in [Ca2+]i in the presence of external
Ca2+ with an EC50 value of 7.33 + 1.26 nM. In Ca2+-free conditions, the addition of Ca2+ (1.25 mM)
caused an increase in [Ca2+], which was directly proportional to the pre-incubation time of the cells with
thapsigargin. Net increases of 60+9, 150+22 and 210+27 nM were obtained after 1, 3 and 5 min,
respectively.
3 In the presence of extracellular Ca2+, BK induced a typical biphasic increase in [Ca2 + ], with a fast
transient phase and a sustained phase. The sustained component was reversed by addition of a

bradykinin B2-receptor antagonist (Hoe 140, 10' M) to the buffer as well as by deprivation of Ca2+. The
transient phase induced by BK, histamine and carbachol was inhibited in a time-dependent way by pre-

incubation of the cells with thapsigargin.
4 Comparative western blotting of human TSMC membranes using anti-SERCA2 isoform-specific
antibodies clearly showed the greater expression of the 100-kDa SERCA2-b isoform compared with the
SERCA2-a isoform.
5 Our data show that thapsigargin-sensitive Ca2+ stores contribute significantly to the activation of
human TSMC which suggests a role for these stores in the subsequent induction of Ca2+ influx. These
stores appear to be controlled by the Ca2+-ATPases (SERCA2-b isoform) which could also participate in
the regulation of Ca2+ influx through the plasma membrane.
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Introduction

Studies on tracheal smooth-muscle cells (TSMC) in culture
from a variety of species have shown that bradykinin, carba-
chol and histamine induce a biphasic (transient and sustained)
increase in cytosolic free calcium ([Ca2+]i) (Murray & Kotlik-
off, 1991; Marsh & Hill, 1993; Yang et al., 1993a,b; 1994b;
Amrani et al., 1994). This increase in [Ca2+]i may play a fun-
damental role in smooth muscle contraction observed in
functional studies in vitro (Trifilieff et al., 1993; Farmer et al.,
1994). The aim of the present study was to define the regula-
tion of Ca2", paying particular attention to the role of in-
tracellular Ca2+ stores for the reasons described below.

The rapid and transient Ca2" peak is generally accepted to
be due to the mobilization of Ca2" by inositol 1,4,5-trispho-
sphate-mediated Ca2+ from intracellular Ca2+ stores located
mainly in the sarcoplasmic reticulum (Tsunoda, 1993; Fasolato
et al., 1994). This is supported by several lines of evidence
including the maintenance of the transient phase in the absence
of extracellular Ca2" (Murray & Kotlikoff, 1991; Marsh &
Hill, 1993; Amrani et al., 1994), its insensitivity to Ni2"
(Amrani et al., 1994) and the generation of inositol trispho-
sphate upon activation of muscarinic and bradykinin receptors
(Marsh & Hill, 1992; Pyne & Pyne, 1993; Yang et al., 1994a).
The secondary, sustained phase is caused by Ca2+ influx from
the extracellular medium since the absence of external calcium

or the use of polyvalent cations such as Mn2+ Ni2+ abolished
the sustained phase (Murray & Kotlikoff, 1991; Marsh & Hill,
1993; Yang et al., 1993a; Amrani et al., 1994).

The cellular mechanisms linking both phases are not yet
known. An interesting hypothesis is based on the capacitative
entry model described by Putney (1993). In this model, Ca2+
influx can be activated by a process shunting second messen-
gers such as inositol phosphate metabolites, whereby the filling
state of some Ca2+-stores alone is sufficient to induce Ca2 +
entry. In this way, evidence supporting the capacitative model
comes mainly from studies using specific sarcoplasmic re-
ticulum Ca2+-ATPase inhibitors, such as thapsigargin which
empties the intracellular Ca2 +-stores without generating any
known second messenger (Takemura et al., 1989; Thastrup,
1990; Thastrup et al., 1989; 1990; Fasolato et al., 1994). Thus,
the subsequent increase in [Ca2+ ], induced by thapsigargin and
observed in a broad spectrum of cells (Thastrup, 1990;
Thastrup et al., 1990) is generally followed by an activation of
Ca2+ influx, as shown in mast cells (Dar & Pecht, 1992), hu-
man platelets (Malcolm & Fitzpatrick, 1992), lacrimal acinar
cells (Kwan et al., 1990) and neuronal cell lines (Takemura et
al., 1991). The finding that thapsigargin also activates Ca2+
influx following depletion of intracellular Ca2+ stores in vas-
cular smooth muscle cells (Xuan et al., 1992) led us to suggest
the existence, in airway smooth muscle cells, of a similar sig-
nalling mechanism linking the filling state of intracellular Ca2+
stores and Ca2+ entry.

Here, we show the presence of thapsigargin-sensitive Ca2 +
stores in human TSMC that are involved in the response of
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three different bronchoconstrictor agents. By use of antibodies
directed against SERCA2 isoforms, we suggest that the sarco-
endoplasmic reticulum Ca2+ ATPase2b is the major isoform
that regulates these stores. Depletion of Ca2+ from these stores
seems to be a key signal for the induction of a Ca2+ entry into
the cells.

Methods

Cell culture

Primary cultures of human TSMC were prepared as described
previously (Twort & Van Breemen, 1989; Kullman et al.,
1993). TSMC were cultured in DMEM/F12 medium supple-
mented with 10% foetal calf serum, 2 mM glutamine, 1% non-
essential amino-acids, insulin (5 gg ml-'), penicillin (100 u
ml-') and streptomycin (100 jig ml-'). All products were ob-
tained from Gibco BRL (Cergy Pontoise, France).

Immunofluorescent staining

Cells were observed by light microscopy and identified by their
typical Hill-and-Valley morphology at confluence. The identity
of the human cultured cells as being smooth muscle cells was
confirmed by immunolabelling with anti-smooth muscle x-ac-
tin antibody as described previously for guinea-pig TSMC in
culture (Amrani et al., 1994). Briefly, cells from the third
passage of subculture were grown on glass coverslips. TSMC
were washed with HEPES [2-[4-(2-hydroxyethyl)-1-piper-
azinyl]-ethansulphonic acid] buffer, fixed with formaldehyde
solution, then washed in HEPES buffer containing (mM):
NaCl 137.5, CaCl2 1.25, MgCl2 1.25, NaH2PO4 0.4, KCl 6,
glucose 5.6, HEPES 10 and 0.1% bovine serum albumin (w/v).
The cells were permeabilized in cold methanol (-200C), washed
and incubated with mouse anti-smooth muscle a-actin IgG
(Sigma, St Louis, MO, U.S.A.) for 90 min at room tempera-
ture. The cells were then washed and incubated with a bioti-
nylated goat anti-mouse IgG antibody (Amersham, Les Ulis,
France) for 60 min. This step was followed by three washings
in HEPES buffer and by 60 min incubation with FITC-con-
jugated extravidin (Sigma, St Louis, MO, U.S.A.). After
washing, glass coverslips were mounted onto glass slides with
glycerin, examined by epifluorescence microscopy (Nikon,
Tokyo) and photographed.

Measurement of cytosolic Ca2"

Ca measurements were performed on cell suspensions as
described for guinea-pig TSMC (Mikki et al., 1992; Amrani &
Bronner, 1993; Amrani et al., 1994). Briefly, human TSMC
cultured in 75 cm2 flasks were incubated with 3 gM fura-2/AM
(3 mm stock solution in dimethylsulphoxide) at 37°C for
45 min in HEPES buffer of the composition described above.
The cells were then washed with this buffer and incubation was
prolonged for 15 min in the absence of fura-2 to allow com-

pletion of the intracellular hydrolysis of the probe. The cells
were detached with trypsin (2 min at 37°C) and washed with
HEPES buffer. Fura-2-loaded cells were resuspended at 106
cells ml-' and placed in 1 cm quartz cuvettes. Cells in cuvettes
were pre-incubated for 2 min at 37°C with gentle stirring in a

thermostated cuvette holder before measuring fluorescence
intensities with a F-2000 Hitachi spectrofluorimeter. Each
sample of cells was washed just before placing in the fluori-
meter in order to remove any extruded fura-2 during proces-
sing of the preceding sample. Drugs were added in a volume of
20 gl to 1 ml cell suspension in order to minimize dye dilution
(2%). [Ca21], was calculated from the fluorescence intensities
measured at 510 nm after excitation at 340 and 380 nm as

described by Grynkiewicz et al. (1985). Maximum and mini-
mum fluorescence intensities were obtained wih 0.1% Triton
X-100 and 10 mM EGTA in 2 M Tris-HCl, pH 8.5, respec-
tively.

Membrane preparation

Human TSMC membrane preparation was performed as de-
scribed for aortic smooth muscle cells by Magnier et al. (1992).
Smooth muscle cells in monolayers were rinsed with 17 mM
HEPES pH 7, 160 mM KCl; 0.05 mM EGTA and lysed in an
ice-cold buffer containing: 10 mM HEPES pH 7, 10 mM KCl;
0.05 mM EGTA; 0.05 mm DTT (dithiothreitol) supplemented
with a mixture of protease inhibitors (0.1 mg ml-' trypsin in-
hibitor, 0.05 mg ml-' aprotinin, 0.01 mg ml-' leupeptin and
25 gM PMSF). The homogenate was sonicated and centrifuged
for 10 min at 3500 g at 4°C. The supernatant was ultra-
centrifuged for 60 min at 4°C and 100,000 g and the resulting
pellet resuspended in 17 mM HEPES pH 7, 160 mM KCl and
0.1 mM DTT. The microsomes were frozen and stored at
-80°C. As controls, SERCA2-a and SERCA2.b enriched mem-
brane preparations were obtained from rat heart and human
platelets, respectively, according to the same procedure.

SDS-PAGE and Western Blot

Membrane fractions were solubilized and reduced for 30 min
at room temperature in 50 mM Tris pH 6.8, containing 2%
(w/v) SDS, 0.01% (v/v) bromophenol blue, 25% (v/v) gly-
cerol, 10 mM DTT. Samples were analysed on an 8% SDS-
PAGE and blotted onto nitrocellulose membranes as de-
scribed previously (Magnier et al., 1992). The membranes were
first blocked overnight at room temperature in Tris buffer
(10 mm Tris-HCl pH 7.5, 150 mM NaCl) containing 5% non
fat dry milk, 0.1% (v/v) Tween 20, then incubated for 1 h at
room temperature with the rabbit polyclonal isoform-specific
anti-SERCA2-a and anti-SERCA2-b (1/100 dilution) in the
blocking buffer. After three washes, the membranes were in-
cubated for 1 h at room temperature with a donkey perox-
idase-conjugated anti-rabbit IgG (1: 50000 dilution) (Jackson,
West Grove, PA, U.S.A.). The control of the immunostaining
procedure was determined by using SERCA2a and 2-b isoform
containing-membrane preparations from rat heart and human
platelets respectively. For immunostaining detection, mem-
branes were incubated for 1 min with the Enhanced Chemi-
Luminescence (ECL) detection reagents (Amersham, Les Ulis,
France) and then autoradiographed using Kodak X-OMAT
AR films.

Drugs and chemicals

Bradykinin, thapsigargin, histamine, Triton X-100, leupeptin,
aprotinin, PMSF, soybean trypsin inhibitor and fura-2/AM
were purchased from Sigma Chemical Co (St Louis, MO,
U.S.A.). The B2 antagonist D-Arg[Hyp3,Thi5,D-Tic7,Oic8]BK
(Hoe 140) was a kind gift from Hoechst (Frankfurt, Germany).
Anti-SERCA2-a and -SERCA2-b isoform-specific antibodies
were prepared as described previously (Wuytack et al., 1989;
Eggermont et al., 1990).

Results

Confirmation of smooth muscle cell identity

Figure 1 shows immunofluorescent staining of a-smooth
muscle actin which is arranged in fibres running parallel to the
long axis of the cells. More than 95% of the cells bound anti-
smooth muscle a actin antibodies.

Effect of thapsigargin on [Ca2+]i in human TSMC

Exposure of human TSMC to thapsigargin, a Ca2+-ATPases
inhibitor, induced a rise in [Ca2+]i in human TSMC. This rise
was slow and uniform for I0' M and 104 M thapsigargin,
reaching a plateau within 60-70 s (n = 5). As the concentra-
tion of thapsigargin increased (I0-v- IO' M), the rise became
biphasic and was characterized with a fast and transient rise in
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Figure 1 Epifluorescence photomicrographs of human tracheal
smooth muscle cells in culture, labelled with mouse anti-smooth
muscle a-actin. Calibration bar= 100 gm.
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[Ca2"]J which increased within 30-35 s, followed by a sub-
sequent sustained plateau phase (Figure 2a, n = 4). Con-
sidering the maximal net increase for each trace (at the
transient or sustained phase), thapsigargin induced a con-

centration-dependent increase in [Ca2+]i between 10O M and
10 M with an EC50 value of 7.33 + 1.26 nM (Figure 2a and b,
n =4).

Effect of thapsigargin on carbachol-, histamine- and
BK-induced increases in [Cad]i
In order to identify the intracellular Ca2+ pools involved in
agonist-induced activation of human TSMC, we investigated
the effect of pretreatment with thapsigargin. Concentrations of
10 M and I0V M were chosen. The former concentration did
not induce a transient rise and was close to the EC50 whereas
the latter had a maximal effect (see Figure 2). Figure 3 and
Table 1 show that pretreatment of human TSMC in culture
with thapsigargin (108 M) significantly inhibited the increase
in [Ca2+]i induced by BK (Figure 3a), histamine (Figure 3b)
and carbachol (Figure 3c) in a time-dependent manner.

Moreover, increasing the thapsigargin concentration resulted
in a greater reduction of the BK-induced Ca2+ peak. After 1

and 2 min preincubation with thapsigargin (10' M) the per-
centage inhibition was 52 + 8 and 66 + 6%, respectively, (n = 4,
P < 0.05). Similarly, for carbachol and histamine the degree of
inhibition by thapsigargin was dependent upon the time of
preincubation and on the concentration of thapsigargin (Table
1). Interestingly, the sustained phase disappeared con-

comitantly with the disappearance of the transient phase.
These results suggest that histamine, carbachol and BK acti-
vate human TSMC by mobilizing Ca2+ from intracellular
Ca2+ pools sensitive to thapsigargin. Furthermore, these re-

sults suggest that the sustained phase is dependent on the
transient phase.

Role of extracellular Ca2` in the thapsigargin-induced
rise in [Ca2+]i

To determine whether one or both phases of the thapsigargin-
induced response were dependent upon the presence of extra-
cellular Ca2 , comparisons of the thapsigargin-induced Ca2+

signals were made in the presence and absence of extracellular
Ca2+ (Ca2+-free and EGTA-containing medium). Figure 4a
shows that thapsigargin, at 10' M, induced a rise in [Ca2+], in
which the transient phase was slightly affected by the absence
of extracellular Ca2+ (70 + 8% of the thapsigargin-response in
the presence of 1.25 mM Ca2+, n = 4, P < 0.01). Conversely, the
sustained phase was drastically diminished compared with the
control obtained in the presence of 1.25 mM Ca2 , (23 ± 6% of
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Figure 2 Effect of increasing concentrations of thapsigargin on

[Ca21]1 in fura-2-loaded human TSMC in Ca2-containing HEPES
buffer. (a) Typical traces showing the concentration-related increase
in [Ca2 ]i at various concentrations of thapsigargin. Arrows indicate
the addition of thapsigargin. (b) Log concentration-response curve to
thapsigargin. Values representing net maximal increase in intracel-
lular Ca2+ over basal level are the mean+s.e.mean of 4 separate
experiments.

the thapsigargin-response in the presence of 1.25 mM Ca2+
n=4, P<0.01). The dependency of the sustained phase on

extracellular Ca- was confirmed by the addition of 1 mM
EGTA which decreased the sustained phase from 240-260 to
180-200 nM (Figure 4b, n = 5). Increasing the concentration
of EGTA (2 mM) resulted in a further reduction in the mag-
nitude of the thapsigargin-induced sustained phase (from 240-
260 to 110- 130 nM, n = 5, Figure 4b).

Re-introduction of 1.25 mM extracellular Ca2` to human
TSMC deprived of extracellular Ca2+ in the presence of
thapsigargin (10-i M) caused a rapid increase in [Ca2+],
(Figure Sa). The magnitude of this increase in [Ca2+]i was

dependent upon the stimulation time with thapsigargin
(60+9, 150+22 and 210 +27 nM after 1, 3 and 5 min re-

spectively, n=4) (Figure Sb). Since our results suggested the
occurrence of a Ca2+-influx induced by thapsigargin, we

tried to measure and quantify such an influx using Mn2+-
quenching of fura-2. However, no quenching of fura-2 at
360 nm (at the isobestic point) by Mn2+ was observed fol-
lowing the addition of either thapsigargin or agonists such

200
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Figure 3 Typical traces showing the effects of (a) bradykinin
(10- M), (b) histamine (10A4M) and (c) carbachol (10AM) on

[Ca2+]i in TSMC in the absence (left panel) or in the presence (right
panel) of thapsigargin (Tg). Cells in the presence of 1.25mm Ca +
were first exposed to thapsigargin (10-8M) and bronchoconstrictor
agents were then added at various incubation times (1, 2 and 5min).

as bradykinin (results not presented), confirming previous
findings by Murray & Kotlikoff (1991) that human TSMC
in culture are impermeable to Mn2+.

Effect of Hoe 140, thapsigargin and BK on [Cai1i in
human TSMC

Figure 6 shows the effect of BK and of Hoe 140 on [Ca21], in
human TSMC in the absence or the presence of external Ca2+
(1.25 mM). BK induced an increase in [Ca21], composed of a
fast transient phase (about 20 s) and a sustained phase oc-

curring about 45 s after the addition ofBK (Figure 6a). In the
absence of external Ca2+ the sustained phase was abolished
(Figure 6a). Hoe 140 (10A M), a B2-receptor antagonist also
suppressed the sustained phase in the presence of external
Ca21 (Figure 6b). Addition of thapsigargin prevented the effect
of Hoe 140 (Figure 6b), suggesting that reduction of the pla-
teau phase following removal of BK from its receptor requires
functional Ca2+-ATPases in the endoplasmic reticulum.

Characterization of the isoforms of Ca;2+ATPases
present in human TSMC

Since thapsigargin is a potent and specific inhibitor of SERCA,
western blotting was performed in order to characterize the
SERCA isoforms present in human TSMC. Membrane pre-
parations from TSMC were electrophoresed on 8% SDS-
PAGE and immunoblotted with either polyclonal anti-SER-
CA2-a (lane 2) or anti-SERCA2-b (lane 4) antibody as described
in the Methods section. As shown in Figure 7, the expression
of the SERCA isoforms were detected at 100 kDa, as was the
case for pig vascular smooth muscle cells (Magnier et al.,
1992). Membranes from rat heart (lane 1) and human platelets
(lane 3) were also immunodetected respectively for SERCA2-a
and SERCA2b, as positive control. The SERCA2b isoform
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Figure 4 Typical traces showing the effect of thapsigargin-induced
Ca2 mobilization in Ca2+-free conditions in human TSMC. (a)
Thapsigargin (I0--7M) response in Ca21 -containing HEPES buffer
and a buffer without extracellular Ca2+ (o Ca2 +), (i.e. in the presence
of 50 gM EGTA). (b) Effect of EGTA (1 and 2mM) on the plateau
phase of the thapsigargin (10-7 M) response. Traces are representative
of four to six separate experiments.

Table 1 Time course of inhibition by thapsigargin (Tg) of
agonist-induced Ca2+ response in TSMC

% inhibition
(at the indicated time of pre-incubation with Tg)

Thapsigargin (10A M)
Bradykinin (10A M)
Carbachol (104 M)
Histamine (I0 5 M)

Thapsigargin (107 M)
Bradykinin (10A M)
Carbachol (104 M)
Histamine (10-5 M)

60s
285*
39±3*
20 ± 4*

51 +8*
73 ± 4*
68+5*

120s
37 ± 6**
60± 5**
36± 7**

60± 7**
93 ± 5**
72 4**

300s
49 7**
86 7**
56+ 5**

70+ 5**
ND

83+ 6**

Data represent the percentage inhibition (%) of agonist-
induced transient rise in [Ca2 + ]i obtained for various times
of incubation of human TSMC with thapsigargin (10A or
10 M). Values are expressed as the mean s.e.mean of four
separate experiments. *P < 0.05; **P < 0.01 as compared
with thapsigargin-untreated cells stimulated with the agonist
for the same time of incubation. ND, not determined.
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300 400 Figure 6 Effect of Ca2 , thapsigargin and Hoe 140 on the increase
in [Ca2+]i induced by bradykinin (BK). (a) Human TSMC were in
Ca +-free HEPES buffer (0 Ca2+), (i.e. in the presence of 50 [tM
EGTA) or in Ca2 +-containing buffer (1.25mM). (b) Human TSMC
were in Ca2+-containing medium. Thapsigargin, Hoe 140 and BK
were added at 10-8 M, 106 M and 10-8 M, respectively.
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Figure 5 Effect of extracellular Ca2 + on thapsigargin-induced
increase in [Ca2+]j. TSMC in Ca2 +-free medium (i.e. in the presence
of 50gM EGTA) were first stimulated with thapsigargin (10-7 M) for
various times (60, 180 and 300s) then Ca2+ (1.25mM) was added (as
indicated by the arrows). (a) Typical traces showing the time-
dependence of thapsigargin-induced intracellular Ca2+ stores deple-
tion on the magnitude of Ca2+ entry. (b) Values representing the net
increase in [Ca2 + ]i at the various times of Ca2 + addition. Each
column is the mean+s.e.mean of four separate experiments.

protein was expressed at a higher level than the SERCA2-a
isoform in TSMC (representative of five separate experiments).

Discussion

In the present study, we show that the biphasic rise in [Ca2+]i
induced by contractile agents bradykinin, carbachol and his-
tamine i.e. the transient and sustained phase, was inhibited by
thapsigargin. This supports the involvement of thapsigargin-
sensitive Ca2+ stores in human TSMC that are also involved in
the biphasic response as reported for guinea-pig TSMC (Am-
rani et al., 1994). We found that the inhibition of the transient
rise in [Ca2+]i induced by these contractile agonists was de-
pendent upon the incubation time with thapsigargin, suggest-
ing a time-dependent depletion of intracellular Ca2+ -stores.
The transient phase was poorly affected by the absence of
extracellular Ca2+ showing that this phase is mainly dependent
on the integrity of intracellular Ca2+ pools. The sustained
phase was also abolished in the presence of thapsigargin sug-
gesting it to be dependent upon the amplitude of the transient
rise. We therefore propose that mobilization of Ca2+ from
thapsigargin-sensitive intracellular Ca2+ pools is a key signal
for initiating the occurrence of the sustained phase. This sus-

Figure 7 Comparative western blotting of the 100-kDa SERCA type
Ca2 + ATPases in human TSMC using anti-SERCA2 antibodies.
TSMC membrane proteins (1000gg) were separated on 8% SDS-
PAGE, electrotransferred onto nitrocellulose membranes and treated
with the appropriate anti-SERCA2 antibody. Lanes 1 and 2, isolated
membranes from rat heart and human TSMC respectively, were

treated with the antibody against the SERCA2-a isoform. In lanes 3
and 4, isolated membranes from human platelet and human TSMC
respectively, were treated with the antibody against the SERCA2-b
isoform. This blot is representative of five separate experiments.

tained phase could therefore result from a combination of the
depletion of intracellular Ca2+ pools and subsequent Ca2+
influx. This was confirmed by our studies of human TSMC in
Ca2 +-free solution using thapsigargin in order to stimulate the
release of Ca2 + from the intracellular stores. Subsequent ad-
dition of Ca2+ to the extracellular medium induced a rapid
transient increase in [Ca2+]i, suggesting that the depletion of
intracellular Ca2+ pools is a signal sufficient for the activation
of Ca2+ entry. This is consistent with previous studies in rat
parotid acinar cells (Takemura et al., 1989) and in vascular
smooth-muscle cells (Xuan et al., 1992) as well as in a large
number of cells (reviewed in Thastrup, 1990 and in Putney,
1993) indicating a putative role of thapsigargin-sensitive Ca2+
stores in the regulation of Ca2+ influx. In addition, the mag-
nitude of [Ca2+]i increase after addition of Ca2+ to the buffer
was closely dependent upon the duration time of stimulation
with thapsigargin. A similar relationship between the magni-
tude of the [Ca2+]i increase and the duration of stimulation
with thapsigargin was described previously in human platelets
(Malcolm & Fitzpatrick, 1992). This would suggest that in
TSMC the Ca2+ influx pathway is intimately linked to the
filling state of internal Ca2+ stores. Therefore, our findings in
human TSMC are consistent with the capacitative Ca2+ entry
model described previously by Putney (1993). Considering that
thapsigargin-sensitive Ca2+ stores are involved in the agonist-
induced biphasic Ca2+ response, we propose that the sustained
phase results from a Ca2+ influx initiated by the depletion of
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these intracellular Ca2" stores.
However, the nature of the Ca2 + pools involved in the

regulation of Ca2+ entry have not been identified. Several re-
ports indicate the ability of thapsigargin to deplete the inositol
trisphosphate-sensitive Ca2+ pools. In rat parotid acinar cells
(Takemura et al., 1991; Foskett et al., 1992), lacrimal acinar
cells (Kwan et al., 1990), macrophages (Randriamampita &
Trautman, 1990), endothelial cells (reviewed by Schilling &
Eliott, 1992) and vascular smooth-muscle cells (Xuan et al.,
1992), thapsigargin-induced stimulation of Ca2+ entry appears
to be a consequence of the depletion of inositol trisphosphate-
sensitive Ca2+ stores. The present results suggest that this is
also the case in human TSMC, since thapsigargin abolishes the
rise in [Ca2+], induced by BK, carbachol and histamine, agents
that induce inositol trisphosphate production in TSMC
(Marsh & Hill, 1992; Pyne & Pyne, 1993; Daykin et al., 1993;
Yang et al., 1994a). By sharing the same inositol trispho-
sphate-sensitive Ca2 + pools, thapsigargin and bronchocon-
strictor agents may activate the same Ca2+ entry mechanism.
The mechanism by which a decrease in Ca2+ content in the
endoplasmic reticulum induces the opening of the plasma
membrane Ca2+ channels is still unknown in human TSMC. In
other cell systems it has been suggested that the depletion of
these Ca2+ stores induces the release of a soluble mediator
called 'Calcium Influx Factor' (Parekh et al., 1993; Ran-
driamampita & Tsien, 1993). In human neutrophils and in rat
hepatocytes, it has been shown that thapsigargin is able to
activate receptor-operated Ca2+ channels (Foder et al., 1989;
Kass et al., 1990). Interestingly, the opening of receptor-op-
erated Ca2+ channels following activation of human TSMC by
BK during the sustained phase has been proposed by Murray
& Kotlikoff (1991). These authors showed that removal of
agonists during the sustained phase led to the disappearance of
this phase. This is in agreement with our results for TSMC,
where the bradykinin B2 antagonist, Hoe 140 abolishes the
sustained phase induced by BK. One could imagine that Ca2+
entry is activated as long as depletion of the Ca2+ stores oc-
curs, which is itself governed by BK receptor occupancy. In the
presence of thapsigargin subsequent addition of Hoe 140 did
not abolish the sustained phase induced by BK, suggesting that
receptor occupancy does not directly control Ca2+ entry. We
propose that activation of the BK receptor leads to the acti-
vation of Ca2+ -entry via the depletion of intracellular Ca2+
stores.

The characterization of the Ca2+-ATPases involved was
then investigated. Thapsigargin specifically inhibits sarco en-
doplasmic reticulum Ca2+-ATPases (SERCA), and does not
affect plasma membrane Ca2+-ATPases (Lytton et al., 1991).

Our results suggest the existence of SERCA in human TSMC
sensitive to thapsigargin. They may be an important regulatory
factor in the maintenance of Ca2" homeostasis in TSMC.
Since the SERCA2-type Ca2'ATPase is expressed in various
types of smooth-muscle cells (Zarain-Herzberg et al., 1990;
Eggermont et al., 1990; Magnier et al., 1992) the expression of
these SERCA2 pumps was studied in human TSMC. Using
specific polyclonal antibodies raised against the SERCA2-type
Ca2+ATPases and in agreement with our previous work
(Magnier et al., 1992), we show here that human TSMC con-
tain the two Ca2+-ATPase isoforms, SERCA2-a and
SERCA2b. However, SERCA2b was the major protein ex-
pressed in human TSMC. This confirms our previous reports
of greater expression of SERCA2-b isoform both in intestinal
and in vascular smooth muscle cells (Eggermont et al., 1990;
Magnier et al., 1992). This suggests that in human TSMC
SERCA2b associated Ca2+ pools may be the molecular target
of thapsigargin, whose inhibition leads to depletion of in-
tracellular Ca2+ stores. In vascular smooth muscle cells, recent
work suggested that the SERCA2 gene is regulated by a variety
of factors. For example, during cell differentiation (Zarain-
Herzberg et al., 1990) where a concomitant switch from one
isoform to the other has been reported (De Smedt et al., 1991).
An increased expression of the minor isoform SERCA2-a can
be also induced by PDGF (Magnier et al., 1992). In airway
smooth muscle, changes in SERCA2 gene expression is an in-
teresting hypothesis to explore which may be involved in air-
way hyperresponsiveness. In that way, the effect of tumour
necrosis factor a should be investigated on the SERCA2 gene
expression in human TSMC, since we have recently shown that
the pretreatment of these cells with tumour necrosis factor a
led to an increase Ca2+ response induced by carbachol and
bradykinin (Amrani et al., 1995).

Taken together, our data show that in human TSMC, the
thapsigargin-sensitive Ca2" stores may contribute significantly
to the activation of Ca2+ influx via a capacitative Ca2+ entry
model. These stores may be the same as those activated by the
bronchoconstrictor agents, suggesting that reloading of the
stores following cell stimulation could be mediated by the
Ca2+-ATPases (mainly SERCA2b isoform) present in these
stores.

The authors wish to thank N. Frossard, N. Martinet and E.
Corvazier for helpful suggestions. This work was supported by the
Fondation pour la Recherche Medicale.
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