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ABSTRACT

We investigated the hypothesis that inflammatory mediators
such as interleukin-18 (IL-18) might be responsible for the
hyperreactivity of asthmatic patients to bradykinin. In cultured
human bronchial smooth muscle cells, IL-18 elicited a rapid
and transient increase in the density of bradykinin B, receptors
without affecting their affinity for ligands. The increase in B,
receptors was correlated to an enhancement of inositol phos-
phate formation elicited by bradykinin, indicating its relevance
to the contractile response of smooth muscle cells to bradyki-
nin. The increase in receptor density was related to an increase
in B, receptor mRNA level corresponding to a 5-fold enhance-

ment of the transcriptional rate and to a lengthened half-life of
mRNA. These effects of IL-13 were largely inhibited by indo-
methacin, suggesting the involvement of a prostanoid pathway
in IL-1B transduction process. An increase in prostaglandin E,
levels preceded the mRNA increase, confirming this involve-
ment. Moreover, IL-18 and prostaglandin E, led to cAMP for-
mation. We propose this predominant transduction pathway of
IL-1p to stimulate the transcription of the bradykinin B, gene in
human bronchial smooth muscle cells as a major mechanism
involved in the hyperresponsiveness of asthmatic patients to
bradykinin.

The nonapeptide BK exerts its effects through two differ-
ent seven-membrane G protein-coupled receptors, B; and B,,.
These receptors have been characterized using different an-
alogues of BK (Regoli et al., 1990) and have been cloned in
human cells (Hess et al., 1992; Menke et al., 1994). The B,
receptor is constitutively expressed in many cell types in the
lung, including fibroblasts, sensory fibers, and epithelial cells
(Mak and Barnes, 1991). The B, receptor, which is absent
under normal conditions, can be induced by lipopolysaccha-
rides in vascular smooth muscle (DeBlois et al., 1989). Bra-
dykinin is generated in the tracheobronchial tree and in the
plasma during lung inflammatory diseases such as asthma
(Proud and Kaplan, 1988). Kallikrein activity, leading to the
synthesis of BK, has been reported in the bronchoalveolar
lavage fluid of asthmatic patients (Christansen et al., 1987).
Bradykinin causes bronchoconstriction in asthmatic patients
but not in healthy subjects (Simmonsson et al., 1973), sug-
gesting an overexpression of B, receptors by the BSMCs in
an inflammatory state.

The cytokine IL-1 is a potent contributor to inflammation
and is involved in the late asthmatic response (Barnes, 1994).

A high level of IL-1B, mainly secreted by macrophages, has
been observed in bronchoalveolar lavage fluids from asth-
matic patients (Borish et al., 1992). The ability of BK to
stimulate the release of IL-18 from macrophages has been
reported (Tiffany and Burch, 1989), as well as its ability to
elicit IL-1B release from isolated lung strips (Paegelow et al.,
1995). Reciprocally, in another study, Bathon et al. (1992)
reported that IL-1B up-regulates B, receptor number in hu-
man synovial cells, but the mechanism by which this increase
appears has not been investigated. Airway hyperresponsive-
ness to BK has been described after intratracheal adminis-
tration of recombinant human IL-18 in rats (Tsukagoshi et
al., 1995), suggesting that the up-regulation of BK receptors
observed in synoviocytes (Bathon et al., 1992) also might
occur in lung smooth muscle cells. These observations led us
to study the effect of IL-183 on B, gene expression on human
smooth muscle cells and the underlying transduction mech-
anisms.

The effects of IL-1 are exerted through a transcriptional
regulation, which is proposed to involve NK-«B (Kessler et
al., 1992). IL-1 stimulation led to the activation of NK-«B

ABBREVIATIONS: NF-«B, nuclear factor-«B; PG, prostaglandin; BSMC, bronchial smooth muscle cell; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; BK, bradykinin; PCR, polymerase chain reaction, SSC, standard saline citrate; SDS, sodium dodecyl sulfate; IP, inositol

phosphate; IL-1p, interleukin-18.
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through the phosphorylation and subsequent degradation of
the cytosolic inhibitor Ik-Ba (Beg et al., 1993; Israel, 1997).
IL-1 also activates the mitogen-activated protein kinase
pathway; however, the implication of the mitogen-activated
protein kinase pathway in the activation of NF-«kB has not
been clearly resolved (Bird et al., 1992). More recently, the
activation of the Ik-Ba kinase complex by mitogen-activated
protein kinase kinase 1, a kinase of the JNK pathway, has
been reported after tumor necrosis factor-a stimulation (Lee
et al., 1997). The response of cells to IL-1B includes the
transcription of genes encoding for key enzymes implicated
in prostanoids cascades, with a late production of prostanoids
(Croxtall et al., 1996). In the current study, we show that the
induction of PGE, synthesis also is an early event in the
effect of IL-1B, preceding an increase in cAMP and the tran-
scriptional activation of the B, receptor gene. The current
results indicate that IL-18 induces a transient increase in BK
B, mRNA and protein levels through a prostanoid cAMP-
dependent pathway in human BSMCs.

Materials and Methods

Cell culture and cytokine treatment. Primary human BSMCs
(Clonetics, San Diego, CA) were cultured in smooth muscle basal
medium supplemented with 5% fetal calf serum, gentamycin sulfate
(10 mg/ml), and amphotericin-B (10 pg/ml) (Clonetics) in 95% air/5%
CO, at 37° in a humidified incubator. The medium was replaced
every 3 days, and on reaching confluency, cells were subcultured by
detaching the monolayer with 0.05% trypsin and 1 mm EDTA. For
treatments of the cells with IL-1p, cells at confluency in culture dish
were made quiescent by incubation for 24 hr with serum-free me-
dium and incubated for varying periods of time, as indicated, in
serum-free medium containing IL-18 (10 units/ml) (Pepro Technol-
ogy, Princeton, RH). All experiments were carried out with subcul-
tured cells between the fifth and sixth passages.

[PHIBK binding. Binding experiments were performed on mem-
branes prepared from cultured human BSMCs as described previ-
ously (Trifilieff et al., 1992). Briefly, cells were detached and centri-
fuged for 5 min at 850 X g at 4° in medium, resuspended, and
homogenized in 25 mM triethylaminoethanesulfonic acid, pH 6.8,
containing 1 mM 1,10-phenanthroline (buffer A). The homogenate
was centrifuged at 50,000 X g for 30 min at 4°. The resulting pellet
was resuspended in the appropriate volume (40 pg of protein/400 ul)
of assay buffer (buffer A plus 140 ug/ml bacitracin, 10 uM captopril,
1 mM dithiothreitol, and 0.1% bovine serum albumin). For saturation
experiments, the membrane preparations were incubated for 90 min
at 25° with [PHIBK (50 pM to 5 nM) (Du Pont-New England Nuclear,
Boston, MA) in a final volume of 500 ul. In competition experiments,
membranes were incubated in the same conditions with 0.5 nm
radioligand and varying concentrations of either unlabeled BK (Sig-
ma Chemical, St. Louis, MO) or BK analogues D-Arg-[Hyp®,Thi®,D-
Tic?,0ic®]BK (Hoe 140) (gift from Dr. Wirth, Hoechst AG, Frankfurt,
Germany) or D-Arg®[Hyp® HypE-(trans-thio-phenyl)”,0ic® | BK (NPC
17761) (gift from Dr. Burch, Nova, Baltimore, MD). Experimental
data from competition and saturation studies were analyzed as de-
scribed previously (Gies et al., 1989) using the LIGAND program
(Elsevier-Biosoft, Cambridge, UK).

BK B, cDNA probe synthesis. Reverse transcription with Molo-
ney murine leukemia virus-reverse transcription RNase H™ (Strat-
agene, La Jolla, CA) was performed using total RNA extracted from
human BSMCs (see below). PCR was run for 35 cycles of amplifica-
tion with three steps of 1 min each: denaturation at 96°, annealing at
63°, and elongation at 72° with Tag DNA polymerase (Promega,
Madison, WI) and with the specific primers 5'-CTTGGTGATCT-
GGGGGTGTACGCT-3' and 5'-CGGTGCTAGTCCTGGTTGT-
GCTGC-3’, whose sequences correspond to nucleotides 600-623 and

872-895 of the human BK B, receptor gene (Hess et al., 1992). PCR
products were analyzed on a 1% agarose gel. After extraction, the
296-nucleotide PCR product was subcloned in pGEM-T plasmid (Pro-
mega). PCR product sequence analysis revealed a 100% homology
with the human B, gene without any significant homology with other
known genes. Sequence comparison with GenBank were done using
the NCBI Blast program.

Northern blot. Total RNA was isolated by the guanidinium iso-
thiocyanate method as described by Chomczynski and Sacchi (1987).
Total RNA was separated in a 1% agarose/1 M formaldehyde gel and
transferred to nylon membrane (Stratagene) in 20X SSC. Prehybrid-
ization was performed for 4 hr at 42° in a prehybridization solution
containing 50% formamide, 0.01% SDS, 2X Denhardt’s solution, and
5X SSC. Hybridization was carried out with a-32P-random primer-
labeled B, receptor and GAPDH ¢cDNAs at 10° cpm/ml overnight at
42° in a solution containing 2.5% dextran sulfate, 10% salmon sperm
(10 mg/ml) (Stratagene), 0.01% SDS, 4X Denhardt’s solution, 50%
formamide, and 5X SSC. Filters were washed twice with 2X SSC
and 0.01% SDS at 42° for 15 min and 1X SSC and 1% SDS at 50° for
30 min before autoradiography exposure at —70° with Kodak X-AR 5
film.

Transcript stability analysis. At confluence, cells were treated
or not with IL-18 (10 units/ml) for 3 hr and then treated with
actinomycin-D (5 ug/ml) (Sigma Chemical). After varying times of
incubation, total RNA was isolated from individual dishes, and the
decay of mRNA was determined by Northern blotting. Half-life val-
ues were obtained from plots describing densitometrically deter-
mined absorbance units corrected by standardization with GAPDH
versus time.

Nuclear run-on assay. Nuclei were prepared, as described pre-
viously (Greenberg et al., 1984), from cultured cells treated or not
with IL-18 (10 units/ml) for 3 hr by lysing in 10 mm Tris-HCl, pH 7.4,
10 mM NaCl, 3 mm MgCl,, 0.5% Nonidet P-40, 2.75 mMm dithiothreitol,
and 20 units/ml recombinant ribonuclease (RNase) inhibitor on ice
(Stratagene). The measurement of in vitro gene transcription was
performed as described by Haddad et al. (1996). Briefly, isolated
nuclei were resuspended in the same buffer without Nonidet P-40
and counted. Each reaction (final volume, 400 ul) was carried out in
the presence of 5 X 107 isolated nuclei, 40 mm Tris-HCI, pH 8.3, 150
mwM NH,C], 7.5 mm MgCl,, 0.625 mMm ATP, 0.313 mMm GTP, 0.313 mMm
CTP, 0.3 mCi of [a->?P]JUTP (800 Ci/mmol) (DuPont-New England
Nuclear, Boston, MA), and 120 units/ml RNase inhibitor. Transcrip-
tion reactions were allowed to proceed for 30 min at 27° before
termination by the addition of 40 units recombinant RNase inhibitor
and 75 units of RQ-1 DNase (Stratagene). After DNase treatment,
the radiolabeled RNA that was formed was purified by phenol-
chloroform extraction and precipitated three times with ethanol in
the presence of 1.33 M ammonium acetate. An equal number of
counts from each sample was added to slot blot, with three slots on
the same membrane in which 10 ug of either pGEM-T plasmid (as
control) or plasmid-containing inserts of human BK B, receptor
c¢DNA or GAPDH ¢DNA had been immobilized. After hybridization
for 72 hr at 42°, the filters were washed at a final stringency of 0.1X
SSC and 0.1% SDS at 55°, including a 30-min digestion with 1 ug/ml
RNase A and 10 units/ml RNase T, (Boehringer-Mannheim, Mann-
heim, Germany) at 37° to digest any single-stranded RNA not hy-
bridized to DNA. After autoradiography, the film was scanned, and
spots were quantified by calculation of the ratio between BK B,
receptor cDNA signal and GAPDH c¢DNA signal.

PGE, determination. After 24 hr in serum-free medium, conflu-
ent cells in the 24 wells were incubated with or without IL-18 (10
units/ml) in serum-free medium for varying period of times, and the
amounts of PGE, were quantified in the supernatants as described
by Pradelles et al. (1985) by enzyme immunoassay (Stalergene,
Paris, France)

cAMP determination. After 24 hr in serum-free medium, con-
fluent cells in 24 wells were incubated with or without either IL-18
(10 units/ml) for various period times in for the kinetics experiments.
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Alternatively, cells were incubated with or without either IL-18 (10
units/ml) for 45 min, indomethacin (10 uM) (Sigma Chemical) for 45
min, or PGE, (100 ng/ml) (Sigma Chemical) for 45 min in the pres-
ence of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine
(1 mm) (Sigma Chemical). cAMP levels were measured from each
batch of treated and untreated cells. Cells were harvested by the
addition of boiling water (1 ml) directly to each well. Cells then were
boiled for an additional 2 min before centrifugation at 12,000 X g at
4° for 10 min. The supernatant (1 ml) was collected, diluted 10-fold,
and stored at —20°. Aliquots (500 ul) of diluted cell extracts were
acetylated, and cAMP content was measured by radioimmunoassay
(Amersham, Arlington Heights, IL), as described by Brooker et al.
(1979). Briefly, a 100-ul acetylated sample was added to 100 ul of
adenosine-3',5'-cyclic phosphoric acid-2-O-succinimyl-3-[12*T]iodoty-
rosine methyl ester (2000 Ci/mmol) in 0.2% bovine serum albumin
and 100 ul of anti-cAMP antibody in 0.2% bovine serum albumin.
Samples were incubated overnight at 4°. Free and antibody-bound
cAMP were separated by the addition of a binding protein and
centrifuged. The amount of [12°IJcAMP was determined with a ra-
diospectrometer.

Accumulation of IPs. The effect of BK on the hydrolysis of IPs
was assayed by monitoring the accumulation of *H-labeled IPs, as
described by Berridge et al. (1983). Briefly, cells at confluency were
incubated in IP- and serum-free medium with 5 wCi/ml myo-[>Hli-
nositol (Du Pont-New England Nuclear) at 37° for 48 hr. After
treatment with IL-18 (10 units/ml) for 6 hr or with vehicle, human
BSMCs were washed three times with Hanks’ balanced salt solution
and scraped into Hanks’ balanced salt solution (GIBCO BRL, Pais-
ley, UK) containing 10 mM LiCl (30,000 cells/assay; Sigma Chemi-
cal). After a 30-min incubation at 37°, BK was added to the cells at
the indicated concentration, and incubation was continued for 30
min. Reactions were terminated by the addition of 10% ice-cold
trichloroacetic acid followed by centrifugation at 1000 X g for 10 min.
The trichloroacetic acid-soluble supernatants were extracted four
times with diethylether, neutralized to pH 7 with 100 mM sodium
tetraborate, and applied to a column of AG 1-X8 (formate form,
200-400 mesh; BioRad). The resin was washed successively twice
with 6 ml of water and twice with 6 ml of 60 mM ammonium
formate/5 mM sodium tetraborate to eliminate free myo-[*H]inositol
and glycerophosphoinositol. Total IPs were eluted twice with 6 ml of
1 mM ammonium formate/0.1 M formic acid. The amount of [*H]IPs
was determined in a liquid scintillation counter.

Statistical analysis. Results were expressed as mean * stan-
dard error. Paired Student’s ¢ test was used for statistical analysis of
the results. Values of p < 0.05 were considered significant.

Results

Human BSMCs express B, receptors. [PH|BK binding
on cells membranes was saturable (Fig. 1A). Scatchard anal-
ysis indicates the presence of a single class of binding sites
with a dissociation constant (K_,) of 0.36 = 0.01 nm and a
maximum number of binding sites (B,,,,) of 89.29 * 5.49
fmol/mg of proteins (Fig. 1A, inset). Competition experiments
using [*HIBK (0.5 nM) revealed that des-Arg®[Leu®]BK, a
specific B; antagonist, was unable to displace [*’H|BK bind-
ing, whereas unlabeled BK and selective B, antagonists (Hoe
140, NPC 17761) dose-dependently inhibited the binding of
[PHIBK. The order of potency of these compounds was Hoe
140 = NPC 17761 > BK >> Des-Arg®[Leu®]BK, and with the
respective K; (mean = standard error, five experiments) val-
ues, 0.11 = 0.03, 0.16 = 0.01, and 1.20 * 0.15 nM, ineffective
(Fig. 1B).

IL-1pB up-regulates B, receptors. In confluent cells ex-
posed to IL-1B, the maximal number of B, binding sites
(B,hax) Increased time-dependently (Fig. 2). Using Scatchard
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analysis, we determined a 24.6 = 5.6% increase in B, after
3hrand a 71.5 = 16.1% maximal increase after 6 hr. After 24
hr, the density of BK receptors returned to 27 = 9.24% above
the basal level. This treatment did not affect the binding
affinity of [PH]BK. Scatchard analysis of the saturation
curves from IL-1B untreated and treated (10 units/ml for 6
hr) cell membranes gave K, values of 0.36 = 0.01 and 0.36 +
0.03 nm and B, ., values of 89.29 = 5.49 and 152.9 = 11.15
fmol/mg of proteins, respectively (mean *+ standard error,
four experiments) (Fig. 2, inset). Unlabeled BK and selective
B, antagonists dose-dependently inhibited the binding of
[PHIBK (0.5 nM) to IL-1B-treated cell membranes with the
same K, values than in competition binding assays using
IL-1B-untreated cell membranes (data not shown).

IL-1pB increases BK-stimulated IP formation. In the
presence of 10 mu LiCl, BK dose-dependently (10~ 1% to 10~ *
M) stimulated [*H]IP accumulation in cells (Fig. 3). A 2-fold
increase in IP production was observed when human BSMCs
were pretreated with IL-18 (10 units/ml) for 6 hr at each dose
of BK (Fig. 3). IL-1B treatment alone caused no significant
change in basal IP formation.

IL-1B8 increases B, receptor mRNA levels. Because
IL-1B has a critical role in gene expression, we studied the
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Fig. 1. Characterization of BK receptors on human BSMCs. A, Scat-
chard analysis of saturation experiments with [’H]BK on human BSMC
membrane preparations. Inset, binding of [*HIBK to cells membrane
preparations. K, (0.39 nM) and B, .. (90.0 fmol/mg of proteins) were
obtained by Scatchard analysis. @, Total binding. [], Nonspecific binding.
O, Specific binding. This experiment is representative of five experiments
performed in triplicate. B, Inhibition of [’H]BK binding by BK analogues
Hoe 140 (@), NPC 17761 ({J), BK (O), and des-Arg®-[Leu®|BK (H). Values
are the mean * standard error of five experiments, each performed in
triplicate.
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effect of IL-1B treatment on B, mRNA levels. RNA was
harvested from cells treated with IL-1B8 for 0, 1, 2, 3, 6, and 12
hr and analyzed by Northern blotting. We first synthesized a
specific 296-bp ¢cDNA probe for B, mRNA hybridization (see
Materials and Methods), and we accounted for differences in
loading and transfer of the RNA by hybridization of the blot
with a GAPDH c¢cDNA probe. These probes allowed to show
that IL-1B time-dependently increased B, mRNA levels with
a 5-fold maximum after 3 hr (Fig. 4).

Regulation of gene transcription by IL-18. To deter-
mine the precise mechanisms by which IL-18 increased
steady state B, mRNA levels, we first measured the B,
mRNA half-life in the presence of actinomycin-D (5 wg/ml).
IL-1B increased the half-life of B, mRNA from 2.9 to 3.6 hr
(Fig. 5). This slight enhancement of mRNA stability may not
account for the large increase of mRNA, suggesting the oc-
currence of a transcriptional regulation. Nuclear run-on ex-
periments demonstrated that treatment for 3 hr with IL-13
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Fig. 2. Effect of IL-1B treatment on the expression of B, receptors by
human BSMCs. Confluent cells were treated or not with IL-18 (10 units/
ml) for various time periods and then assayed for saturation binding with
[*HIBK. Values represent the mean + standard error of four experiments,
each performed in triplicate. *, p < 0.05; #*, p < 0.01, Significantly
different compared with control. Inset, Scatchard plots of [*H]BK binding
to IL-1B (10 units/ml)-treated (O) for 6 hr and untreated cells (®). K, (0.36
and 0.36 nM) and B, (91.25 and 180.0 fmol/mg of proteins) for control
and treated cells, respectively, were obtained by Scatchard analysis. This
experiment is representative of four experiments performed in triplicate.
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Fig. 3. Effect of IL-18 on BK-induced IP formation in BSMCs. Untreated
(@) or IL-1B (10 units/ml for 6 hr)-treated cells (O) were stimulated with
increasing concentration of BK as described in the text. Values represent
the mean *+ standard error of four experiments each, performed in trip-
licate. *, p < 0.05, Significantly different compared with untreated cells.

(10 units/ml) increased the rate of B, gene transcription by
5-fold, calculated from the ratio of transcription of B, recep-
tor gene to that of the GAPDH gene (Fig. 6). Thus, IL-18-

C1 2 3 6 12

Ratio B2/ GAPDH densi
(Relative scan units)

c 1 2 3 6 12

Time after treatment (hours)

Fig. 4. Kinetic effect of IL-18 treatment on the steady state level of B,
receptor mRNA in human bronchial smooth muscle cells. Top, confluent
cells were untreated (control) or treated with IL-18 (10 units/ml) for 1-12
hr. Total RNA was extracted and subjected to Northern blot analysis
using 15 pg of RNA/lane. RNA was transferred to nylon membranes and
hybridized with a **P-labeled B, receptor cDNA probe as described in the
text. For standardization, the same blot was probed again with a cDNA
fragment of the GAPDH gene. Blot shown is representative of three
independent experiments. Bottom, absorbance of the B, receptor mRNA
signals standardized by GAPDH absorbance. Values represent the
mean * standard error of three experiments.
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Fig. 5. Effect of IL-18 on BK B, mRNA half-life. Top, confluent cells
were untreated (@) or treated with IL-18 (10 units/ml) (O) for 3 hr
followed by administration of actinomycin-D (5 pg/ml). RNA was ex-
tracted at the indicated times after actinomycin-D treatment. Northern
blot analysis was performed with 10 and 30 g of total RNA for treated
and untreated cells, respectively, as described in the legend to Fig. 3.
Bottom, corrected (GAPDH standardized), absorbances were plotted as a
percentage of 0-hr value against time. Data are representative of three
independent experiments.
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induced increase in B, mRNA level was mainly due to an
increase in the transcriptional rate of this gene with a slight
increase of the mRNA stability.

IL-1B increases PGE, release and cAMP formation.
When cells were stimulated with 10 units/ml IL-18, PGE,
was generated, reaching a rapid peak within 30-60 min
compared with control cells (Fig. 7A). In the same experimen-
tal conditions, IL-1pB elicited a time-dependent increase in
cAMP formation (Fig. 7B). This increase appeared rapidly at
40 = 5 min. No significant cAMP generation was detected
before the maximal peak appeared.

IL-1pB increases cAMP and mRNA through a prostan-
oid-dependent pathway. Indomethacin (10 um) treatment
totally prevented the increase in cAMP induced by IL-18
treatment for 45 min or 2 hr. The addition of exogenous PGE,
(100 ng/ml) (Fig. 8A) totally restored the increase in cAMP.
To determine the precise mechanisms by which IL-18 in-
creased B, mRNA, we studied by Northern blotting the level
of B, mRNA after treatment with indomethacin (10 um) and
after the addition of exogenous PGE, (100 ng/ml) (Fig. 8B).
Treatment with indomethacin (10 um) for 3 hr was without
effect on the basal level of B, mRNA. At the same concentra-
tion, indomethacin reduced, from 5- to 2-fold the increase in
B, mRNA levels induced by IL-18 (10 units/ml) treatment.
The addition of exogenous PGE, (100 ng/ml) restored the
increase in B, mRNA induced by IL-18 that was prevented
by indomethacin. Treatment with PGE, alone (100 ng/ml)
induced a 3-fold increase in B, mRNA level (Fig. 8B).

Control IL-18
B2 | v em—
GAPDH| ssmes ——
3._
B
g 254
c 37
25 2
X
© s 154
2 3
£ g 1
&
0.5 _|
J I |
Control IL-16 (10 U/ml)

3h

Fig. 6. Effect of IL-18 on the transcription rate of BK B, receptor gene in
human BSMCs. Top, confluent cells were untreated (control) or treated
with IL-18 (10 units/ml) for 3 hr. Nuclei and RNA probes were processed
as described in the text. Bottom, optical densities of the B, receptor
mRNA signals standardized by GAPDH absorbance. Results are repre-
sentative of two independent experiments.
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Discussion

Several studies report the effects of IL-18 on the expres-
sion of different genes through activation of the transcription
factor NF-kB [Kessler et al., 1992; Baldwin, 1996 (for re-
view)]. Bathon et al. (1992) found that the incubation of
human synovial fibroblasts in culture with IL-18 increased
the number of BK receptors, but the molecular mechanism by
which this up-regulation occurred was not investigated. In
contrast, no effect of IL-18 on BK B, expression was noted on
3T3 fibroblasts (Burch and Tiffany, 1989). Airway hyperre-
sponsiveness to BK has been described after intratracheal
administration of recombinant human IL-18 in rats (Tsuka-
goshi et al., 1995), suggesting an effect of this cytokine on the
expression of BK receptor in airway smooth muscle.

Here, we report the first evidence of B, receptor expression
by human BSMCs in culture and its up-regulation by IL-1B.
[*HIBK binds to a single class of saturable and high affinity
sites, with densities and affinities in agreement with those
found in other human cell types, such as synovial cells (Ba-
thon et al., 1992). The inhibition constants obtained for dif-
ferent BK analogues were similar to those found in the
guinea pig trachea (Da Silva et al., 1995) and indicate the
presence of the B, receptor subtype. IL-13 treatment caused
a time-dependent increase in B, receptor density, with a
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Fig. 7. A, Kinetic effect of IL-18 (10 units/ml) treatment on PGE, release
in human BSMCs. PGE, release in the supernatant of treated and un-
treated cells was measured for indicated time by enzyme immunoassay.
Values represent the mean *+ standard error of four experiments each
performed in triplicate of PGE, values in treated cells corrected by
substraction of PGE, values in control cells. B, Kinetic effect of IL-18
treatment on cAMP formation in human BSMCs. cAMP in treated (H)
and untreated ([J) cells was measured by radioimmunoassay after ex-
traction. Values represent the mean * standard error of four experi-
ments, each performed in triplicate.
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maximal effect after 6 hr of treatment, without affecting the
receptor affinity. Results of kinetics of studies fit with the
onset of airway hyperresponsiveness to BK after IL-1p treat-
ment reported by Tsugagoshi et al. (1995). These authors
failed to found up-regulation of B, receptors, most probably
due to their used of total lung membrane preparations for
binding experiments, whereas we uses pure smooth muscle
cells preparations. The ability of IL-18 to enhance kinin
binding to human BSMCs reinforces the hypothesis that
local inflammation may determine cellular responsiveness.
This is also supported by studies (Herxheimer and Strese-
mann, 1961) in which airways of asthmatic patients were
more responsive to BK than their noninflamed counterparts.
Moreover, we showed that the increase in B, receptors was
correlated to an enhancement of IP formation, indicating a
functional consequence of the up-regulation of B, receptors.
In canine tracheal smooth muscle cells, forskolin treatment
induced an increase in the density of BK receptors, which
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Fig. 8. A, Effect of IL-1B8 (10 units/ml), indomethacin (10 uM), and/or
PGE, (100 ng/ml) treatment on cAMP formation. Cells were treated or
not with IL-18 (10 units/ml) for 45 min in presence or absence of indo-
methacin and/or with PGE,. cAMP was measured by radioimmunoassay
after extraction. Values shown are mean * standard error of three
experiments, each performed in duplicate. B, Effect of IL-13 (10 units/ml)
and/or indomethacin (10 pum) and/or PGE, (100 ng/ml) on the level of B,
receptor mRNA. Top, cells were treated or not with IL-18 (10 units/ml) for
3 hr in presence or absence of indomethacin and/or PGE,. Total RNA was
extracted, and Northern blot analysis was performed using 15 pg of
RNA/lane. Blot shown is representative of three experiments. Bottom,
absorbances of the B, receptor mRNA signals standardized by GAPDH
absorbance. Values represent the mean * standard error of three exper-
iments.

enhanced BK-induced IP accumulation and the rise in intra-
cellular calcium concentration (Yang et al., 1994). However,
we cannot exclude an increase in the efficacy of G protein
coupling because it has been reported that IL-183 increases
BK-induced GTPase activity without any increase in receptor
density (Burch et al., 1988).

It has been largely reported in the literature that IL-1p is
an efficient stimulating factor for prostanoids formation,
such as PGE, (Angel et al., 1994), but all reports investigated
the late phase of apparition of PGE,, involving protein syn-
thesis such as cyclooxygenase II or phospholipase A, (Crox-
tall et al., 1996). In the current study, IL-18 induced a rapid
increase of PGE, release (compared with control cells), fol-
lowed by an increase in cAMP formation, and both were
totally prevented by indomethacin treatment. Moreover, both
PGE, and cAMP increase preceded the increase in B, mRNA
levels, which also was prevented by indomethacin treatment.
Taken together, these data demonstrate the involvement of a
prostanoid-dependent pathway in B, gene expression. Fur-
thermore, the addition of exogenous PGE, restored totally
the IL-1B-induced cAMP and B, mRNA increases that were
prevented by indomethacin. This agrees with the observation
that PGE, is a potent activator of adenylate cyclase (Brunton
et al., 1976; Nishigaki et al., 1996). Therefore, we propose
that IL-1B up-regulates B, gene expression via PGE,, which
acts as an autocrine factor for adenylate cyclase activation.
However, we cannot exclude the participation of other pro-
stanoids, such as PGL,.

The addition of PGE, totally restored the increase in B,
mRNA level after inhibition by indomethacin. Because PGE,,
increased cAMP level and mRNA in our cells, cAMP might be
involved in BK B, gene expression induced by IL-18. A
cAMP-responsive element has been identified in the 5'-flank-
ing region of the B, receptor gene (Ma et al., 1994; Kammerer
et al., 1995). Interestingly, indomethacin at the concentration
used to prevent totally the IL-1B-induced cAMP increase did
not completely inhibit IL-1B-induced B, mRNA increase.
Moreover, PGE, at the concentration required to induce the
same level of cAMP as that generated by IL-13 treatment
was less efficient to induce B, mRNA expression than IL-18.
We conclude that IL-18 increases B, gene expression pre-
dominantly through a prostanoid- and cAMP-dependent
pathway, which might be followed by protein kinase A acti-
vation of the transcription factor cAMP response element-
binding protein. Another activation process, insensitive to
indomethacin, also may occur as a minor part of B, gene
overexpression. Such a pathway might be related to mRNA
stability or to the activation of protein kinase A through a
cAMP-independent pathway (Gwosdow et al., 1994).

In conclusion, IL-18 induces B, receptor overexpression
mainly through a prostanoid pathway that activates cAMP
formation, leading to gene transcription. The current study
provides the first information regarding the molecular mech-
anism regulating BK B, gene expression in human BSMCs.
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