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1 Airway hyperresponsiveness in asthma has been ascribed to airway wall thickening as a result of
smooth muscle proliferation and hypertrophy. We have previously shown that continuous exposure to
the b2-adrenoceptor agonist, salbutamol inhibits mitogen-induced proliferation of airway smooth muscle
cells. In the present study, the e�ects of variable durations and repeated periods of exposure to b2-
adrenoceptor agonists on DNA synthesis in human cultured airway smooth muscle have been
investigated to model some of the possible pharmacokinetic pro®les of these agents following inhalation.
DNA synthesis was measured by [3H]-thymidine incorporation.

2 Shorter periods of exposure (up to 2.5 h) of airway smooth muscle cells to salbutamol (100 nM)
commencing 30 min before thrombin (0.3 u ml71) stimulation had no e�ect on the subsequent increase
in [3H]-thymidine incorporation. However, inhibition by salbutamol was evident with a 4.5 h exposure
and was maximal after an 8.5 h exposure. Similar patterns of results were observed when fenoterol
(100 nM) was used in place of salbutamol as the b2-adrenoceptor agonist or when epidermal growth
factor (300 pM) was used in place of thrombin as the mitogen. Salbutamol had no e�ect on thrombin-
stimulated [3H]-leucine incorporation after 8.5 h of exposure, but a statistically signi®cant e�ect was
observed after 48 h of exposure.

3 Experiments in which DNA synthesis was measured up to 52 h after the addition of thrombin
indicated that exposure to salbutamol during the ®rst 8 h of mitogen stimulation delayed rather than
inhibited the DNA synthesis.

4 Addition of salbutamol (100 nM) at di�erent times either before or up to 24 h after the addition of
thrombin indicated that [3H]-thymidine incorporation (measured between 24 and 28 h after thrombin)
could be signi®cantly attenuated when salbutamol was added as late as 18 h after the addition of
thrombin.

5 The e�ects of more prolonged exposure to salbutamol were investigated by the addition of
salbutamol for either 15 or 24 h per day for a total of 3 days. There were no signi®cant di�erences in the
level of inhibition of thrombin-stimulated [3H]-thymidine incorporation between continuous and
intermittent salbutamol over the 3 day period and the inhibition was also not di�erent to that achieved
with a single continuous exposure to salbutamol over 28 h.

6 These results indicate that although exposure to b2-adrenoceptor agonists during the ®rst 8 h of
mitogen stimulation does not have a sustained inhibitory e�ect on DNA synthesis, repeated intermittent
or prolonged continuous exposures to salbutamol do inhibit DNA synthesis, without evidence of marked
desensitization.
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Introduction

Asthma is a chronic in¯ammatory disease characterized by the
presence of increased airway responsiveness to a range of
constrictor substances (Barnes et al., 1995). Bronchodilator
drugs, primarily b2-selective adrenoceptor agonists, produce
rapid symptomatic relief. However, these bronchodilators act
directly to relax airway smooth muscle and do not appear to
have marked e�ects on the underlying in¯ammation (Barnes &
Chung, 1992; Morley, 1993; Barnes, 1995). There have been a
series of studies which have identi®ed the possibility of an
association between the use of b2-adrenoceptor agonists and
both exacerbations of asthma (Anderson, 1989; Sears et al.,
1990; Spitzer et al., 1992; Ernst et al., 1993) and increased
airway reactivity (Van Shayck et al., 1990), leading to concern
over the pattern of b2-adrenoceptor agonist usage and its po-
tential relationship to epidemiological ®ndings of increasing
morbidity and mortality from asthma (Barret & Strom, 1995),
although other commentaries suggest that the confounding

in¯uence of asthma severity may explain these epidemiological
®ndings (Devoy et al., 1995). Nevertheless, this concern has
prompted a shift in emphasis in the treatment of asthma from
the regular use of short-acting bronchodilator agents towards
the prophylactic use of anti-in¯ammatory agents such as in-
haled corticosteroids, since there is evidence that the early use
of anti-in¯ammatory drugs may have a better outcome than
the regular use of short-acting bronchodilators (Haahtela et
al., 1991; Van Esen-Zandvliet et al., 1992).

Airway wall remodelling, likely to be a consequence of
chronic airways in¯ammation, involves but is not limited to an
increase in the volumetric proportion of airway smooth muscle
(Hirst & Twort, 1992; Stewart et al., 1993; 1995a). Hyper-
trophy and hyperplasia of bronchial smooth muscle have been
described in post mortem tissues obtained from individuals
with fatal asthma, from asthmatics who died of unrelated
causes and from lung resection specimens of known asthmatic
patients (Dunnill et al., 1969; Hossain, 1973; Ebina et al., 1990;
1993; Kuwano et al., 1993). Mathematical studies modelling
morphometric data suggest that the amount of airway wall
thickening could be as important as the extent of smooth1Author for correspondence.
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muscle shortening in determining airway responsiveness in
asthmatics (James et al., 1989; Wiggs et al., 1992).

Continuous exposure to salbutamol has a substantial direct
inhibitory e�ect on airway smooth muscle proliferation in-
itiated by a range of mitogens (Tomlinson et al., 1994). In the
present study, the in¯uence of b2-adrenoceptor agonists has
been re-evaluated to take into account the pharmacokinetic
pro®le of short-acting inhaled b2-adrenoceptor agonists such
as salbutamol (Ullman & Svedmyr, 1988) and the repeated and
intermittent nature of b-agonist exposure.

Methods

Cell culture

Human airway smooth muscle cells were harvested from
bronchi of 0.5 ± 1.5 cm diameter obtained either at lung re-
section or from lungs of transplant recipients. For each cell
culture, approximately 0.1 g of smooth muscle tissue was
stripped from the wall of the bronchus. The tissue was initially
immersed in Dulbecco's Modi®ed Eagle's Medium (DMEM)
(supplemented with 2 mM L-glutamine, 0.25% w/v BSA,
100 u ml71 penicillin-G, 100 mg ml71 streptomycin and
2 mg ml71 amphotericin B) containing 3 mg ml71 collagenase
for 25 min at 378C in a humidi®ed incubator containing 5%
CO2 in air. Following partial digestion, the tissue was rinsed in
phosphate bu�ered saline (PBS) to remove the epithelium and
was cut into small pieces, approximately 2 mm cubed. The
chopped tissue was digested further by incubation in DMEM
containing elastase (0.5 mg ml71) for 2 h, followed by a 12 h
incubation in collagenase (1 mg ml71), at 378C. The cells were
centrifuged (5 min, 100 g, room temperature) and washed
three times in DMEM. The ®nal cell resuspension was made in
25 ml of DMEM (supplemented with 10% v/v heat-inactivated
foetal calf serum (FCS) in place of 0.25% BSA, the medium
was otherwise identical to that described above) and the cells
were seeded in one 25 cm2 culture ¯ask. The primary isolates
were incubated for 7 days to reach con¯uency. Thereafter, cells
were harvested weekly by 10 min exposure to 0.5% trypsin,
1 mM EDTA and passaged at a 1 : 3 ratio in 75 cm2 culture
¯asks at a density of approximately 16104 cells/cm2. Cells at
passage numbers 3 to 12 were used for experiments. There was
no relationship between passage number and responsiveness to
either thrombin or salbutamol (correlation coe�cients were
70.016 and 70.132, respectively) (Figure 1a and b). Fur-
thermore, there was no relationship between responsiveness to
thrombin and the inhibitory e�ect of salbutamol (r2=0.159,
n=24, Figure 1c).

Immunocytochemistry

The expression of smooth muscle a-actin and smooth muscle
myosin were used to determine the identity of the cultures
(Skalli et al., 1986; Mohammad & Sparrow, 1989). Cells
were subcultured into 8-well glass tissue culture chamber
slides, allowed to grow to con¯uency in the presence of
DMEM (supplemented with 10% FCS), washed three times
in PBS before being ®xed in ice-cold acetone for 20 s. Fixed
cells were then stored at 48C for up to four weeks before
staining. Endogenous peroxidase activity was blocked by
incubation in 2% H2O2 for 30 min at room temperature,
cells were permeabilized in 0.5% triton X-100 in PBS, in-
cubated in PBS containing 0.25% w/v BSA for 20 min then
exposed to anti-smooth muscle a-actin, anti-smooth muscle
myosin or anti-platelet endothelial cell adhesion molecule-1
(PECAM-1, Mouse monoclonal CD31, a marker of en-
dothelial cells) for 1 ± 2 h at room temperature. This was
followed by exposure to anti-mouse or anti-rabbit IgG
horseradish peroxidase conjugated immunoglobulin for 1 h
at room temperature. Background staining controls were
provided by reversal of the order of antibody exposure. The
staining of the ®xed cells was then observed by light

microscopy. Each of the cell cultures used in these studies
showed staining for smooth muscle a-actin and myosin in
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Figure 1 Relationships between passage number and (a) response to
thrombin; (b) response to salbutamol and (c) relationship between
response to thrombin and response to salbutamol. Responses to
thrombin are expressed as fold increases in the incorporation of [3H]-
thymidine over the level detected in unstimulated cells. Responses to
salbutamol are expressed as percentage inhibition of the response to
thrombin. Each separate symbol represents data obtained on a cell
culture derived from a di�erent donor. In part (c) each symbol
represents data obtained at a speci®c passage number.
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more than 95% of the cells and between the 3rd and 12th
passage of cells used in these studies, there did not appear to
be any relationship between passage number and the in-
tensity of staining for smooth muscle a-actin. No PECAM-1
staining was detected.

Preparation of reagents

3-Iso-butyl 1-methyl xanthine (IBMX), initially dissolved in
100% dimethyl suphoxide (DMSO) at 100 mM, was diluted 1
in 10 with DMEM (0.25% BSA) to produce a stock solution of
10 mM. The use of a ®nal concentration of 100 mM IBMX
resulted in a concentration of 0.1% DMSO which has no e�ect
on DNA synthesis in response to thrombin or other mitogens,
or on the inhibitory e�ects of salbutamol (data not shown). All
other agents were added from stock solutions of 100 times the
®nal concentration which were prepared in DMEM (0.25%
BSA).

Proliferation assay

Cells were subcultured into 24 well plates at approximately
1.56104 cells/cm2 and allowed to grow to monolayer con-
¯uency over a 72 h period. Twenty-four hours before stimu-
lation the medium was replaced with serum-free DMEM
(containing 0.25% BSA) to produce growth arrest and to
synchronize cell-cycle progression upon subsequent stimula-
tion with thrombin (0.3 u ml71) and a supplement containing
insulin, transferrin and selenium (Monomed A, 1% v/v). In
experiments in which the exposure time to a b2-adrenoceptor
agonist was varied, cells were pretreated (30 min) with the b2-
adrenoceptor agonist, before mitogen stimulation. The b2-
adrenoceptor antagonist, ICI 118551 was added at varying
time points to terminate action of the b2-adrenoceptor agonist
(Figure 2). The duration of stimulation with growth factors
and growth-promoting substances was 24 h for the [3H]-thy-
midine incorporation assays (with the exception of the time-
course study presented in Figure 6 and Table 2) and 48 h for
[3H]-leucine incorporation assays. Cells were incubated for the
last 4 h of these incubation periods in the presence of either
[3H]-thymidine or [3H]-leucine at a ®nal concentration of
1 mCi ml71 to allow incorporation into DNA and protein,
respectively. At the end of the pulse labelling period, the
medium containing the radioactivity was aspirated and the
cells were lysed by addition of 100 ml 0.1 M NaOH. The DNA

and protein were isolated by ®ltration onto glass ®bre ®lters
(Packard, standard) mounted in a binding harvester (Packard
Filtermate 196). The ®lters were then washed extensively with a
total volume of 5 ml distilled water and drying was facilitated
by a ®nal wash with 2 ml ethanol. The dried ®lters were
counted in a Packard Topcount liquid scintillation counter.

Cyclic AMP assay

Cells were subcultured into 6 well plates at a 1 : 3 split ratio and
allowed to grow to con¯uency over a 72 h period and serum-
deprived as described earlier in order to establish conditions
identical to those used in DNA and protein synthesis assays.
Cells were pretreated either with medium or IBMX (100 mM)
for 30 min. The cells were then incubated for a further 60 min
period with agents as described in detail in the results section.
Cell extracts were made by aspiration of supernatants and
addition of assay bu�er (50 mM Tris/HCl, 4 mM EDTA,
pH 7.5), the cells were then scraped from the culture plates and
the samples were heated for 5 min in a boiling water bath to
aggregate protein which was removed by centrifugation
(10 min, 10,000 g, 48C). The adenosine 3' : 5'-cyclic mono-
phosphate (cyclic AMP) levels in these supernatants were as-
sayed in duplicate following the suppliers instructions
(Amersham Cyclic AMP 3H assay system, TRK 432). The
limit of detection of the assay was 5 fmol cyclic AMP mg71

protein.

Materials

All chemicals used were of analytical grade or higher. The
compounds used and their sources were as follows: L-glu-
tamine, essentially fatty acid free bovine serum albumin
fraction V (BSA), Tyrode bu�er, thrombin (bovine plasma),
human recombinant [Leu21]-epidermal growth factor (EGF),
salbutamol (a-[(t-butylamino)methyl]-4-hydroxy-m-xylene-a,
a'-diol), fenoterol (2-[3,5-dihydroxyphenyl]-2-hydroxy-2'-[4-
hydroxyphenyl]-1'-methyldiethylamine), 3-isobutyl-1-methyl-
xanthine (IBMX), from Sigma, U.S.A.; ICI 118551
(erythrodl-1-(7-methylindan-4-yloxy)-3-isopropylaminobutan-
2-ol), from Research Biochemicals International, U.S.A.;
amphotericin B (Fungizone), Gibco Laboratories, U.S.A.;
collagenase type CLS 1, elastase, from Worthington Bio-
chemical, U.S.A.; Dulbecco `A' phosphate bu�er saline
(PBS), from Oxoid, U.K.; trypsin, versene, penicillin-G,
streptomycin, Monomed A, from CSL, Australia; foetal calf
serum (FCS), from Flow Laboratories, Australia; Dulbecco's
Modi®ed Eagle's Medium (DMEM), from Flow Labora-
tories, Scotland; [6-3H]-thymidine (185 GBq mmol71, 5 Ci
mmol71), cyclic AMP 3H assay system (TRK 432), from
Amersham, U.K.; L-[4,5-3H(N)]-leucine (2.0 TBq mmol71,
54 Ci mmol71) ICN Radiochemicals, U.S.A.; emulsi®er-safe
scintillant, Canberra-Packard, Australia. Anti-smooth muscle
a-actin (mouse monoclonal) (M851), monoclonal mouse
anti-human endothelial cell, CD31 (JC/70A) (M823), from
Dako Corporation, U.S.A.; rabbit anti-mouse IgG horse-
radish peroxidase-conjugated; mouse anti-rabbit IgG horse-
radish peroxidase-conjugated from Silenus Laboratories,
Hawthorn, Australia.

Statistics

Incorporation assays with [3H]-thymidine and [3H]-leucine
were carried out in quadruplicate and in at least three cell
cultures derived from lung resection specimens obtained from
separate individuals (n denotes the number of di�erent cul-
tures, i.e., the number of cultures, each one derived from a
di�erent individual that was used in each protocol). Results are
expressed as mean d.p.m.+s.e.mean. Student's t test was used
for comparisons between incubations, and Bonferroni's cor-
rection for multiple comparisons was used to correct the P
value (Wallenstein et al., 1980). Data pooled from individual
experiments were subjected to statistical analysis, with a P
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24 h           28 h

[3H]-thymidine
pulse

–0.5 h                                                                                   28 h
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exposure to β2-adrenoceptor agonist
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Figure 2 Represents a time line of one of the experimental protocols
involved in varying time exposure to the b2-adrenoceptor agonist,
salbutamol. Total mitogen exposure time in proliferation assays with
[3H]-thymidine incorporation was 28 h in the data presented in
Figures 2 ± 5 (solid line). Cells were incubated with [3H]-thymidine
(1 mCi ml71) for the last four hours of the experiment. The b2-
adrenoceptor agonist, salbutamol (100 nM), was added 30 min before
mitogen stimulation. Exposure time to the b2-adrenoceptor agonist
was varied (broken line) by the addition of the b2-adrenoceptor
antagonist, ICI 118551 (50 nM or 1 mM) (solid arrows).
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value less than 0.05 being considered signi®cant. Agonist-
stimulated [3H]-thymidine or [3H]-leucine incorporation was
normalized to the baseline incorporation of 3H to adjust for
variations in the level of [3H]-thymidine or [3H]-leucine in-
corporation between cell cultures. Intracellular cyclic AMP
determinations were carried out in triplicate and in 2 to 3 cell
cultures derived from lung resection specimens obtained from
2 ± 3 individuals. Results are expressed as mean values+s.e.-
means for n cell cultures.

Results

Mitogen stimulation of [3H]-thymidine incorporation

Thrombin (0.3 u ml71) elicited a mitogenic response in each of
the cell cultures examined, causing an average 11.4+1.7 fold
increase in [3H]-thymidine incorporation (n=8). EGF
(300 pM) elicited a 8.4+2.5 fold increase in [3H]-thymidine
incorporation (n=3).

E�ect of varying the duration of exposure to salbutamol
on inhibition of thrombin-stimulated [3H]-thymidine and
[3H]-leucine incorporation

Incubation of smooth muscle cells with the b2-adrenoceptor
agonist salbutamol (100 nM, from 30 min before thrombin
until the end of the incubation), at a concentration pre-
viously shown to be optimal for inhibition of DNA synthesis
(Tomlinson et al., 1994), signi®cantly reduced thrombin-in-
duced incorporation of [3H]-thymidine to 26+4% of the
control response (P50.05, Student's t test, n=8). The in-
hibitory e�ect of salbutamol (100 nM) on [3H]-thymidine
incorporation in cells stimulated with thrombin was reduced
(82+4% of thrombin, n=6) by the addition 30 min be-
forehand of the selective b2-adrenoceptor antagonist
ICI 118551 at 50 nM. ICI 118551 had no direct e�ect on
thrombin-stimulated [3H]-thymidine incorporation (Tomlin-
son et al., 1995). Addition of ICI 118511 (50 nM) at 0.5, 1,
2.5, and 4.5 h after the commencement of the salbutamol
exposure prevented the consequent inhibition of thrombin-
stimulated [3H]-thymidine incorporation, but when it was

added at 8.5 h or later, the action of salbutamol was un-
a�ected (P40.05, Student's t test, n=3) (Figure 3).

Incubation with thrombin for 48 h elicited a 2.20+0.02 fold
increase in the rate of [3H]-leucine incorporation (n=3). In
cells incubated for 48.5 h with salbutamol (100 nM), the
thrombin-stimulated [3H]-leucine incorporation was reduced
to 62+6% of the control response (P50.05, paired Student's
t test, n=3). Addition of ICI 118551 (50 nM) 30 min before, or
up to 8.5 h after salbutamol prevented the inhibition of
thrombin-stimulated [3H]-leucine incorporation (Figure 3).

E�ect of varying the duration of exposure to
b2-adrenoceptor agonists on inhibition of mitogen-
stimulated [3H]-thymidine incorporation

The initial time-course experiments were carried out with
50 nM ICI 118551 (Figure 3), but the incomplete inhibition of
the e�ect of salbutamol necessitated the repetition of these
experiments at the higher concentration of ICI 118551 (1 mM)
which prevented the inhibition by salbutamol of thrombin-
stimulated [3H]-thymidine incorporation (134+17% of
thrombin response, n=3). Repeating the experiment with
ICI 1185551 (1 mM) showed that b2-adrenoceptor blockade
prevented the inhibition by salbutamol of thrombin-stimulated
[3H]-thymidine incorporation when the receptor antagonist
was added at 0.5, 1 and 2.5 h after salbutamol, but not when it
was added at or later than 4.5 h after salbutamol (P40.05,
Student's t test, n=3) (Figure 4).

Incubation with salbutamol (100 nM, 30 min before the
addition of EGF until the end of the experiment) signi®cantly
reduced the EGF (300 pM)-stimulated incorporation of [3H]-
thymidine to 38+13% of the control response (P50.05, Stu-
dent's t test, n=3) and this reduction was prevented by the
addition of ICI 118551 (1 mM, 30 min before salbutamol).
Addition of ICI 118551 at 0.5 and 2.5 h after salbutamol also
prevented the inhibition of EGF (300 pM)-stimulated [3H]-
thymidine incorporation, whereas no e�ect was observed after
the addition at 4.5, 8.5 or 28.5 h (P40.05, Student's t test,
n=3) (Figure 4).

Incubation of smooth muscle cells with another b2-adre-
noceptor agonist, fenoterol (100 nM, 30 min before thrombin
until the end of the experiment) signi®cantly inhibited the
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Figure 3 E�ect of salbutamol (100 nM, added 30 min before
thrombin) on [3H]-thymidine (*) or [3H]-leucine (*) incorporation
in cells stimulated with thrombin (0.3 u ml71). ICI 118551 (50 nM)
was added at a concentration of 50 nM at various times from 1 h
before thrombin (de®ned as zero time) up to 48 h after thrombin to
terminate the action of salbutamol. The data for [3H]-thymidine or
[3H]-leucine incorporation in cells incubated with salbutamol
represent percentages of the response to thrombin in the absence of
salbutamol and are presented as the mean of three experiments with
three cell cultures, each experiment being carried out in quad-
ruplicate; vertical lines show s.e.mean. *P50.05, Student's unpaired t
test, compared to thrombin-stimulated cells.

150

100

50

0

0       2       4       6        8      10     12        28

ICI 118551 addition time (h)

[3
H

]-
th

ym
id

in
e 

in
co

rp
o

ra
ti

o
n

(%
 c

o
n

tr
o

l)

Figure 4 E�ect of salbutamol on [3H]-thymidine incorporation in
cells stimulated with thrombin (0.3 u ml71, &) or EGF (300 pM, &).
The design of the experiment was identical to that shown in Figure 3
with the exception that ICI 188551 (1 mM) was used at a
concentration of 1 mM. The data are expressed as percentages of
the [3H]-thymidine incorporation in response to either EGF or
thrombin in the absence of salbutamol treatment and represent the
means and s.e.mean (vertical lines). *P50.05, Student's unpaired t
test, compared to cells stimulated with thrombin in the absence of
salbutamol treatment.
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incorporation of [3H]-thymidine to 21+4% of the control re-
sponse (P50.05, Student's t test, n=3). Addition of
ICI 118551 (1 mM) 30 min beforehand (106+6% control) or at
0.5, 1 or 2.5 h after fenoterol (101+3%; 107+9%; 74+7%,
respectively) prevented the inhibitory e�ect on [3H]-thymidine
incorporation (P50.05, Student's t test, n=3), whereas addi-
tion of ICI 118551 at 4.5 h (62+7% control) or 8.5 h (34+4%
control) failed to prevent the inhibitory e�ect of fenoterol as
observed with salbutamol (P40.05, Student's t test, n=3).

E�ects of ICI 118551 on salbutamol-induced increases in
intracellular cyclic AMP

Experiments were conducted to establish whether the treat-
ment with ICI 118551 reduced increases in cyclic AMP fol-
lowing stimulation by salbutamol. To enhance the e�ects of
salbutamol in increasing levels of cyclic AMP IBMX
(100 mM) was added 1 h before salbutamol and left in the
medium until the end of the experiment. No di�erences in
basal levels of intracellular cyclic AMP were observed after
IBMX treatment (data not shown). Incubation with salbu-
tamol (100 nM) alone for 30 min, with a further 30 min
incubation in the presence of the selective b2-adrenoceptor
antagonist, ICI 118551 (50 nM), reduced intracellular cyclic
AMP to levels which were not di�erent from those of un-
stimulated cells. The basal level of cyclic AMP in cells in-
cubated for 24 h (matching the duration of most
experiments in which DNA synthesis was measured) was not
di�erent from that during the 1 h incubation, whereas the
level in salbutamol-stimulated cells was reduced compared
with that following stimulation by salbutamol (Table 1).

E�ects of an 8.5 h exposure to salbutamol on DNA
synthesis determined at di�erent times after mitogen
stimulation

Data from experiments examining the inhibitory e�ects of
salbutamol, during the ®rst 8 h of thrombin-stimulation in-
dicated that there was maximal inhibition of DNA synthesis
(Figures 3 and 4). However, measurement of [3H]-leucine in-
corporation, as an index of changes in cell mass, was not af-
fected by the 8.5 h exposure to salbutamol (Figure 3). To
investigate whether the 8.5 h exposure to salbutamol caused a
sustained inhibition of DNA synthesis, the cells were exposed
to [3H]-thymidine for 4 h commencing at 24, 28, 32 or 48 h
after exposure to thrombin and the results obtained were
compared with those obtained with a continuous exposure to
salbutamol. The level of inhibition of the thrombin response
by continuous exposure to salbutamol was signi®cantly greater
than that observed with exposure during the ®rst 8.5 h (Figure
5). When the [3H]-thymidine incorporation was examined after
longer periods of incubation in thrombin up to 52 h, the
magnitude of the inhibitory e�ect of continuous exposure to
salbutamol was maintained, whereas the inhibitory e�ect of
the 8.5 h exposure to salbutamol was signi®cantly reduced
(P50.05, unpaired Student's t test) from 55% at 28 h to 24%
at 52 h (Figure 5).

E�ects of prolonged exposure to salbutamol on DNA
synthesis

The preceding experiments suggested that a single exposure
exceeding the normal duration of action of salbutamol had
no sustained inhibitory e�ect on DNA synthesis in the
continued presence of thrombin. However, this protocol is
not analogous to the pattern of exposure observed with
regular use of salbutamol. Therefore, the e�ects of two
di�erent incubation patterns of salbutamol were examined:
in one series, salbutamol was present from 9 h after the
beginning of incubation with thrombin until the end of the
81 h incubation period; in the second series, salbutamol was
added 9 h after the beginning of the incubation and was
removed after a further 15 h by aspirating the DMEM,

washing with 1 ml of PBS (0.25% BSA) then adding 1 ml of
DMEM without salbutamol for a 9 h period at the end of
which salbutamol was reintroduced for 15 h and the cycle
was repeated once more. Thrombin was present from 9 h
before the addition of salbutamol to the end of the 81 h
incubation period. In the second series, the thrombin was
replaced after each washing step.

The thrombin (0.3 u ml71)-stimulated incorporation of
[3H]-thymidine was 17.4+7.6 (fold increase over the basal level
of incorporation). The level of inhibition of thrombin- sti-
mulated incorporation of [3H]-thymidine produced by salbu-
tamol present continuously was not signi®cantly di�erent
(P40.05, paired Student's t test) from that of exposure to
salbutamol for 15 h per day (Table 2).

The e�ects of post-mitogen addition of salbutamol on
[3H]-thymidine incorporation

All previous experiments with salbutamol had involved its
addition to the culture medium before the cells were exposed to
mitogen. A time-course experiment was therefore carried out
to determine whether post-mitogen addition of salbutamol
inhibited [3H]-thymidine incorporation and to identify the
latest point in the progression of the cells through G1 phase of

Table 1 Salbutamol-induced increases in intracellular
cyclic AMP in IBMX (100 mM) pretreated cells

Cyclic AMP (fmol mg71 protein)
Incubation time

Treatment 1 h 24 h

Vehicle
Salbutamol (100 nM)
Salbutamol (100 nM)
+ICI 118551 (50 nM)

5+2 (n=3)
103+13 (n=3)*
15+7 (n=3)

6 (n=2)
22 (n=2)

±

Data represent the means and s.e.mean of experiments with
n cell lines, each experiment being carried out in triplicate.
*P50.05, paired Student's t test compared to vehicle.
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Figure 5 Comparison of the e�ects of continuous and brief (8.5 h)
exposure to salbutamol (100 nM, added 30 min before thrombin) on
[3H]-thymidine incorporation in cells stimulated with thrombin
(0.3 u ml71). Either vehicle (open columns) or ICI 118551 (1 mM)
was added 8 h after the addition of thrombin (solid columns). The
[3H]-thymidine pulse was carried out over a four hour period
commencing (in separate groups of cells) at 24, 28, 32 or 48 h after
the addition of thrombin. Data are presented as the mean+s.e.mean
of 4 experiments conducted in 4 cell cultures (24 and 48 h time
points; n=2 cell cultures at 28 and 32 h time points). *P50.05,
Student's paired t test, between continuous and 8 h exposures at the
same time point (i.e. 24 or 48 h). {P50.05, Student's unpaired t test,
between incorporation at 48 h and that at 24 h under either
continuous or 8.5 h exposure to salbutamol.
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the cell cycle at which inhibition still occurred. The maximum
level of inhibition by salbutamol was achieved when it was
added between 2 and 12 h after thrombin addition and left in
the medium until the end of the [3H]-thymidine pulse (24 ±
28 h). Addition of salbutamol 12 h or more after thrombin
resulted in a decline in the inhibition and no inhibition was
observed when the salbutamol was added at 22 h or later
(Figure 6).

Discussion

Continuous exposure to the bronchodilator, salbutamol, in-
hibits mitogen-induced proliferation of human airway smooth
muscle cells (Tomlinson et al., 1994) through elevation of in-
tracellular cyclic AMP (Tomlinson et al., 1995). We now show
that short durations of exposure to b2-adrenoceptor agonists
of up to 8.5 h have either no e�ect or only a short-lasting
inhibitory e�ect on DNA synthesis in the continued presence
of mitogen. However, importantly, more prolonged exposure
to salbutamol over 72 h, either continuously or for 15 h per
day inhibits thrombin-stimulated DNA synthesis without evi-
dence of marked desensitization.

In conventional cell culture studies, cells are bathed con-
tinuously in medium containing ®xed levels of test substances.
In studies of airway smooth muscle cell proliferation, the
minimum period of incubation required to measure DNA
synthesis is between 24 and 28 h, since these cells enter S-phase
approximately 22 h after exposure to thrombin (Stewart et al.,
1995a). Other parameters indicative of cell proliferation, such
as changes in cell number or increases in protein synthesis
(Stewart et al., 1995b), require longer incubation periods (36 ±
48 h). Many of the agents which are now being evaluated for
e�ects on cell proliferation in culture are unlikely to be at
active concentrations in vivo continuously over these periods of
time.

Salbutamol is a relatively short acting bronchodilator with
an e�ective duration of action of 3 ± 5 h (Ullman & Svedmyr,
1988), but is often used repeatedly for symptomatic relief or
regularly for prophylaxis and therefore the possible range of
exposure periods is large and variable. The current study
speci®cally examined the e�ects of salbutamol exposure
periods of between 1 and 72 h to cover both longer and shorter
periods of exposure than the 28 h that was examined pre-
viously (Tomlinson et al., 1994), since the previous protocol
represented only one of the many patterns of exposure to this
agent.

The e�ectiveness of the selective b2-adrenoceptor antago-
nist, ICI 118551 in terminating the action of salbutamol was
con®rmed by the reduction in the level of cyclic AMP to
control levels within 30 min of its addition, consistent with
previous ®ndings (Hall et al., 1992; Tomlinson et al., 1994).
There was no decline in the degree of stimulation of cyclic
AMP levels by salbutamol 1 h after its addition. However,
after 24 h exposure to salbutamol the levels of cyclic AMP
were considerably reduced, but remained above those in un-
stimulated cells. This desensitization is similar to that de-
scribed by Hall et al. (1993), but does not appear to be
su�cient to cause any marked desensitization in the level of
inhibition of the thrombin-stimulated DNA synthesis. It re-
mains possible that the desensitization of elevation cyclic AMP
in response to salbutamol occurs more rapidly than the in-
hibitory e�ect on DNA synthesis can be observed, which is
with a minimum of 2.5 to 4.5 h of exposure to salbutamol.

Salbutamol treatment of airway smooth muscle for the ®rst
2 h of exposure to thrombin had no e�ect on subsequent DNA
synthesis, but when the treatment was extended to the ®rst 4 h,
an inhibitory e�ect was observed which became maximal by
8 h and similar observations were made with another short-
acting b2-adrenoceptor agonist, fenoterol (Nials et al., 1993).
The pattern of inhibition by salbutamol was not speci®c to
thrombin as a mitogen since similar results were obtained
when EGF was used.

The discrepancy between the ability of 8.5 h exposure to
salbutamol to inhibit DNA synthesis, measured at 24 h, and its
failure to inhibit protein synthesis measured at 48 h suggested
that the increase in cell mass had been delayed rather than
inhibited. In contrast, continuous exposure to salbutamol re-
duced the thrombin-stimulated increase in cell mass. In cells
exposed to salbutamol for the ®rst 8 h of thrombin exposure,
the inhibition of the thrombin-stimulated DNA synthesis
declined from approximately 70% at 24 h to 20% at 48 h
indicating that this duration of exposure delays rather than
inhibits DNA synthesis.

There is a large range of possible sequences and durations of
exposure to the agonists and mitogens which would depend on
the frequency and pattern of b2-adrenoceptor agonist usage
and the severity of the asthma. The number of experiments
required to examine all the possible permutations and combi-
nations in the timing and durations of exposure to b2-adre-
noceptor agonist and mitogens is beyond practical limits.
Therefore, caution is required in extrapolating from the results
of our cell culture studies to events in asthmatics with b2-
adrenoceptor agonists. Notwithstanding this need for caution,
in our experiments several scenarios have been examined. The
more extensive studies involved the addition of the b2-adre-

Table 2 Effects of repeated or continuous exposures to
salbutamol (100 nM) on inhibition of thrombin
(0.3 u ml71)-stimulated [3H]-thymidine incorporation

[3H]-thymidine incorporation
Treatment (% response to thrombin in untreated cells)

Vehicle
Salbutamol
continuous

Salbutamol
15 h /day

100
29.2+2.8*

38.3+10.3*

Data represent the means and s.e.mean of 4 experiments
with 4 di�erent cell cultures, each experiment being carried
out in quadruplicate. *P50.05, paired Student's t test
compared to vehicle.
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Figure 6 The e�ect of salbutamol (100 nM), added at di�erent times
from 0.5 h before thrombin up to 28 h afterwards, on thrombin-
stimulated DNA synthesis, measured between 24 and 28 h after the
addition of thrombin (de®ned as time zero). The results are presented
as means and s.e.mean (vertical lines) of the grouped data from 3
individual experiments in 3 separate cell lines (each carried out in
quadruplicate) and represent [3H]-thymidine incorporation expressed
as a percentage of the incorporation in non-pretreated, thrombin-
stimulated cells. *P50.05, paired Student's t test, compared with
DNA synthesis observed in non-pretreated, thrombin-stimulated
cells.
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noceptor agonist before mitogen stimulation in an attempt to
mimic a pattern of regular prophylactic b2-adrenoceptor ago-
nist usage. An additional protocol was followed to provide a
pattern of exposure more analogous to that of regular usage.
The decline in levels of b2-adrenoceptor agonist during sleep
may release from inhibition cells that had been previously
exposed to mitogen in the presence of b2-adrenoceptor agonist.
Thus, the e�ects of exposure to salbutamol continuously or for
15 h per day were contrasted. These distinct patterns of ex-
posure showed the same level of inhibition by salbutamol,
indicating that over the 3 days of exposure, the 9 h per day
during which salbutamol was absent from the medium did not
result in any loss of inhibitory e�ect. The addition of salbu-
tamol up to 18 h after the mitogen and its continuous presence
throughout the remainder of the experiment inhibited DNA
synthesis, indicating the potential for brief periods of exposure
to have inhibitory e�ects depending on the timing of this ex-
posure relative to the entry of the cells into S-phase. This
pattern of exposure, in which mitogen is present before the b2-
adrenoceptor agonist, may occur in vivo when salbutamol is
used symptomatically. Inhibition was completely lost if sal-
butamol was added at 20 h or more after the addition of
thrombin, whereas there was approximately 50% inhibition of
DNA synthesis when salbutamol was added at 18 h. Thus,
stimulation of b2-adrenoceptors for a period of 2 h is su�cient
to inhibit DNA synthesis, suggesting that both the timing of
the b2-adrenoceptor agonist exposure and its duration are
determinants of the level of inhibition.

One intriguing, and as yet unexplained e�ect of regular use
of b2-adrenoceptor agonists, is an apparent link to increases in
airway hyperresponsiveness (Anderson, 1989; Sears et al.,
1990; VanShayck et al., 1990; Page, 1991; Spitzer et al., 1992;
Ernst et al., 1993). Much of the increased airway responsive-
ness in asthma may result from an airway wall remodelling
process (Hirst & Twort, 1992; Stewart et al., 1993; 1995b)
comprising loss of epithelial cells, subepithelial ®brosis, mu-
cous cell hyperplasia (Djukanovic et al., 1990) and an increase
in the volume of airway smooth muscle (James et al., 1989;
Wiggs et al., 1992) which correlates with disease severity
(Kuwano et al., 1993). These changes may be a response to

chronic airway in¯ammation produced by resident and in-
®ltrating in¯ammatory cells such as eosinophils and mast cells
(Je�ery et al., 1989; Djukanovic et al., 1990). Our ®ndings
suggest that both continuous and intermittent chronic ex-
posure to b2-agonists inhibits airway smooth muscle hyper-
plasia in vitro. In view of the duration of action of short-acting
b2-agonists, it seems less likely that their sporadic, sympto-
matic use would inhibit an underlying chronic airway smooth
muscle proliferation. The closest clinical corollary of con-
tinuous exposure of cells in culture, with the exception of the
newly introduced long-acting b2-adrenoceptor agonists, is that
of regular usage of b2-adrenoceptor agonists. This latter pat-
tern of usage is the one most clearly (Sears et al., 1990), but not
universally (Chapman et al., 1994) linked to increased airway
hyperresponsiveness. Our ®ndings predict that regular usage of
b2-agonists would attenuate rather than enhance airway
smooth muscle proliferation and consequently diminish rather
than exacerbate airway hyperresponsiveness, but do not ex-
clude the possibility that b2-adrenoceptor agonists could en-
hance airway hyperresponsiveness by mechanisms unrelated to
airway smooth muscle cell proliferation.

In summary, periods of a single exposure to short-acting
b2-adrenoceptor agonists, that match or exceed the clinical
duration of action of a single inhalation, have no inhibitory
e�ect on airway smooth muscle mitogenic responses. However,
more importantly, repeated exposure to salbutamol in airway
smooth muscle stimulated with thrombin does not reduce the
capacity of salbutamol to inhibit DNA synthesis.
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