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Effect of bumetanide on toluene diisocyanate
induced contractions in guinea pig airways
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Abstract
Background The loop diuretic frusem-
ide has been shown to inhibit the bron-
choconstrictor response to exercise,
inhaled allergen, distilled water, aden-
osine, and sodium metabisulphite.
Toluene diisocyanate contracts smooth
muscle by activating capsaicin sensitive
nerves and causes asthma that shares
many features with allergen induced
asthma.
Methods The study was designed to
assess the effect of two loop diuretics,
bumetanide (10 and 100 PM) and
frusemide (100 PM), on smooth muscle
contraction induced by toluene
diisocyanate (0'03-1000 PM) in guinea pig
airways with and, in the case ofbumetan-
ide, without epithelium. The effect of
bumetanide on the response to acetyl-
choline, neurokinin A, and electrical field
stimulation in guinea pig bronchial
smooth muscle rings was also examined.
Results Bumetanide (10 and 100 PM)
had no effect on toluene diisocyanate
induced contraction whether airway
epithelium was present or not. Frusemide
(100 pM) caused no significant inhibition
of toluene diisocyanate induced contrac-
tion (mean reduction on the entire curve
25%). Bumetanide inhibited non-adren-
ergic, non-cholinergic contraction
induced by electrical field stimulation of
bronchi pretreated with atropine (1 PM)
and indomethacin (5 PM) and this inhibi-
tion was inversely related to the
frequency of stimulation, suggesting that
bumetanide may be inhibiting transmit-
ter release at the prejunctional level.
Bumetanide and frusemide did not
inhibit the responses to exogeneous
acetylcholine (0 1 PM) or neurokinin A
(1 nM).
Conclusions Bumetanide and frusemide
in doses that are known to inhibit non-
adrenergic, non-cholinergic contraction
due to electrical field stimulation failed to
inhibit the response to toluene diisocyan-
ate in guinea pig airways.

(Thorax 1993;48:63-67)

Bumetanide and frusemide are high ceiling
diuretics and both inhibit the Na/K/Cl cotran-
sporter in renal tubules. Bumetanide is more
potent than frusemide but the two compounds
have a similar effect on Na/K/Cl cotransport in

various mammalian tissues.' 2
Frusemide, when administered by nebuliser

but not orally, has been shown to protect
asthmatic patients against non-specific and
specific bronchoconstrictor stimuli.' The
mechanism of action of frusemide in vivo has
not been determined. Because frusemide but
not bumetanide inhibits adenosine 5'-mono-
phosphate and sodium metabisuphite induced
bronchoconstriction in asthmatic persons, it
was recently suggested that the protective effect
of frusemide may be independent of the Na/K/
Cl cotransport.9 The effect of high ceiling
diuretics such as frusemide and bumetanide
could be due to inhibition of the Na/K/Cl
cotransport in airway smooth muscle, thus
reducing contractility,'0 or it could be due to
inhibition of chloride secretion into the bron-
chial lumen by blocking Na/Cl cotransport on
the basolateral membrane of epithelial cells." 12
Other possible mechanisms include inhibition
of epithelial cell swelling and oedema induced
by osmotic stimuli,'3 inhibition of mediator
release from inflammatory cells,'4 15 and an effect
on the responsiveness of sensory nerves."
There is evidence to suggest that loop

diuretics inhibit both cholinergic and
excitatory non-adrenergic, non-cholinergic
neurotransmission in guinea pig airways
without a direct effect on airways smooth mus-
cle. This effect may be due to inhibition of the
Na/K/Cl cotransport. As we have shown that
toluene diisocyanate contracts smooth muscle
by activating capsaicin sensitive sensory
nerves'M20 we have studied the effects of
bumetanide and frusemide on the contraction
of guinea pigs airway smooth muscle in vitro
induced by toluene diisocyanate. Toluene
diisocyanate, a widely used industrial chemical,
is a potent airway sensitiser and able to induce
occupational asthma.2' We also examined the
effects ofbumetanide on airway smooth muscle
contraction in guinea pig bronchial rings in
vitro induced by acetylcholine, neurokinin A,
and electrical field stimulation.

Methods
PREPARATION OF TISSUE
The experimental procedure and specific
protocols were approved by the committee on
animal care of the University of Padova.
Male Hartley outbred guinea pigs (Rodentia

Laboratories, Torre Pallavicina, Bergamo)
weighing 300-400 g were anaesthetised with
pentobarbital sodium (50 mg/kg intraperi-
toneally). The lungs were removed rapidly and
immersed in oxygenated Krebs-Henseleit
solution containing 118 3 mmol/l NaCl,
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4-7 mmol/l KCl, 1-2 mmol/l MgSO4,
1 2 mmol/l KH2PO4, 25-0 mmol/l NaHCO3,
2-5 mmol/l CaCl2, and 11 1 mmol/l D (+)-
glucose). The main bronchi were dissected free
of loose connective tissue and were prepared in
two rings. The rings were mounted in glass
chambers filled with 15 ml of Krebs-Henseleit
solution that was maintained at 37°C and
gassed with a mixture of 95% 02 and 5% Co2,
which produced a pH of 7 4. The bronchial
rings were connected to force displacement
transducers (Grass FTO3) for continuous
recording of isometric tension. The rings were
allowed to equilibrate for 90 minutes while
resting tension was adjusted to 5 mN. During
equilibration the medium was changed every
20 minutes. Contractions were expressed as a
percentage of the active tension obtained in
response to acetylcholine (1 mM). Bronchial
rings dissected free of epithelial and connective
tissue and bronchial rings with intact epi-
thelium were studied. The epithelium was
removed by rubbing the luminal surface gently
with gauze, cut into strips, and tied at one side
to a suture; this was used to guide the gauze
inside the bronchial rings. Removal of the
epithelium was confirmed histologically. At the
end of the experiment control rings and rings
without epithelium were fixed in 4% formalde-
hyde in 0 1 M phosphate buffer at pH 7-2. After
fixation, samples were dehydrated with ethanol,
passed through xylene, and embedded in
paraffin. Sections 6 ,um thick were cut perpen-
dicular to the minor internal diameter of the
bronchi and tissue blocks were oriented for
light microscopical analysis. Four sections at
intervals of 100 gim were stained with
haematoxylin in eosin. The sections were
coded and examined without knowledge of the
physiological data. Light microscopical
(Jenamed 30G0040) measurements were
obtained with an eyepiece graticule at a magni-
fication of 160. The length of the mucosa
without epithelium was measured and expres-
sed as a percentage of the total length of
basement membrane in the section. The final
result is the mean of all the measurements
performed in each specimen.

DRUGS
Acetylcholine and frusemide were obtained
from Sigma Chemical Co (St Louis, MO,
USA) and neurokinin A from Peninsula (St
Helens, England). Bumetanide was given by
Dr F Gaetani (Sigma-Tau).
Toluene diisocyanate consisted of an 80: 20

mixture of the 2,4 and 2,6 isomers and was
obtained from Montedison (Porto Marghera,
VE, Italy). It was dissolved in dimethyl sul-
phoxide and prepared fresh before each study.
The maximum final concentration of dimethyl
sulphoxide in the organ bath was 0 3%.
Bumetanide was dissolved in 100% ethanol. A
stock solution of frusemide was made up in
10 mM sodium hydroxide solution and diluted
with distilled water to the appropriate concen-
tration. Addition of the solutions used to
dissolve the drugs was shown to have no effect
on resting tension.

EXPERIMENTAL PROTOCOLS
Toluene diisocyanate
The effect of bumetanide and frusemide on the
airway response to increasing concentrations of
toluene diisocyanate (003-1000 mM) was
assessed. After an equilibration period a
baseline response to acetylcholine was
obtained. The rings were then rinsed. Parallel
experiments were carried out on paired bron-
chial rings from the same animal; bumetanide
(10 jiM or 100 MuM, contact time 30 minutes) or
frusemide (100 uM, contact time 30 minutes)
was added to one of the two bronchial rings of
each animal and nothing was added to the
second ring. The response to increasing con-
centrations of toluene diisocyanate was then
measured in both rings. Each successive con-
centration of toluene diisocyanate was added
only after the previous response had reached a
constant value. The effect of bumetanide was
studied on rings with and without epithelium;
the effect offrusemide was studied on rings with
epithelium.

Neurokinin A, acetylcholine, and electrical field
stimulation
The effect of bumetanide (10 jpM) on the res-
ponses to neurokinin A, acetylcholine
(0-1 jIM), and electrical field stimulation was
also examined. In these experiments atropine
(1 jMM) was added to antagonise the cholinergic
component of the response to electrical field
stimulation and indomethacin (5 ,uM) to min-
imise the spontaneous variations in tone of the
tissue. Under these conditions a reproducible
contractile response to electrical field stimula-
tion was obtained for several hours.
Experiments started after a 90 minute equi-
libration period. The preparations underwent
field stimulation (1-10 Hz, 60 V, 0 5 ms for
10 s) by means of two wire platinum electrodes
placed at the top and the bottom of the organ
bath and connected to a Grass SI 1 stimulator.
A frequency-response study (1-10 Hz) was
carried out on the bronchial rings without
epithelium until a reproducible response was
obtained. Ethanol (the solvent for bumetanide)
or bumetanide (10 MuM) was added to the bath
and a further frequency-response curve was
carried out 30 minutes later. The response was
expressed as a percentage of the maximal
contraction obtained with 40 mM KCl.

ANALYSIS
Values are given as mean (SE). The effects of
bumetanide and frusemide on contraction
induced by toluene diisocyanate and of bume-
tanide on contraction induced by acetylcholine,
neurokinin A, and electrical field stimulation
were compared by two tailed Student's t test
for paired data and by analysis of variance
(ANOVA) with repeated measures (BMDP
Statistical Software, Inc, Los Angeles, CA).
Values of p < 0-05 were considered significant.

Results
TOLUENE DIISOCYANATE
Toluene diisocyanate caused a concentration
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dependent contraction of bronchial smooth
muscle in bronchi with epithelium. Bumetan-
ide (10 and 100 MM) did not alter the toluene
diisocyanate induced contractions (fig 1).
Toluene diisocyanate also caused contrac-

tion in bronchial rings without epithelium, and
this did not differ significantly between control
rings and rings pretreated with bumetanide (10
and 100 uM; fig 2). Histological analysis con-

firmed that 94-1 (4 6)% of the epithelium had
been removed.
Frusemide (100 MM) did not alter toluene

diisocyanate induced contraction significantly
(fig 3). At a concentration of300 pM oftoluene
diisocyanate there was a 39% reduction in rings
pretreated with frusemide (95% confidence
interval (95% CI) 78%-14% of response to
1 mM acetylcholine). The mean values found
in control rings and in frusemide treated rings
were 64-5 (14-3)% (95% CI 97%-32% of the
response to 1 mM acetylcholine) and 39-1
(6 7)% (95% CI 54%-24% of the response to
1 mM acetylcholine) respectively. The table
gives the results for both drugs.

ACETYLCHOLINE AND NEUROKININ A
Bumetanide (10 MM, contact time 30 minutes)
did not alter the response to 01 MM acetyl-
choline. The contractions were 43-6 (4-8)% in
control rings and 45-0 (8-8)% in bumetanide
treated rings (n = 6, NS).
Bumetanide pretreatment (10 MM, contact

time 30 minutes) did not alter the response to
1 nM neurokinin A. Contractions were 23-4
(2 8)% in control rings and 22-8 (4-2)% in
bumetanide treated rings (n = 6, NS).
Frusemide (100 MM, contact time 30 min-

utes) did not alter the response to 01 pM
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Figure 2 Effect of toluene diisocyanate on guinea pig
main bronchi with the epithelium removed in the absence
(open circles) and presence (closed circles) of bumetanide
(10 /lM panel A; 100 iM panel B). Each point is the
mean (SE) of 10 experiments. Ach-acetylcholine.

Figure I Effect of toluene
diisocyanate on guinea pig
main bronchi with
epithelium intact in the
absence (open circles) and
presence (closed circles) of
bumetanide (10 MM panel
A; 100 uM panel B).
Each point is the mean
(SE) of six experiments.
Ach-acetylcholine.
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acetylcholine. The contractions were 37-6
(7-2)% in control rings and 415 (71)% in
frusemide treated rings (n = 6, NS).
Frusemide pretreatment (100 MM, contact
time 30 minutes) did not alter the response to
1 nM neurokinin A. The contractions were

17-7 (2-4)% in control rings and 20-9 (1-6)% in
frusemide treated rings (n = 6, NS).

Electrical field stimulation
Bumetanide (10 MM) caused a significant
inhibition of non-cholinergic, non-adrenergic
contraction induced by electrical field stimula-
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Figure 3 Effect of toluene diisocyanate on guinea pig
main bronchi in the absence (open circles) and presence
(closed circles) offrusemide (100 M1M). Each point is the
mean (SE) of 10 experiments. Ach-acetylcholine.
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Results of analysis of variance (ANO VA) with repeated measures

Drug Preparation F Value p

Bumetanide (10 ,uM) Isolated guinea pig bronchi with the 0 03 NS
epithelium intact

Bumetanide (100 MM) Isolated guinea pig bronchi with the 0 52 NS
epithelium intact

Bumetanide (10 MiM) Isolated guinea pig bronchi with the 0.19 NS
epithelium removed

Bumetanide (100 MM) Isolated guinea pig bronchi with the 0 16 NS
epithelium removed

Frusemide (100 pM) Isolated guinea pig bronchi with the 1-48 NS
epithelium intact

tion. Under control conditions, field stimula-
tion of the bronchial rings caused 9 (2)%, 15
(3)%, and 47 (6)% of maximum contraction
respectively at 2, 5, and 10 Hz. Bumetanide
(10 MM) caused an 89% inhibition of the
response at 2 Hz (p < 0 01), 75% inhibition at

5 Hz (p < 0 01), and 38% inhibition at 10 Hz
(p < 0-05) (fig 4). The vehicle for bumetanide
had no significant effect on the response to field
stimulation in bronchial smooth muscle rings.
After pretreatment with ethanol, contractions
were 8 (2)%, 14 5 (3)%, and 46 (8)% of
maximum contraction at 2, 5, and 10 Hz and
these values did not differ from those obtained
in control conditions.

Discussion
In the present study neither bumetanide (10
and 100 ,uM) nor frusemide (100 ,uM) had a

significant effect on the contractile response
produced by toluene diisocyanate in guinea pig
airways. It is possible that the lack of a sig-
nificant change after frusemide treatment was

due to the variability of the response. At a

concentration (10 MM) that has been shown to

inhibit Na/K/Cl cotransport bumetanide in-
hibited the neurally mediated airways smooth
muscle contraction induced by electrical field
stimulation. Because bumetanide had no sig-
nificant effect on the contractile response to

exogenous acetylcholine or neurokinin A, our

findings suggest that its effect on electrical field
stimulation is due to an effect on airway nerves

rather than a direct effect on contractility of

airway smooth muscle. Previous work supports
this conclusion. Frusemide in bovine airways

Figure 4 Effect of
bumetadine (10 iM) on

the non-cholinergic
response (atropine
(I1pM) in the bath) to
electricalfield stimulation
(60 V, 0 5 ms pulse width,
10 s train duration) in

guinea pig isolated bronchi
with the epithelium
removed. Results are mean

(SE) (n = 4).
*p <005; **p < 001.
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without epithelium failed to inhibit contraction
induced by exogenous histamine, potassium
chloride, or hyperosmolar saline, and was also
without effect on hypertonic saline induced
contraction in bovine and human airways with
epithelium intact. The conclusions from this
study, by Knox and Ajao,22 were that inhibition
of Na/K/Cl cotransport does not alter airway
smooth muscle contractility and that the
protective effect of frusemide on bronchocon-
strictor stimuli in vivo is unlikely to be due to a
direct effect on airway smooth muscle. We
found a similar lack of response with bumetan-
ide on contractions induced by acetylcholine
and neurokinin A on bronchial tissue with
intact epithelium, so this would explain the lack
of effect of loop diuretics in preparations with
intact epithelium is not confined to one
stimulus.

Inhaled frusemide has a protective effect on a
wide range of bronchoconstrictor stimuli in
vivo. It also inhibits cough induced by inhala-
tion of solutions with low chloride content in
humans but not that induced by capsaicin.23
The mechanism of action of frusemide on these
different stimuli is not understood. Our results
and the findings of previous studies suggest
that, in human, bovine, and guinea pig airways
at least, loop diuretics at concentrations that
inhibit Na/K/Cl cotransport do not alter air-
way smooth muscle contractility.
Bumetanide inhibited contraction induced

by electrical field stimulation. Electrical field
stimulation in isolated bronchi of guinea pigs
produces a reproducible constrictor response
that is thought to be due to antidromic activa-
tion of capsaicin sensitive nerves, the response
being largely mediated by endogenous tachy-
kinin like peptides.2"27 Previous work has
shown that bumetanide and frusemide inhibit
both cholinergic and non-cholinergic excita-
tory nerves in guinea pig airways in vitro"7 and
one possible mechanism of action of these
diuretics could be inhibition of the Na/K/Cl
cotransport protein in airway nerves.

In the guinea pig isolated bronchus,
frusemide and bumetanide have recently been
shown to inhibit non-cholinergic, capsaicin
sensitive bronchial contraction produced by
electrical field stimulation without affecting the
response to substance P, thus suggesting a
prejunctional inhibitory effect.28 Our findings
support this conclusion and they also suggest
that prejunctional inhibition of tachykinin
release by bumetanide does not involve
mediator release from airway epithelium or
generation of cyclooxygenase products as the
inhibitory effect was evident in epithelium
deprived bronchi and in the presence of
indomethacin. Two other points emerge from
our study in relation to the data of Elwood et
al.28 Firstly, the lack of effect of bumetanide on
neurokinin A induced contraction suggests that
neurokinin A is acting at the postjunctional
level. This is important because neurokinin A
rather than substance P is the main mediator of
the tachykininergic response in guinea pig
bronchi.2930 Secondly, bumetanide inhibition
of the non-cholinergic contraction was inver-
sely related to the frequency of stimulation.
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This pattern would be expected from a sub-
stance that inhibited transmitter release at the
prejunctional level.
The present study showed no significant

inhibition of toluene diisocyanate induced con-
tractions in guinea pig airways by bumetanide
or frusemide. We have previously shown that
toluene diisocyanate activates the sensory
nerves in guinea pig airways by releasing
tachykinins and that neutral endopeptidase
may play a part in modulating the response."8
We have also shown that the action of toluene
diisocyanate on sensory nerves is likely to be
indirect, and that toluene diisocyanate may
cause the generation of a prostanoid that in
turn activates capsaicin sensitive primary
afferents via a ruthenium red sensitive mechan-
ism.203' It was proposed recently that stimuli
such as toluene diisocyanate or an increase in
[H+I can release an endogenous capsaicin like
substance that acts either on the capsaicin/
resiniferatoxin receptor or at a distinct receptor
that shares a common membrane transduction
mechanism/ion channel with the capsaicin/
resinferatoxin receptor."
At least two independent modes of transmit-

ter secretion are known to exist in peripheral
terminals of capsaicin sensitive primary
afferents. The first is activated by capsaicin and
involves a calcium dependent transmitter
secreted directly from the sensory nerve ter-
minals; the second is activated by electrical field
stimulation and involves a propagated action
potential that invades the sensory nerve ter-
minal with consequent depolarisation.27 The
lack of effect of bumetanide and frusemide on
toluene diisocyanate induced contraction at
concentrations that inhibit electrical field
stimulation induced contraction supports the
existence of at least two distinct modes of
transmitter release in peripheral terminals of
capsaicin sensitive primary afferent nerves.
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