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Background: The antitussive activity of  inhaled furosemide has been attributed to its' blocking 
effect on the Na+-2Cl--K + cotransporter. It is likely that the antitussive activity of  inhaled 
diuretics is more complex because amiloride, a diuretic that has no effect on the Na +-2Cl - 
K ~ cotransporter, also shows a significant effect against cough induced by low-chloride-ion 
solutions. Apart from pharmacokinetics of inhaled diuretics, this activity could also depend 
on the inhibition of carbonic anhydrase. 
Objectives: We therefore studied the effect of inhaled acetazolamide, a selective inhibitor of 
carbonic anhydrase activity, on cough induced by the inhalation of  d!lferent chloride ion 
solutions in a group of normal subjects. This was compared with the antitussive effect of 
furosemide. In addition, we attempted to determine whether the effect of  acetazolamide is" 
dose-dependent. 
Methods: Cough challenge consisted of  consecutive inhalations of four solutions having 
decreasing concentrations of chloride ions (150, 75, 37.5 and 0 mmol/L). Nine normal 
subjects' underwent the cough challenge 5 minutes" after the inhalation of  saline placebo, 
acetazolamide (500 mg), and furosemide (30 mg) according to a randomized, double-blind 
study design. A group of six subjects' were challenged according to the same procedure and 
study design, after the inhalation of saline placebo and of  two doses of  acetazolamide (250 
mg and 500 mg). 
Results: Inhaled acetazolamide significantly reduced cough response to 37.5 and 0 mmol/L 
chloride solutions compared with placebo (p < 0.015 and p < 0.015, respectively). 
Furosemide showed a similar protective effect (p < 0.015 and p < 0.025, respectively). 
Acetazolamide provided a significantly better protective effect than furosemide (p < 0.025 and 
p < O. 015, respectively). The antitussive activity of the two doses" of acetazolamide was not 
statistically different. 
Conclusion: These results' demonstrate that inhaled acetazolamide, a selective inhibitor of 
carbonic anhydrase, attenuates cough induced by low-chloride-ion solutions in normal 
subjects. A t  the applied doses, its antitussive activity is' slightly greater than furosemide. This' 
finding suggests that the inhibition of carbonic anhydrase activity is likely involved in 
modulating changes caused by absence of a chloride ion in the airway microenvironment of 
human beings. (J Allergy Clin Immunol 1996;97:1093-9.) 
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Inhaled furosemide exhibits a variable degree of  
protect ion against bronchoconst r ic t ion induced by 
several stimuli in asthmatic  subjects?, 2 In addition, 
inhaled furosemide has been  shown to significantly 
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reduce  cough induced by the inhalation of  low- 
chloride-ion solutions 3 and prostaglandin F2~ 4 in 
normal  individuals, whereas cough induced by 
citric acid 5 and capsaicin 3 is not  modified. It  is 
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conceivable that  furosemide could modula te  in- 
duced cough by controll ing neural  discharge by 
sensory afferent nerve endings f rom the airways. 
An  effect of  inhaled furosemide on airway nerve 
endings is suppor ted  by its protective effect against 
smooth-muscle  contract ion induced by cholinergic 
stimulation in in vitro preparat ions.  6 Fur thermore ,  
San t 'Ambrogio  et al. 7 have recently demonst ra ted  
that cough induced by low-chloride solutions stim- 
ulates laryngeal irritant receptors  of  dogs, and 
these receptors  are blocked by the administration 
of  furosemide.  

The antitussive effect of  furosemide has been 
attr ibuted to an inhibition of  the N a + - 2 C I - - K  + 
cotransporter  at the level of  neuronal  tissue, j 
However,  the mechan i sm is probably more  com- 
plex because amiloride, a diuretic that  has no effect 
on the Na+-2C1- -K + cotransporter ,  also has a 
small but  significant effect against cough induced 
by low-chloride-ion solutions, a Moreover ,  furo- 
semide likely has an acetazolamide-l ike effect, as 
suggested by its affinity for carbonic  anhydrase in 
the choroid plexus. 9 

Therefore  to test the hypothesis  that  the antitus- 
sive effect of  inhaled diuretics is dependent  on 
inhibition of  carbonic  anhydrase  activity, we com- 
pared the antitussive effect of  inhaled acetazol- 
amide, a potent  inhibitor of  carbonic anhydrase 
activity, 1° with that  of  furosemide.  We examined 
the cough response to low-chloride-ion solutions in 
normal  subjects before and after t rea tment  with 
inhaled acetazolamide and furosemide and at- 
tempted  to determine whether  the effect of  acet- 
azolamide was dose-dependent .  

METHODS 
Subjects 

A group of 13 subjects (10 women; mean age, 24 
years; range, 19 to 38 years) of 23 normal subjects were 
enrolled in the study because they showed a positive 
cough response to the inhalation of low-chloride-ion 
solutions. Only subjects demonstrating a cough response 
greater than 8 coughs were selected. 11 None had per- 
sonal or family history of atopic diseases. All subjects 
had been free of upper and lower respiratory tract 
infections for at least 6 weeks before the study. None of 
them showed bronchial responsiveness to methacholine 
(PD2o FEV 1 > 23 ixmol), j2 None had a history of 
spontaneous coughing. All subjects gave informed con- 
sent to participate in the study, and the protocol was 
approved by the hospital ethics committee. 

Study design 
Subjects attended the laboratory at the same time of 

day between 9:00 and 11:00 AM on each occasion. In the 

first part of the study, a total of five cough challenges 
were performed in each subject within 14 days. Cough 
challenge without any premedication was performed in 
each subject before entry into the study and after the 
study was completed. The effect of inhaled furosemide 
and acetazolamide on cough challenge was examined in 
a double-blind, randomized, placebo-controlled fashion. 
Each subject received acetazolamide (500 rag), furo- 
semide (30 mg), or placebo (saline solution) on 3 
separate days, at least 2 days apart. On each day of the 
study, the cough challenge was performed 5 minutes 
after the inhalation of drugs and placebo. FEV~ was 
measured in duplicate by a computerized spirometer 
(Altair 1000; Cosmed S. R. L., Rome, Italy) before and 
after treatments and at the end of the cough challenge. 
A group of nine subjects completed the protocol. In the 
second part of the study, the effect of two different doses 
of inhaled acetazolamide, namely 250 and 500 mg, on 
cough challenge was examined according to a double- 
blind, randomized, placebo-controlled design. Active 
drugs and placebo were administered on separate days, 
at least 2 days apart. On each day of the study, the cough 
challenge was performed 5 minutes after the inhalation 
of drugs and placebo. A group of six subjects completed 
this part of the study. Only two subjects participated in 
both parts of the study. Treatments were inhaled 
through a mouthpiece during tidal breathing. 

Cough challenge 
The cough challenge consisted of consecutive inhala- 

tions of four iso-osmolar solutions with decreasing chloride 
ion concentrations (150, 75, 37.5, and 0 mmol/L), as 
previously described. N The pH values of the four solutions 
were 6.36, 8.18, 8.19, and 8.22, respectively. The osmolarity 
values were 290.5, 277.5, 271.5, and 264.5 mmol/L, respec- 
tively. Solutions were freshly made every day with 1.26% 
sodium bicarbonate and 0.9% saline. Each solution was 
inhaled for 1 minute at 3-minute intervals through an 
ultrasonic nebulizer (DeVilbiss 65, mean output 2.0 ml/ 
rain; De Vilbiss Medizinische GmbH, Langen, Germany). 
Each subject inhaled the solutions through a mouthpiece, 
and the number of coughs was counted during the 
l-minute inhalation by an observer who was not aware of 
the study protocol. The cough response was expressed as 
the number of coughs per minute. 

Drugs 
Acetazolamide, 500 mg of dry powder, was reconsti- 

tuted in 12 ml of sterile water (pH = 8.62; osmolarity = 
892 mmol/L) and further diluted to obtain a 250 mg dose 
in 12 ml (pH = 8.04; osmolarity = 490 mmol/L). 
Furosemide (stock solution, 10 mg/ml) was diluted with 
0.9% saline solution to obtain 30 mg of furosemide in a 
total volume of 12 ml (pH = 8.75; osmolarity = 209 
retool/L). Placebo solution consisted of 12 ml of 0.9% 
saline solution (pH = 8.4; osmolai-ity = 441 mmol/L). 
All solutions were nebulized to dryness by a continuous 
aerosol (Artsana SP1000 [Artsana Spa, Como, Italy]; 
flow - 22 L/min; driving pressure = 283 kPa; mean 
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TABLE I. Characteristics of study population 

Subject Age Weight Height Baseline PD20M 
No, (yr) (kg) (cm) Smoke FEV 1 (L) (iLmol) 

1 29 52 168 N 3.24 >23 
2 23 70 160 Ex 4.08 >23 
3 38 80 188 Ex 4.13 >23 
4 24 73 187 N 5.20 >23 
5 24 46 156 N 2.89 >23 
6 25 43 163 N 2.69 >23 
7 20 52 140 N 2.41 >23 
8 24 54 157 N 2.51 >23 
9 20 65 162 Ex 3.41 >23 

10 23 60 155 N 3.30 >23 
11 19 69 168 N 3.30 >23 
12 21 67 156 N 3.10 >23 
13 21 54 170 N 3.10 >23 

Subjects I to 9 participated in the first part of the study; subjects 8 to 13 participated in the second part of the study. N, Nonsmoker; 
Ex, ex-smoker; PD2OM, provocative dose of methacholine. 

output = 1.4 ml/min, by multiple weighing) over a 
period of approximately 10 minutes. 

Stat ist ica l  analysis  

The analysis was restricted to cough response mea- 
sured after the inhalation of 37.5 and 0 mmol/L solu- 

• tions, because very few subjects coughed after inhaling 
solutions with higher chloride concentrations• Results 
are given as means and standard errors. The reproduc- 
ibility of cough response induced by the low-chloride-ion 
solutions was assessed by the intraclass correlation co- 
efficient. Friedman's analysis was used to compare 
changes in cough response after treatments, and differ- 
ences between placebo and each active treatment were 
assessed by using Wilcoxon's rank sum analysis with 
Bonferroni's correction. Percent changes in baseline 
FEV1 values induced by treatments and low-chloride- 
ion solutions were examined by analysis of variance. A 
statistical significance was always taken at p < 0.05. 

R E S U L T S  

Characteristics of the nine subjects who partici- 
pated in the first part  of the study are shown in 
Table I. The baseline cough response after inhal- 
ing 37.5 mmol/L and 0 mmol/L chloride solutions 
assessed before and after the double-blind study 
was reproducible (intraclass correlation coeffi- 
cients: 0.85 and 0.87, respectively). 

There  were no significant differences in baseline 
FEV~, expressed as percent of predicted values. 
Inhaled diuretics did not significantly change FEV 1 
values. Mean baseline FEV 1 (_+ SD) was 
100.1% _+ 3.2% in the placebo group; 99.1% _+ 
3.1% in the acetazolamide group; and 98.2% _+ 
2.4% in the furosemide group. Mean percent 

changes in the three groups were 1.3% (placebo 
group), 1.8% (acetazolamide group), and 2.5% 
(furosemide group). Moreover,  FEV 1 values mea- 
sured after the cough challenge were not different 
from baseline (97.4% + 4.1%; 100.3% _+ 2.7%, 
and 98.7% _-2- 3.3%, respectively). 

Number  of coughs per minute recorded in each 
subject after administration of placebo or diuretics 
is reported in Table II, and and mean values 
(+  SEM) are shown in Fig. 1. After acetazolamide 
administration, cough response to 37.5 mmol/L 
and 0 mmol/L chloride solutions was significantly 
reduced as compared with placebo (p < 0.015 and 
p < 0.015, respectively). A similar trend was also 
evident after administration of furosemide (p < 
0.015 and p < 0.025, respectively). Acetazolamide 
provided a significantly better protective effect than 
furosemide (p < 0.025 and p < 0.015, respectively). 

Characteristics of the six subjects who partici- 
pated in the second part  of  the study are shown in 
Table I. Number  of coughs per  minute recorded in 
each subject after administration of placebo and 
the two doses of acetazolamide are reported in 
Table III,  and mean values (_+ SEM) are shown in 
Fig. 2. After inhalation of 250 mg of acetazol- 
amide, cough response to 37.5 mmol /L  and 0 
mmol/L chloride solutions was significantly re- 
duced as compared with cough response to pla- 
cebo (p < 0.03 and p < 0.03, respectively). A 
similar reduction was measured after the inhala- 
tion of 500 mg of acetazolamide (p < 0.03 and p < 
0.03, respectively). There were no statistically sig- 
nificant differences between the two doses. 
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FIG. 1. Effect of placebo, 30 mg of furosemide, and 500 mg of acetazolamide on cough induced 
by low-chloride-ion solutions in nine normal subjects. Values are means + SEM. *p < 0.025; 
*~p < 0.015 compared with placebo. 

TABLE II. Cough  response  to  37.5 and 0 m m o l / L  ch lo r ide  ion so lu t i ons  on the d i f ferent  

days of  the  s tudy  

Chloride Control 1 Placebo Acetazolamide Furosemide 
concentration 

(mmol/L) 37.5 0 37.5 0 37.5 0 37.5 0 

Control 2 

37.5 0 

1 10 11 10 15 7 9 

2 9 19 8 14 0 3 
3 10 10 13 11 2 5 
4 8 15 6 10 1 2 
5 2 12 7 18 0 12 
6 7 12 6 10 0 5 
7 5 13 9 12 0 1 
8 10 19 11 17 11 14 
9 2 11 6 10 0 0 

Mean ± SEM 7.0 ± 1.1 13.6 ± 1.1 8.4 ± 0.8 13.0 ± 1.0 2.3* ± 1.3 5.6* ± 1.6 5.17 2 

10 10 8 11 
1 13 10 16 
6 8 4 11 
5 11 6 12 
6 11 3 12 
3 10 3 13 
5 5 6 13 
9 16 13 16 
1 4 0 12 

1.0 9.8* ± 1.2 5.9 ± 1.3 12.9 ± 0.6 

*p < 0.015 by comparison with placebo. 
~p < 0.025 by comparison with placcbo. 

D I S C U S S I O N  

In this study we demonstrated that inhaled 
acetazolamide provides significant protection 
against cough induced by low-chloride-ion solu- 
tions in normal subjects. At  the applied doses, its 
antitussive activity is greater than that produced 
by furosemide. By administering 250 mg and 500 
mg of acetazolamide, no dose-dependent effect 
against induced cough was evident. 

Cough induced by low-chloride-ion solutions is 
likely mediated by ion changes of the epithelial 
cells, which indirectly stimulate myelinated affer- 
ent nerve endings within the airways, or is pro- 
duced by their direct activation. The triggering 
event of cough is the absence of the permanent 
ion, chloride, in the inhaled solution, 13 which stim- 
ulates rapidly adapting receptors. 7 Rapidly adapt- 
ing receptors are present in the larynx and in the 
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FIG. 2. Effect of placebo and acetazolamide (250 mg and 500 mg) on cough induced by 
low-chloride-ion solutions in six normal subjects. Values are means _+ SEM. *p  < 0.03 compared 
with placebo. 

TABLE III. Effect of two doses of inhaled acetazolamide on cough response to 37.5 and 0 mmol/L 
chloride ion solutions 

Chloride 
concentrat ion 

(mmol/L) 

Control Placebo ACTZ 250 mg ACTZ 500 mg 

37.5 0 37.5 0 37.5 0 37.5 0 

1 7 13 8 11 3 7 4 6 
2 12 23 6 15 2 5 2 8 
3 7 10 6 15 4 10 3 10 
4 7 10 3 10 0 3 0 0 
5 15 14 7 12 6 11 2 9 
6 10 12 11 15 0 0 0 1 

M e a n ± S E M  9.7± 1.4 13.7± 1.9 6.8± 1.0 13.0±0.9 2.5* ±0.9 6.0* ± 1.7 1.8" ±0.6 5.7* ± 1.7 

ACTZ, Acetazolamide. 
*p < 0.03 by comparison with placebo. 

tracheobronchial airways 14 and are superficially 
located and sensitive to changes in chloride con- 
tent in the surrounding microenvironment.  15,16 
Under  physiologic conditions, both neuronal cells 
and epithelial cells are able to modulate ion gra- 
dients, which control  resting m e m b r a n e  poten-  
tials and volume,  by means  of powerful  ion 
t ranspor t  mechanisms.  They comprise  the Na ÷- 
2C1 -K + co t ranspor te r  and the b icarbonate  ex- 
changer.~7, 18 The  la t ter  mechanism is under  the 
control  of carbonic anhydrase activity. The  Na ÷- 
2 C I - - K  + co t ranspor te r  has been  demons t ra ted  

to be present  in the per ipheral  neurons  of  sev- 
eral species 19-zl and in the epithelial  cells of 
animals  and human  beings. 18 Carbonic  anhy- 
drase is also present  in the afferent nerve end- 
ings of  different animal species 22-24 and controls 
intracellular p H  and cell volume.  17 In addition, a 
b icarbonate  exchanger has been  found on the 
serosal side of  epithelial cells of horses 25 and in 
cul tured epithelial  cells f rom human  beings. 26 
Ace tazo lamide  is a selective inhibi tor  of  car- 
bonic anhydrase.  ~° Al though in the lungs of 
animals  and human  beings this enzyme activity is 
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highly concent ra ted  in the endothel ium of pul- 
monary  capillaries, it is also present  in the 
afferent sensory nerve endings of different ani- 
mal species. 22,27 The inhibit ion of carbonic an- 
hydrase decreases their excitability through an 
intracellular increase in CO 2 tension and 
changes in pH. There fo re  H C O  3 efflux, stimu- 
lated by changes in the surrounding environ- 
ment,  is prevented.  A b icarbonate  exchange 
system has also been  demons t ra t ed  in animal  25 
and human epithelium. 26 It  appears  that  the 
C1 / H C O  3 - exchange sustains the baseline chlo- 
ride secretion. Whe the r  inhaled acetazolamide 
concentrates  at the level of  the airways is not 
known. However ,  ace tazolamide  has a low lipid 
solubility. 2 Interestingly,  inhaled acetazolamide 
has a protect ive effect comparab le  to that  of 
furosemide against  bronchoconstr ic t ion induced 
by cold air 2s and a t tenuates  metabisulfi te  -29 
and distilled wa te r - induced  bronchoconstr ic-  
t ion? ° Fur the rmore ,  ace tazolamide  significantly 
reduces in vitro smooth-musc le  contract ion in- 
duced by electrical field s t imulat ion in guinea pig 
b ronch i?  ~ This effect was dose-dependent ,  and 
reduct ion was approximate ly  equal to 40%. 
When compared  with o ther  applied diuretics, 
the inhibition of induced contract ion seems to 
parallel  the inhibitory activity on carbonic anhy- 
d rase?  1 Al though the inhibit ion of bronchocon-  
striction does not  necessarily imply a similar 
effect on induced cough, it is tempt ing to spec- 
ulate that  the antitussive effect of  acetazolamide 
is re lated to a part ial  inhibition of neural  dis- 
charge f rom afferent nerve endings within the 
airways. On the other  hand, the absence of any 
dose-dependent  effect suggests that  the maximal  
achievable antitussive effect was obtained even 
with the lower dose of acetazolamide.  Alterna-  
tively, it is also possible that  cough induced by 
low-choride-ion solution is in part  media ted  by 
nonmyel inated  C fibers. 

The antitussive effect of furosemide has been 
related to its interaction with the Na+-2C1--K + 
cotransporter at the site of airway epithelium. 
Although this carrier is present  in the luminal side 
of an intact epithelium, 32 furosemide is also active 
when applied to the serosal side. 1 This effect may 
be due to a diffusion of furosemide but also to its 
pharmacokinetics. Because the lipid solubility of 
furosemide at physiologic p H  is rather low, 2 it 
likely remains at the site of action long enough to 
exert its action. This may explain why other loop 
diuretics with greater potency on the Na +- 
2CI - -K  + carrier but higher lipid solubility have a 

lower protective effect on induced bronchocon- 
striction. 33 Moreover,  it also accounts for furo- 
semide's prolonged effect on induced coughY 
Although the concentration achieved by furo- 
semide within the airways is not known, it is 
probably rather high. Therefore  an effect on car- 
bonic anhydrase activity cannot be ruled out. 2, 9 An 
additional site for furosemide is the Na+-2C1 -K + 
cotransporter  at the site of afferent nerve endings. 
A direct effect at this level is supported by the 
observation that in single fiber experiments it 
blocks in vivo activation of rapidly adapting recep- 
tors in the larynx of dogs 7 and inhibits in vitro 
contraction of bronchial smooth muscle prepara-  
tions of guinea pigs induced by electrical field 
stimulation. 6 

In conclusion, this study demonstrates that ac- 
etazolamide has an antitussive activity against 
cough induced by low-chloride-ion solutions 
slightly greater  than that of furosemide in normal 
subjects. However,  this effect is evident when the 
inhaled dose of acetazolamide is at least eight 
times higher than furosemide. Our results suggest 
that the inhibition of carbonic anhydrase activity is 
likely involved in modulating changes caused by 
the absence of the chloride ion in the airway 
microenvironment.  Whether  this effect takes place 
at the site of airway epithelium or myelinated 
afferent nerve endings needs to be established. 
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