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ABSTRACT: To evaluate the role of airway neutral endopeptidase 24.11 (NEP) 
and epithelium removal In the contraction of airway smooth muscle In response 
to toluene dilsocyanate (TDI)t we studied the effects of the NEP inhibitor, 
phosphoramidon, on TDI-Induced contractions of guinea-pig bronchial rings with 
intact epithelium and without epithelium. 

Correspondence: C.E. Mapp, lnstituto di 
Medicina del Lavoro, Via 1. Facciolati 
71, 35127 Padova, Italy. In preparations with intact epithelium, phosphoramidon (10 !!M) potentlated 

the contractile response to TDI (0.3 mM) (mean:tSEM, 23. 7:t2.5 %versus 
67.9:tl0.3%, p<O.Ol). Pbosphoramidon also increased TDI-induced contractions 
In tissues without epithelium (36.9:t4.9%versus S2.S:t7.1 %, p<O.OS). Removal of 
the epithelium Increased the contractile response to TDI (23.1:t2.S%versus 
36.9:4.9%, p<O.OS). 
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These results demonstrate the response to TDI Is Increased in epithelium-free 
compared to intact bronchi and that NEP 24.11 modulates the effects of 
endogenously released tachyldnlns by TDI at all of the sites where NEP is found 
In the airways. 
Eur Respir J., 1992, 5, 331-333. 

Toluene diisocyanate (TDI) is a chemical widely 
used in industries, known as a potent sensitizer, able 
to induce occupational asthma in exposed subjects [1]. 
Recently, we have shown that toluene diisocyanate 
activates the "efferent" function of capsaicin-sensitive 
sensory nerves in guinea-pig airways [2]. Thus, tolu
ene diisocyanate causes contraction of airway smooth 
muscle in guinea-pigs. This effect is diminished or 
abolished by a high dose of capsaicin and by a 
tachykinin antagonist. 

Several enzymes degrade tachykinins [3]. One of 
these, neutral endopeptidase 24.11 (NEP), (also 
known as encephalinase or EC 3.4.24.11), a 
membrane-bound enzyme, is located on the surfaces of 
multiple cells, including smooth muscle, epithelium, 
nerves and glands [4, 5]. It has been shown that a 
NEP-like enzyme is present on guinea-pig airway 
smooth muscle and that it modulates the effects of 
endogenously released tachykinins [6]. 

In the present study, we investigated the effect of 
the NEP inhibitor phosphoramidon on smooth muscle 
contraction produced by toluene diisocyanate in tissues 
with and without epithelium. The results indicate that 
a NEP-Iike enzyme is present on guinea-pig airway 
smooth muscle and that it modulates the effects of 
tachykinins released by toluene diisocyanate. 

Methods 

Male Hartley-outbred guinea-pigs (Rodentia 
Laboratoires, Torre Pallavicina, Bergamo, Italy), 
weighing 300-400 g, were anaesthetized with pento
barbital sodium (50 mg·kg·1 i.p.). The lungs were 
rapidly removed and immersed in oxygenated Krebs
Henseleit solution containing the following (in mM): 
118.3 NaCl, 4.7 KCI, 1.2 Mgso., 1.2 KHlO., 25.0 
NaHC03, 2.5 CaC11, and 11.1 D(+)-glucose. The main 
bronchi were dissected free of loose connective tissue 
and were prepared in two rings. The rings were 
mounted in a double jacketed organ bath filled with 
15 ml of Krebs-Henseleit solution that was maintained 
at 37°C and aerated continuously by bubbling it with 
a mixture 95% 0

2 
and 5% C0

2
, which produced a pH 

of 7.4. We measured isometric tension by connect
ing the tissue to a force-displacement transducer 
(Grass FT03), and we recorded the responses on a 
Battaglia Rangoni model KV380 polygraph recorder. 
The rings were allowed to equilibrate for 90 min while 
resting tension was adjusted to 5 mN. During equili
bration the medium was changed every 20 min. Con
tractions were normalized as a percentage of the active 
tension obtained in response to acetylcholine (ACh) 
1 mM. 
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To study the effect of the NEP inhibitor 
phosphoramidon on TDI-induced contractions, parallel 
studies were perfonned on paired bronchial rings from 
the same animal, both in tissues with and without 
epithelium. The responses induced by 1 mM acetyl
choline were measured. The rings were washed until 
the tension returned to resting values. Phos
phoramidon (10 J.tM, contact time 15 min) was added 
to one of the two bronchial rings, whereas nothing was 
added to the second ring. Then the responses induced 
by 0.3 mM TDI in both rings were monitored. The 
concentration of TDI was chosen on the basis of the 
results obtained in previous studies [2]. 

Removal of the epithelium was confirmed histo
logically: the epithelium was removed by rubbing 
the luminal surface gently with a gauze. The gauze 
was cut into strips, and one side was tied to the 
suture. The suture was used as a guide to rub the 
gauze inside the bronchial ring. At the end of the 
experiment, control rings and rings without epithelium 
were fixed in 4% formaldehyde in 0.1 M phosphate 
buffer at pH 7.2. After fixation, samples were dehy
drated through ethanol, passed through xylene and 
embedded in paraffin; 6 J.tm thick sections were cut 
perpendicularly to the minor internal diameter of the 
bronchi and tissue blocks were oriented for light 
microscopy analysis . Four sections at a regular 
interval of 100 J.tm were stained with haematoxylin
eosin; the length of the intact epithelium and of 
disepithelized mucosa was measured on each slide. 
The percentage of the basement membrane covered 
with epithelium was assessed by an observer who was 
unaware of the previous treatment of the preparations. 
Light microscopy measurements were perfonned with 
a Jenamed 3000040 microscope by using an eyepiece 
graticule at a magnification of x160. The final 
results were expressed as percentage of length of 
disepithelized mucosa for the total mucosal length 
and they represented the average of all the measure
ments performed for each specimen. 

Materials and reagents 

Phosphoramidon was obtained from Peninsula Labs 
(Belmont, CA, USA). Acetylcholine was obtained 
from Sigma Chemical Co. (St. Louis, MO, USA). 

Toluene diisocyanate consisted of an 80:20 mixture 
of the 2,4 and 2,6 isomers (obtained from Montedison, 
Porto Marghera, Venezia, Italy), and dissolved in 
dimethyl sulphoxide. The maximal final concentration 
of dimethyl sulphoxide in the organ bath was 0.3%. 

Statistical analysis 

Each value is mean:tSBM. The effect of 
phosphoramidon on contraction induced by TDI was 
compared by two-tail Student's test for paired data. 
The effect of the removal of epithelium on contrac
tion induced by TDI was compared by two-tail 
Student's test for unpaired data. p<0.05 was consid
ered significant. 

Results 

In tissues with epithelium, incubation with 
phosphoramidon (10 J.i.M, 15 min}, significantly 
potentiated the contraction to 0.3 mM TDI (23.7:2.5% 
versus 67.9:10.3%, n=6, p<0.01} (fig. 1). In tissues 
without epithelium, incubation with phosphoramidon 
(10 J.tM, 15 min) significantly potentiated the response 
to 0.3 mM TDI (36.9:t4.9%versus 52.5:t7 .1 %, n=6, 
p<O.OS). The removal of the epithelium significantly 
potentiated the response to 0.3 mM TDI (23.7:2.5% 
~ersus 36.9:4.9%, n=6, p<0.05). Histological analy
sis confirmed that 97.3:1.7% of the epithelium had 
been removed. 
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Fig. 1. - Effects of phosphoramidon on the contractile response 
to 0.3 mM TDI in guinea-pig bronchi with and without epithelium. 
Data are expressed as percentage of muscle contraction (mean:tsEM) 
induced by 1 mM acetylcholine. Phosphoramidon (10 ILM, 
preincubation 15 min) increased the response to TDI in tissues with 
and without epithelium (Student's paired t-test, ••: p<O.Ol; 
•: p<O.OS; n•6 each). Removing the epithelium significantly 
increased the TDI-induced contraction (unpaired Student's test, 
•: p<O.OS). TDI: toluene diisocyanate; ACh: acetylcholine; 
phos.: phosphoramidon. 

Discussion 

Our results suggest that a NEP-like enzyme on the 
airway smooth muscle of guinea-pigs has a role in 
modulating the contractile effects of neuropeptides 
released by toluene diisocyanate. Thus, we showed 
that contraction induced by TDI was potentiated by a 
NEP inhibitor, an effect that was also observed after 
removing the airway epithelium. Since pretreatment 
with capsaicin and with a tachykinin receptor antago
nist inhibits responses to TDI [2], it is possible that 
TDI acts on the airways via the release of substance P 
or other tachykinins or other peptides from 
capsaicin-sensitive primary afferents. NEP 24.11 is 
localized in airways at different sites including smooth 
muscle, nerves, epithelium and glands [7]. Biochemi
cal studies have shown that NEP 24.11 inactivates 
tachykinins such as substance P and neurokinin A [8]. 
NEP 24.11 also cleaves and modulates effects of 
mediators such as kinins, neurotensin, encephalins, 
endothelin and the synthetic chemotactic peptide 
N-fonnyl--methionyl--leucyl--phenylalanine (fMLP) [7). 
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Recently, it has been shown that thiorphan, a NEP 
inhibitor, increased not only the contractile response 
to exogenously administered tachykinins but also the 
outflow of both substance P-like immunoreactivity (LI) 
and tachykinin-like immunoreactivity (LI) released by 
capsaicin, providing biochemical evidence for inacti
vation of these peptides by NEP in guinea-pig bronchi 
[9}. This degradation may occur at sites of release of 
neuropeptides and at sites of action on target cells. 

The present findings, in conjunction with those of 
DIOKIC et al. [6], and of MAGGI et al. [9], provide 
evidence for a significant role of NEP 24.11 in modu
lating the effects of endogenously released tachykinins 
mediated by capsaicin, electrical field stimulation, and 
toluene diisocyanate. These studies have also shown 
that the effect of NEP inhibitors such as phosphoramidon 
and thiorphan is still present after removing the bron
chial epithelium, providing further evidence for the lo
calization of NEP 24.11 outside of epithelium. 
Removing airway epithelium, decreases NEP 24.11 and 
thereby modulates the motor response of smooth muscle 
to tachykinins [10-12]. Since cal~itonin gene-related 
peptide (CGRP) is also present in sensory nerves, CGRP 
could be a favourable substrate for NEP 24.11, but 
recent work suggests that the effects of neuropeptides 
such as substance P and neurokinin A are more 
likely to be influenced by NEP 24.11, whereas the 
effects of CGRP may be less affected [13]. 

In the absence of phosphoramidon, the response to 
toluene diisocyanate was higher in epithelium-free than 
in intact bronchi. The hypothesis that an epithelium
derived airway relaxing factor could explain the dif
ferent motor responses to a variety of agents in tissues 
with and without epithelium has been debated [14]. 
Recent work suggests that prostanoids such as pros
taglandin E2 (PGE~) may be involved [15}. However, 
since a classic inhibitor of cyclooxygenase, such as 
indomethacin, inhibits TDI-induced contractions [16], 
it is unlikely that dilator prostaglandins are involved. 
It is possible that removing the epithelium has effects 
which are more complex and not completely under
stood, and perhaps the action of an epithelium-derived 
relaxing factor is on other structures, such as sensory 
nerves and blood vessels, which in turn act on airway 
muscle. Recently, it has been reported that the 
removal or damage of epithelium releases mast cell 
components, which may affect the function of various 
cells in the airway [17] . 

Previous studies showed that after removal of the 
airway epithelium, NEP 24.'1.1 is an important 
modulator of responses to exogenously or endo
geneously produced tachykinins (6, 9]. The present 
findings, in conjunction with those of DmKic et al. (6], 
suggest that about one third, to one fourth of NEP 
activity is localized ·to the epithelium. 

In conclusion, we have demonstrated that the 
response to toluene diisocyanate is increased in 
epithelium-free bronchi compared to intact bronchi and 
that it is possible that NEP modulates the effects of 
tac;hykinins released by TDI at all sites where NEP is 
found in airways. 

References 

1. Mapp CB, Boschetto P, Dal Vecchio L, Maestrelli P, 
Fabbri LM. - Occupational asthma due to isocyanates. Eur 
Respir J, 1988; 1: 273-279. 
2. Mapp CB, Graf PD, Boniotti A, Nadel JA. 
Toluene diisocyanate contracts guinea-pig bronchial smooth 
muscle by activating capsaicin-sensitive sensory nerves. 
J Pharmacol Exp Ther, 1991; 256: 1082-1085. 
3. Bunnett NW. - Postsecretory metabolism of peptides. 
Am Rev Respir Dis, 1987; 136 (Suppl.): S27. 
4. Borson DB, Malfroy B, Gold M, Ramanchandran J, 
Nadel JA. - Tachykinins inhibit enkephalinase activity 
from tracheas and lungs of ferrets. Physiologist, 1986; 29: 
174. 
5. Sekizawa K, Tamaoki J, Graf PD, Basbaum CB, 
Borson DB, Nadel JA. - Enkephalinase inhibitor 
potentiates mammalian tachykinin-induced contraction in 
ferret trachea. J Pharmacol Exp Ther, 1987; 243: 
1211-1217. 
6. Djokic TD, Nadel JA, Dusser J, Sekizawa K, Graf PD, 
Borson DB. - Inhibitors of neutral endopeptidase 
potentiate electrically and capsaicin-induced noncholinergic 
contraction in guinea-pig bronchi. J Pharmacol Exp Ther, 
1989; 248: 7-11. 
7. Nadel JA. - Neutral endopeptidase modulates neuro
genic inflammation. Eur Respir J, 1991; 4: 745-754. 
8. Turner AJ. - Endopeptidase-24.11. In: Turner AJ, 
Ed. Neuropeptides and their peptidase. Ellis Horwood Ltd, 
Chichester, England, 1987; pp. 183-201. 
9. Maggi CA, Patacchini R, Perretti F, Meini S, Manzini 
S, Santicioli S, Del Bianco E, Meli A. - The effect of 
thiorphan and epithelium removal on contractions and 
tachykinins release produced by activation of capsaicin
sensitive afferents in the guinea-pig isolated bronchus. 
Naunyn Schmiedeberg's Arch Pharmacol, 1990; 341 : 
74-79. 
10. Devillier P, Advenier C, Drapeau G, Marsac J, Regoli 
D. - Comparison of the effe.cts of epithelium removal and 
of an enkephalinase inhibitor on the neurokinin-induced 
contractions of guinea-pig isolated trachea. Br J Pharmacol, 
1988; 94: 675-684. 
11. Fine JM, Gordon T, Sheppard D. - Epithelium 
removal ·alters responsiveness of guinea-pig trac.hea to 
substance P. J Appl Physiol, 1989; 66: 232-237. 
12. Frossard N, Rhoden KJ, Barnes PJ. - Influence of 
epithelium on guinea-pig airway responses to tachykinins: 
role of endopeptidase and cyclooxygenase. J Pharmacol Exp 
Ther, 1989; 248: 292-298. 
13. Katayama M, Bunnett NW, Ueki IF, Nadel JA, Borson 
DB. - Recombinant human neutral endopeptidase (NEP) 
cleaves calcitonin gene-related peptide (CGRP). FASEB J, 
1990; 4: A999. 
14. Vanhoutte PM. - Epithelium derived relaxing factor : 
myth or reality? Thorax, 1988; 43: 665-668. 
15. Butler GB, Adler KB, Evans JN, Morgan DW, Szarek 
JL. - Modulation of rabbit airway smooth muscle 
responsiveness by respiratory epithelium. Am Rev Respir 
Dis, 1987; 135: 1099-1104. 
16. Mapp CB, Chitano P, Fabbri LM, Patacchini R, Maggi 
CA. - Pharmacological modulation of the contractile 
response to toluene diisocyanate in the rat isolated urinary 
bladder. BR J Pharmacol, 1990; 100: 886-888. 
17. Franconi GM, Rubinstein I, Levine EH, Ikeda S, Nadel 
JA. - Mechanical removal of airway epithelium disrupts 
mast cells and releases granules. Am J Physiol, 1990; 259: 
(Lung Cell Mol Physiol 3), L372-L377. 




