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ABSTRACT: The mammalian respiratory tract is densely innervated by sensory
and autonomic fibres. Subsets of the nerves contain bioactive regulatory peptides,
such as substance P, calcitonin gene-related peptide (CGRP), and neurokinins. The
sensory nervous system responds to inhaled irritants, resulting in a release of neu-
ropeptides and, thus, a decrease in the peptide immunoreactivity of the fibres. 

We examined the effects of inhaled nitrogen dioxide (NO2), a well-known indoor
and outdoor air pollutant, on pulmonary sensory neuropeptides. Guinea-pigs were
exposed for 4 h to 18 parts per million (ppm) NO2 or to air (n=5 each). At the end
of the exposure, they were killed with urethane and their lungs were fixed in 1%
paraformaldehyde in phosphate-buffered saline. Cryostat sections were stained with
antisera to an anatomical nerve marker, protein gene product (PGP) 9.5, and to
CGRP and tachykinins, utilizing the avidin-biotinylated peroxidase method.

In the noncartilaginous airways (diameter <250 µm) of NO2-exposed animals, less
tachykinin- and CGRP-immunoreactive nerve fibres were found compared with
controls. No change was seen in the total nerve fibre distribution (PGP 9.5).

It is concluded that the peptidergic nerves of guinea-pig peripheral airways are
a sensitive indicator of exposure to nitrogen dioxide.
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Air pollution has been shown to exert adverse respira-
tory health effects, e.g. to alter respiratory function, to
induce inflammatory response, and to facilitate infection
of the lower respiratory tract [1, 2]. Several studies have
shown that NO2 and/or O3, two major air pollutants, aff-
ect pulmonary function and alter lung morphology [3–5].
Pulmonary function changes include airflow limitation,
altered breathing pattern, air trapping and airway hyper-
responsiveness [3–7]. Morphological changes include
damage to Clara, ciliated, and type I epithelial cells in the
bronchioloalveolar region [8, 9]. The mechanisms of action
of these pollutants not well-known, but might be similar,
as both gases are powerful oxidizing agents [10, 11]. 

The mammalian respiratory tract is densely innervated
by sensory and autonomic fibres [12]. Subsets of these
nerves contain bioactive regulatory peptides that can act
locally as hormones or possibly as neurotransmitters [13].
Of the neuropeptides in the respiratory tract, those pre-
dominant in the sensory nervous system are calcitonin
gene-related peptide (CGRP) and the tachykinins, such
as substance P (SP), neurokinin A (NKA) and neurokinin
B (NKB). Overall innervation can be visualized by
immunocytochemistry with antiserum to an anatomical
nerve marker called protein gene product (PGP) 9.5 [14],
which stains all nerve fibres in tissues including the lung
[15], whilst antisera to specific neuropeptides can stain
sensory nerve fibres.

The sensory nervous system is known to respond to
inhaled irritants with the release of neuropeptides and,
therefore, with a decrease in the peptide immunoreac-
tivity of the fibres [16–18]. Ozone has been shown to
exhibit sensory irritating effects in humans [19, 20], in
dogs [21, 22], and in guinea-pigs [23]. NO2 is known as
a "deep" lung irritant, since it mostly affects the distal
small airways [24, 25], but there is no evidence of its
effect on sensory nerves.

Therefore, by means of quantitative immunohisto-
chemical techniques, the effect of short-term exposure
to NO2 was examined in guinea-pig peripheral airways
using antisera to CGRP and to SP (which cross-reacts
with other tachykinins). The aim was to establish whether
the mechanism of NO2 action in the lung could be part-
ly mediated by sensory nerves by causing changes in the
innervation of the respiratory tract.

Material and methods

Animal exposure and lung fixation

The experimental procedure and specific protocols
were approved by the committee on animal care of the
University of Padova. Male Dunkin Hartley guinea-pigs
(350–400 g body weight; Morini, S. Polo D'Enza, Italy)



were anaesthetized with urethane (1.5 g·kg-1 i.p.). The
trachea was cannulated with a Y-shaped tube: one branch
was connected to a cylinder which delivered 150–200
mL·min-1 of gas (standard air or 18 parts per million
(ppm) NO2 stabilized in standard air); and the other
branch was connected to a "water valve" to prevent air
inlet into this branch during the inspiration. With this
exposure apparatus, gas was inhaled during spontaneous
inspiration and exhaled, bubbling into water just under
the surface, during spontaneous expiration. The exposure
was carried out for 4 h. 

Five animals were exposed to NO2, and five control
animals were exposed to air alone. Supplemental anaes-
thesia was administered (0.4 g·kg-1 i.p.) every 90 min.
At the end of the exposure, the animals were killed with
an additional urethane injection. Lungs were inflated
with 5 mL of 1% paraformaldehyde in phosphate-buff-
ered saline (PBS) (0.01 M phosphate buffer in 0.15 M
NaCl; pH 7.4). The thorax was then opened, the respi-
ratory tract dissected out and immersed in the same fix-
ative. After 6 h, the trachea and the lungs were transferred
to PBS containing 0.45 M sucrose and 0.01% sodium
azide.

Immunohistochemistry

For each animal, five cryostat lung blocks were pre-
pared by immersion in melting dichlorodifluorometh-
ane cooled with liquid nitrogen. Frozen sections (10 µm
thick) were taken up on poly-L-lysine-coated microscope
slides and stained with rabbit antisera, utilizing the avidin-
biotinylated complex (ABC) peroxidase method. Anti-
serum to PGP 9.5 and antisera raised to the neuropeptides
CGRP and SP were used. The antiserum to SP was used
as a marker of nerve fibres containing tachykinins, since
it cross-reacts with other tachykinins. One section per
block was stained for each antigen. In brief, endogenous
peroxidase activity was blocked by immersing slides in
0.03% hydrogen peroxide in methanol for 1 h. After
washing in PBS (3×10 min), nonspecific binding was
blocked by incubating in 3% normal goat serum in PBS
containing 0.05% bovine serum albumin (BSA) and 0.1%
sodium azide (BSA solution) for 30 min. The sections
were incubated overnight at 4°C with primary antisera
in BSA solution at predetermined optimal dilutions (PGP
9.5, 1:10,000; CGRP, 1:4,000; SP, 1:4,000).

Negative controls were performed by omission of the
primary antibody. Moreover, preabsorption with a speci-
fic antigen was performed for antisera to neuropeptides.
Antiserum to CGRP was preabsorbed with a specific pep-
tide, and antiserum to tachykinins was preabsorbed with
antigens SP and NKA. Partial inhibition of immuno-
staining was obtained using NKA and negative staining
using either SP or both together (1 nmol·mL-1 antigen in
diluted antiserum). After washing in PBS (3×10 min),
the sections were incubated successively for 30 min with
biotinylated goat anti-rabbit immunoglobulin G (IgG)
(1:100) and ABC reagent for 60 min. The sections were
rinsed first in PBS (3×10 min), then in acetate buffer
(0.1 M, pH 6.0). The peroxidase activity was revealed
using the nickel enhancement method [26]. Sections were
dehydrated, mounted in Pertex and examined with a light
microscope (Olympus BH-2).

Quantitative and statistical analysis

Quantitative analysis of immunoreactive nerve fibres
was performed in noncartilaginous airways with diameter
less than 250 µm, using the method described by COWEN

[27]. Images of appropriate airways were captured by an
operator who was unaware of the identity of the speci-
mens, and were digitized by a Seescan Symphony image
analysis system (Seescan, Cambridge, UK) via a video
camera (Sony XC 77CE) attached to a microscope (model
BH-2; Olympus, London, UK). Digital images were 512×
512 pixels (picture points), each pixel represented by a
grey value from 0 to 255 equivalent to the intensity of
the light in the corresponding area of the microscopic
image. The area of the airway wall (Aw) was measured
in the image by interactive delineation. The boundaries
comprised by the luminal (surface of the epithelium) and
the adventitial surfaces were traced using the computer
mouse. The number of pixels contained within the bound-
aries was converted to the tissue area using a factor deter-
mined by calibrating the image analyser with a series of
area standards viewed with the same microscope and
objective used for the study. 

The area of immunostained nerves (An) within the air-
way wall boundaries was determined by the same method
but using a different technique for delineation: inter-
active thresholding. For this, the image is segmented to
separate nerves from tissue that is not nerves by select-
ing a threshold grey value that is intermediate between
the intensities of each. The image analyser highlights in
an artificial colour the pixels having a grey value smaller
than that of the threshold, altered until all the nerves are
selected and their area is then calculated.

The results were expressed as the area density of nerves,
i.e. An/Aw. For each peptide, 25 airways from each ani-
mal were measured (five airways for each section). Each
reported value is mean±SEM. Wall area data in exposed
and control animals were normally distributed and were
compared with the Student's t-test for unpaired data, while
nerve density data were compared with the Mann-Whitney
U-test as the data were not normally distributed.

Materials

Urethane was obtained from Riedel de Haen SpA
(Hanover, Germany); cylinders containing standard air
or 18 ppm NO2 stabilized in standard air from SIAD
(Camin, Italy) dichlorodifluoromethane (Arcton) from
ICI (Cheshire, UK); antibody PGP 9.5 from Ultraclone
(Isle of Wight, UK); antisera to neuropeptides were raised
in rabbits at the Royal Postgraduate Medical School,
Hammersmith Hospital (London, UK); ABC reagents
purchased as a Vectastain/Elite kit, and normal goat ser-
um were obtained from Vector Laboratories (Peterborough,
UK); bovine serum albumin (BSA), sodium azide, 3,3'-
diaminobenzidine tetrahydrochloride dihydrate, and gluc-
ose oxidase from Sigma Chemical Co. (Poole, UK).

Results

Airway wall

The bronchiolar wall area was similar in NO2-exposed
animals compared to controls, with means (±SEM) of
0.0194 (±0.0006) and 0.0186 (±0.0010), respectively.
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Fig. 3.  –  Nerve density in airways with diameter <250 µm in air-
exposed (      ) and in nitrogen dioxide (NO2)-exposed guinea-pigs
(       ). a) CGRP nerve density. b) tachykinin nerve density. Values
are presented as mean±SEM. *: p<0.05; CGRP: calcitonin gene-related
peptide; An: area of immunostained nerves; Aw: area of the airway
wall.

PGP 9.5

Immunoreactive nerve fibres were abundant and they
were seen in the epithelium, smooth muscle of airways
and around blood vessels in the lung. Scattered fibres
were also seen in the lung parenchyma. The quantitative
analysis, performed in airways with diameter less than
250 µm, showed no changes in the innervation after NO2
exposure (figs. 1 and 2).

Tachykinins and CGRP

The distribution of nerves immunoreactive for these
neuropeptides and their response to NO2 were similar.
Immunoreactive fibres were seen in the epithelium and
smooth muscle of intrapulmonary airways and around
blood vessels in the lung. These fibres represented just
a small part of the innervation stained with PGP 9.5.
The number of CGRP and tachykinin immunoreactive
fibres in airways with diameter less than 250 µm was
significantly lower (p<0.05) in NO2-exposed animals
compared to controls (fig. 3).

Discussion

This study has shown that short-term exposure to NO2
results in a decrease in the number of nerves immuno-
reactive for tachykinins and CGRP in guinea pig-air-
ways, suggesting an effect of NO2 on sensory nerves. The
decrease of the staining of tachykinins and CGRP could
be due to sensory neuropeptide release or to nerve dam-
age. Since the overall innervation in the lung tissue was
similar in control and NO2-exposed animals, as suggested
by the unchanged immunoreactivity for PGP 9.5, and
since fixation of tissue was performed shortly after the
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Fig. 1.  –  Immunostaining of airways with diameter <250 µm for pro-
tein gene product 9.5 (PGP 9.5): a) in air-exposed; and b) in nitrogen
dioxide (NO2)-exposed guinea-pigs. (Internal scale bar=50 µm).
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Fig. 2.  –  Protein gene product 9.5 (PGP 9.5) nerve density in air-
ways with diameter <250 µm in air-exposed (         ) and in nitrogen
dioxide (NO2)-exposed guinea-pigs (        ). Values are presented as
mean±SEM. An: area of immunostained nerves; Aw: area of the airway
wall.



end of the brief (4 h) exposure to the pollutant, it is con-
ceivable that the change in neuropeptides was not due
to damage to the nerves. PGP 9.5, a general neural anti-
gen, rapidly disappears following a nerve lesion [14].
Such an interpretation is supported by the finding that
capsaicin administration causes a release of sensory neu-
ropeptides, as shown by their increased concentration in
the fluid outflow from isolated lung preparations and by
a concomitant decrease in neural peptide immunostain-
ing in tissues analogous to those shown here [28].

Similar experiments have shown changes in the rate
of neuropeptide release with decreased nerve staining in
the lung tissue following administration of the sensory
irritant sulphur dioxide [29]. Release of tachykinins is
also implied by the SP-mediated vasodilation and plas-
ma extravasation caused by the gas phase of cigarette
smoke, which itself has an appreciable concentration of
NO2 [30]. 

The mechanism through which capsaicin produces neu-
ropeptide depletion in the sensory neurons is not com-
pletely understood. It has been shown that capsaicin in
µM concentrations releases substance P-like immuno-
reactivity (SP-LI) from the rat urinary bladder without
any detectable change in the SP-LI tissue content; and
that only when the bladders were incubated with cap-
saicin for 3 h, was a marked decrease in SP-LI observed
[31]. The authors concluded that the early phase of tis-
sue depletion of sensory neuropeptides following systemic
capsaicin desensitization may involve a peripheral site of
action. However, 3 h is a prolonged exposure for cap-
saicin, whereas for pollutants such as nitrogen dioxide,
3–4 h is considered a short-term exposure.

Both tachykinins and CGRP appear to be involved in
the neural response to NO2. This finding is not surpris-
ing since SP, other tachykinins and CGRP are known to
be co-localized in some sensory nerves [32, 33].

The concentrations of NO2 used in this study were rel-
atively high, compared with the time-weighted average
(TWA) value of 3 ppm and the short-term exposure level
(STEL) value of 5 ppm accepted in several countries [34].
However, short-term exposure to NO2 was used in this
study, and concentrations of 18 ppm can easily be reached
in the workplace in certain conditions. In oxyacetylene
torch shrinking operations and in the ship-building in-
dustry, NO2 can reach concentrations of 196–480 ppm
in unventilated compartments and concentrations of 4–89
ppm in ventilated compartments [35]. It would be inter-
esting to determine whether longer exposure at lower
concentrations of NO2 would have similar effects on sen-
sory nerves. NO2, as a relatively insoluble gas, is not
absorbed to a great degree in the upper airways and a
large proportion of inhaled NO2 descends deep into the
lungs [36]. It is likely that with the system of exposure
used in the present study, NO2 could reach peripheral
airways at concentrations close to the initial value.

The rate of absorption of inhaled NO2 from pulmonary
air spaces is limited by the reaction with the first com-
partment that is contacted, i.e. the epithelial lining fluid,
rather than by its solubility. This observation suggests
that the univalent reduction of absorbed NO2 to NO2

– is
quantitative and occurs near the air space surface [37].
Interaction of inspired NO2 with water in the vapour or
liquid phase forms nitrous acid or nitrite, and secondar-
ily nitrate [38]. It is possible that the action of nitrous

acid or its ion may be opposed by the neutralizing capac-
ity of the mucous layer in the central airways, but this
mechanism may be insufficient to protect small airways
and alveoli [39]. Since absorbed NO2 does not penetrate
through the lung without reacting, the possibility that the
effect on sensory nerves described in this study may be
due to a product of reaction of NO2, and not to NO2 it-
self, cannot be excluded.

In conclusion, in the guinea-pig, the target tissue of
nitrogen dioxide pollution seems to be that of the peri-
pheral airways. At this level, nitrogen dioxide, or some
chemical intermediates which form in the lung after a
short-term exposure to this pollutant, cause a reduction
in calcitonin gene-related peptide and tachykinin immuno-
reactivity. The reduced immunoreactivity could be due
to a release of sensory neuropeptides that may play a
role in the pulmonary response to nitrogen dioxide.

Acknowledgements: The authors thank C. Howarth and
M.M. Galliani for editing the manuscript and G. Fulgeri for
typing the manuscript, V. Rado for performing animal expo-
sure and F. Pellegrini for editing the figures present in this
manuscript.

References

1. Evans RG, Webb K, Homan S, Ayres SM. Cross-sec-
tional and longitudinal changes in pulmonary function
associated with automobile pollution among bridge and
tunnel officers. Am J Ind Med 1988; 14: 25–36.

2. Braun-Fahrländer C, Ackermann-Liebrich U, Schwartz
J, Gnehm HP, Rutishauser M, Wanner HU. Air pollu-
tion and respiratory symptoms in preschool children. Am
Rev Respir Dis 1992; 145: 42–47.

3. Sandstrom T. Respiratory effects of air pollutants: exper-
imental studies in humans. Eur Respir J 1995; 8: 976–
995.

4. Magnussen H. Experimental exposure to NO2. Eur Respir
J 1992; 5: 1040–1042.

5. Chitano P, Hosselet JJ, Mapp CE, Fabbri LM. Effect of
oxidant air pollutants on the respiratory system: insights
from experimental animal research. Eur Respir J 1995;
8: 1357–1371.

6. Silbhaugh SA, Mauderly JL, Macken CA. Effects of sul-
phuric acid and NO2 on airway responsiveness of guinea-
pigs. J Toxicol Environ Health 1981; 8: 31–45.

7. Kobayashi T, Shinozali Y. Effect of subacute exposure
to NO2 on the airway responsiveness of guinea-pigs.
Agent Action 1990; 31 (Suppl.): 71–74.

8. Freeman G, Stephens RJ, Crane SC, Furiosi NJ. Lesion
of the lung in rats continuously exposed to two parts per
million of nitrogen dioxide. Arch Environ Health 1968;
17: 181–192.

9. Juhos LT, Green DP, Furiosi NJ, Freeman G. A quanti-
tative study of stenosis in the respiratory bronchiole of
the rat in NO2-induced emphysema. Am Rev Respir Dis
1980; 121: 541–549.

10. Reijens IM, Poelen MC, Hempenius RA, Gijbels MJ,
Alinik GM. Toxicity of ozone and nitrogen dioxide to
alveolar macrophages: comparative study revealing dif-
ferences in their mechanism of toxic action. J Toxicol
Environ Health 1986; 19: 555–568.

11. Menzel DB. Environmental toxicants and vitamin E. In:
Machlin E, ed. Vitamin E. New York, Marcel Dekker,
1980; pp. 474–494.

R.E. LUCCHINI ET AL.1850



12. Richardson JB. Nerve supply to the lungs. Am Rev Respir
Dis 1979; 119: 785–802.

13. Barnes PJ. Regulatory peptides in the respiratory system.
In: Polak JM, ed. Regulatory Peptides. Basel, Birkhauser
Verlag, 1989; pp. 317–333.

14. Thompson RJ, Doran JF, Jackson P, Dhillon AP, Rode
J. PGP 9.5: a new marker for vertebrate neurons and
neuroendocrine cells. Brain Res 1983; 278: 224–228.

15. Springall DR, Polak JM, Howard L, et al. Persistence of
intrinsic neurons and possible phenotypic changes after
extrinsic denervation of human respiratory tract by heart-
lung transplantation. Am Rev Respir Dis 1990; 141:
1538–1546.

16. Springall DR, Edginton AG, Price PN, et al. Acrolein
depletes the neuropeptides, CGRP and substance P, in
sensory nerves in rat respiratory tract. Environ Health
Perspect 1990; 85: 151–157.

17. Lundberg JM, Saria A, Theodorsson-Norheim E, et al.
Multiple tachykinins in capsaicin-sensitive afferents:
occurrence, release and biological effects with special
reference to irritation of the airways. In: Hakanson R,
Sundler F, eds. Tachykinin antagonists. Amsterdam,
Elsevier Science Publishers BV, 1985; pp. 159–169.

18. Maggi CA, Meli A. The sensory-efferent function of cap-
saicin sensitive sensory neurons. Gen Pharmacol 1988;
19: 1–43.

19. Beckett WS, McDonnell WF, Horstmen DH, House DE.
Role of the parasympathetic nervous system in acute lung
response to ozone. J Appl Physiol 1985; 59: 1879–1885.

20. Hazucha MJ, Bates DV, Bromberg PA. Mechanism of
action of ozone on the human lung. J Appl Physiol 1989;
67: 1535–1541.

21. Schelegle ES, Carl MI, Coleridge HM, Coleridge JCG,
Green JF. Contribution of vagal afferents to respiratory
reflexes evoked by acute inhalation of ozone in dogs. J
Appl Physiol 1993; 74: 2338–2344.

22. Coleridge JCG, Coleridge HM, Schelegle ES, Green JF.
Acute inhalation of ozone stimulates bronchial C-fibres
and rapidly adapting receptors in dogs. J Appl Physiol
1993; 74: 2345–2352.

23. Kaneko T, Ikeda H, Fu L, et al. Capsaicin reduces ozone-
induced airway inflammation in guinea-pigs. Am J Respir
Crit Care Med 1994; 150: 724–728.

24. Chang LY, Mercer RR, Stockstill BL, et al. Effects of
low levels of NO2 on terminal bronchiolar cells and its
relative toxicity compared to O3. Toxicol Appl Pharmacol
1988; 96: 451–464.

25. Kawakami M, Yasui S, Yamawaki I, Katayama M, Nagai
A, Takizawa T. Structural changes in airways of rats
exposed to nitrogen dioxide intermittently for seven days:
comparison between major bronchi and terminal bron-
chioles. Am Rev Respir Dis 1989; 140: 1754–1762.

26. Shu S, Ju G, Faw L. The glucose-oxidase DAB-nickel
method in peroxidase histochemistry of the nervous sys-
tem. Neurosci Lett 1988; 85: 169–171.

27. Cowen T. Quantification of nerves and neurotransmit-
ters using image analysis. In: Wootton R, Springall DR,
Polak JM, eds. Image Analysis in Histology: Conventional
and Confocal Microscopy. Cambridge, Cambridge Univer-
sity Press, 1995; pp. 355–380.

28. Martling CR, Saria A, Fisher JA, Hokfelt T, Lundberg
JM. Calcitonin gene-related peptide and the lung: neu-
ronal co-existence with substance P, release by capsaicin
and vasodilatory effect. Regul Pept 1988; 20: 125–139.

29. Bannenberg G, Atzori L, Xue J, et al. Sulphur dioxide
and sodium metabisulfite induce bronchoconstriction in
the isolated perfused and ventilated guinea-pig lung via
stimulation of capsaicin-sensitive sensory nerves. Respira-
tion 1994; 61: 130–137.

30. Lundberg JM, Martling CR, Saria A, Folklers K, Rosell
S. Cigarette smoke-induced airway edema due to acti-
vation of capsaicin-sensitive vagal afferents and sub-
stance P release. Neuroscience 1983; 10: 1361–1368.

31. Maggi CA, Santicioli P, Geppetti P, et al. Involvement
of a peripheral site of action in the early phase of neu-
ropeptide depletion following capsaicin desensitization.
Brain Res 1987; 436: 402–406.

32. Gulbenkian S, Merighi A, Wharton J, Varndell IM, Polak
JM. Ultrastructural evidence for co-existence of calci-
tonin gene-related peptide and substance P co-exist in
secretory vesicles of peripheral nerves in the guinea-pig.
J Neurocytol 1986; 15: 535–542.

33. Saria A, Yan Z, Wolf G, Loidolt D, Martling CR, Lundberg
JM. Control of vascular permeability and vascular smooth
muscle in the respiratory tract by multiple neuropeptides.
Acta Otolaryngol (Suppl. Stockh) 1989; 457: 25–28.

34. International Labour Organization. Occupational expo-
sure limits for airborne toxic substances. Occupational
Safety and Health Series No. 37. Geneva, Switzerland,
International Labour Office. 1991; pp. 294–295.

35. Adley FE. Exposures to oxides of nitrogen accompanying
shrinking operations. J Ind Hyg Toxicol 1946; 28: 17–20.

36. Ewetz L. Absorption and metabolic fate of nitrogen oxides.
Scand J Work Environ Health 1993; 19 (suppl. 2): 21–27.

37. Postlethwait EM, Bidani A. Pulmonary disposition of
inhaled NO2 nitrogen in isolated rat lungs. Toxicol Appl
Pharmacol 1989; 98: 303–312.

38. Oda H, Nogami H, Nakajima T. Reaction of hemoglo-
bin with nitric dioxide in mice. J Toxicol Environ Health
1980; 6: 673–678.

39. Goldstein E, Peek NF, Parks NJ, Hines HH, Steffey EP,
Tarkington B. Fate and distribution of inhaled nitrogen
dioxide in Rhesus monkeys. Am Rev Respir Dis 1977;
115: 403–412.

NEUROPEPTIDES AND POLLUTANTS 1851


