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THE lucigenin -dependent chem ilum in escence genera-
tion  by guinea-pig isolated tracheal tw o rin gs  pre -
parations  w as s tudied. Tracheal preparations s tim u-
lated w ith  phorbol m yris tate  acetate (PMA) or
opsonized zym osan  generated chem ilum in es cence.
Th e total am ount of chem ilum inescence  generated in
120 m in w as 754 ± 63 m V 3 m in  for PMA and 4832 ±
396 m V 3 m in for zym osan . Generation  of chem -
ilum in escence was decreased by m ore th an  50%
w hen th e tissues  w ere co-incubated w ith  superox ide
dism utase  (100 U/m l). Also, addition of direct donors
of n itric ox ide dim in ished chem ilum in escence
generation  by zym osan -activated tracheal rin gs
s ign ifican tly by  about 50%. However, th e pres ence  of
the  precursor  or of in hibitors  of nitric  ox ide syn thase
did not influence zym osan-induced chem ilum in es -
cence . Re m oval of the  epithe lial layer from  tracheal
rin gs  caused an  approx im ately 90% decrease  in
chem ilum in escence  response. How ever, isolated epi-
the lial ce ll suspensions did not generate  chem ilum i-
nescence . Histologic ex am in ation  showed th at the
num ber of eosin oph ils  in  the  tracheal tissue was
reduced from  56 ± 7 to  18 ± 8 per  m m  basal
m em brane w hen the  epithelial layer was  rem oved.
Th es e results  in dicated th at (1) superox ide  an ion
form ation  can  take place in  th e guinea-pig trachea,
(2) eosinophils  in  th e epithelial and subm ucosal
laye rs  of guinea-pig trachea are  likely candidate s  fo r
superox ide  generation  although other cell types  can
also  be  involved, and (3) beside s  r elax ing airway
sm ooth m uscle, n itric ox ide donors  m ay also affe ct
superox ide  in  the  airways .
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Introduction

The respiratory burst is a characteristic response of
granulocytes and macrophages when exposed to
soluble or particulate stimuli.1 Reactive oxygen spe-
cies formed during this process, are essential for
killing microorganisms but play also an important
role in tissue damage as frequently observed in
inflammation or reperfusion injury.2 Superoxide
anion is an important oxygen species generated by
several metabolic processes including xanthine oxi-
dase, NADPH oxidase, P450 monooxygenase and
several other enzymatic systems.3–6 Radical produc-
tion by cells is characterized by the emission of
chemiluminescence.7–9 Chemiluminescence amplifi-
ers such as luminol or lucigenin, are used to
increase the sensitivity to detect oxygenation activ-
ity and superoxide production of cells.9,10 Luminol
reacts w ith hydrogen peroxide or singlet oxygen,
the secondary reaction products of superoxide, and
is peroxidase-dependent, whereas lucigenin-

enhanced chemiluminescence is specific for
superox ide.

In the respiratory system, radicals, including
superox ide and nitric oxide, are produced by
inflammatory cells.11 Nitric oxide is released by
several cell types, including epithelial cells, in the
lung and airways, and recognized as a mediator of
multiple physiologic processes.12,13 Nitric oxide is
also probably involved in the pathogenesis of air-
way hyperresponsiveness.14,15 The rapid reaction
between superoxide and nitric oxide leads to the
production of peroxynitrite.16 Peroxynitrite is able
to cause tissue injury17 and to induce airway hyper-
responsiveness.18 Radicals are usually short-lived
molecules and could be more harmful for cells in
the airway tissue if released from adherent cells
rather than from cells in the airway lumen. In this
study, we investigated the production of superoxide
by cells of the airway tissue. This was measured by
the generation of lucigenin-enhanced chemilumines-
cence from intact tracheal rings with special atten-
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tion to the interaction with nitric oxide and the
role of the epithelial layer.

Materials and Methods
Animals and tissue preparation

Specified pathogen-free guinea-pigs (400–500 g, male
Dunkin Hartley, Harlan Olac Ltd, UK) were housed
under controlled conditions. Water and commercial
chow were allowed ad libitum . The guinea-pigs were
free of respiratory infections as assessed by the health
monitoring quality control report by Harlan Porcellus
(UK), and by histological examination. Guinea-pigs
were killed with an overdose of pentobarbital sodium
(Nembutal, 0.6 g/kg body weight, intraperitoneal).
Tracheas were dissected free of connective tissue and
blood vessels, isolated, and segmented into parts of
two rings each. In some experiments, the epithelial
layer was removed by means of cotton swab without
morphological damage to the underlying tissue.15

Isolation of guinea-pig tracheal epithelial cells

Guinea-pig trachea was isolated and dissected free of
connective tissue, filled with sterile MEM containing
1 mg/ml protease E (pronase). Trachea then was
suspended in 20 ml sterile MEM and kept at 4°C for
18 h. Thereafter, inside of trachea was rinsed with
10 ml MEM containing 10% FCS thoroughly and cells
were recovered. The suspension was centrifuged at
240 3 g for 10 min. The supernatant was discarded
and the pellet was resuspended in MEM/10% FCS. The
centrifugation step was repeated and the pellet was
resuspended in 1 ml Krebs buffer. Cells were stained
with Türk solution and counted in a Bürker-Türk
counting chamber. For differentiation, cells were
spun on microscope slides at 45 3 g for 5 min, fixed
and stained with Dade® Diff-Quik® (Baxter Diag-
nostics AG, Düdingen, Switzerland). Differential
counts were made under oil immersion microscopy.
About 7 3 106 cells were isolated from one trachea
and the isolated cell populations contained 87%
epithelial cells and 13% eosinophils whereas other
cell types were not present.

Lucigenin-dependent chemiluminescence

Generation of chemiluminescence was measured
with a LKB-1251 Luminometer (LKB Wallac, Turku,
Finland). Tracheal two ring preparations were placed
in luminometer cuvettes containing lucigenin (50 m l),
zymosan A (100 m l) or phorbol myristate acetate
(PMA; 50 m l), in a final volume of 0.5 ml Krebs buffer.
Lucigenin, a chemiluminescence indicator8, was used
at a final concentration of 500 m M. Opsonized zymo-
san and PMA were used as cellular stimulants at final
concentrations of 2.5 mg/ml and 0.16 m M, respec-

tively, in the reaction mixture. Zymosan A had been
opsonized for 15 min at 37°C with 100% pooled
guinea-pig serum. After opsonization, zymosan was
centrifuged at 1600 3 g for 15 min and resuspended
in buffer. When the effects of 100 U/ml SOD, 400 m M
L-arginine (the precursor for the synthesis of nitric
oxide), 100 m M L-NG-nitro-arginine (L-NNA; an inhib-
itor of nitric oxide synthesis), 100 m M histamine,
1 m M sodium nitroprusside (SNP) or 1 m M S-nitroso-
N-acetylpenicillamine (SNAP; direct donors of nitric
oxide) were studied on the generation of chem-
iluminescence of the tracheal preparations, 50 m l of a
10-fold concentrated solution of each compound was
used in place of an equal volume of Krebs buffer.
Chemiluminescence was measured every 5 min over a
120 min time period at 37°C. In some experiments
(incubation with histamine), chemiluminescence was
determined every 10 s over a 10 min period. The
integrated response was determined with a computer
program supplied with the luminometer. Data are
presented as peak chemiluminescence production
(mV) as well as the area under curve (AUC) over
120 min (mV 3 min) or 10 min (mV 3 s). Chem-
iluminescence generation by isolated guinea-pig epi-
thelial cell preparations (5 3 105 cells) was deter-
mined upon stimulation with PMA or opsonized
zymosan and measured every min over a 60 min time
period at 37°C.

Histology

Control and epithelium-denuded tracheas were fixed
for at least 24 h in phosphate-buffered formaldehyde
(10%). Thereafter, they were dehydrated and embed-
ded in paraplast (Monoject, Kildare, Ireland). Four m m
thick sections were stained with Giemsa and eval-
uated by light microscopy. For quantitative histopa-
thologic analysis of the trachea, length of the base-
ment membrane and number of eosinophils per mm
length were measured using a computerized inter-
active analysis system (IBAS 2000; Kontron, Munich,
Germany). Eosinophils in and/or just under the
epithelium were counted.

Drugs and solutions

MEM and FCS were purchased from Gibco (Grand
Island, UK), SNAP from Alexis Corporation (L̈aa-
felfingen, Switzerland) and Protease E (Pronase),
PMA, histamine diphosphate, lucigenin, Zymosan A,
SOD, L-arginine, and L-NNA from Sigma (St Louis,
MO). PMA was dissolved in DMSO (1 mg/ml) and the
stock solution was kept at –80°C. Stock solutions of 5
mM lucigenin in the buffer were stored at –20°C. The
Krebs-bicarbonate buffer was of the following compo-
sition (mM/L): NaCl, 118.1; KCl, 4.7; CaCl2, 2.5;
MgSO4, 1.2; NaHCO3, 25.0; KH2PO4, 1.2 and glucose,
8.3.
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Statistical analysis

The peak (mV) or AUC (mV 3 min) of generated
chemiluminescence by individual treatment groups
were averaged and expressed as means ± SEM. The
results of each set of experiments were evaluated by
one-way analysis of variance (ANOVA). If significance
was achieved by one-way analysis, post-ANOVA com-
parison of means was performed using Bonferroni
tests. All P-values < 0.05 were considered to reflect a
statistically significant difference.

Results
Chemiluminescence generation by tracheal two
ring preparations

No generation of chemiluminescence by tracheal
rings was detectable under basal (non-stimulated)
conditions. In contrast, PMA- and zymosan-treated
tracheal preparations generated chemiluminescence
(Fig. 1). Zymosan induced more chemiluminescence
by tracheal preparations when compared with PMA
(PMA: 754 ± 63 mV 3 min, zymosan: 4832 ± 396 mV
3 min, mean total chemiluminescence generated in
120 min (AUC) ± SEM, n = 5). Treatment with SOD
diminished the effects of PMA and zymosan; total
chemiluminescence generated was significantly
declined by more than 50% (Fig. 1; PMA + SOD: 367
± 24 mV 3 min, zymosan + SOD: 2179 ± 184 mV 3
min, mean ± SEM, n = 5; P < 0.05 when compared
with stimulation without SOD).

Role of the epithelial layer in generation of
chemiluminescence

Removal of the epithelial layer resulted in a marked
decrease of chemiluminescence generation by the

zymosan-stimulated tracheal rings (Fig. 2; intact: peak
81 ± 21 mV and total chemiluminescence 4942 ±
1397 mV 3 min, epithelial layer removed: peak 13 ±
6 mV and total chemiluminescence 519 ± 99 mV 3
min, n = 16, P < 0.05).

Cell populations isolated from the internal lining of
trachea (87% epithelial cells and 13% eosinophils)
generated low amounts of chemiluminescence. Peak
chemiluminescence generated by 5 3 105 cells of
these isolated cell populations after stimulation with
zymosan was 4 ± 2 mV and total chemiluminescence
in 60 min was 209 ± 74 mV 3 min.

Histology

In the control tracheas, intact pseudo-stratified colum-
nar epithelium with its lamina propria and a sub-
mucosal layer were observed by microscopic exam-
ination of the preparations. Eosinophils were
abundant in the mucosal and submucosal layers (56.1
± 7.2 eosinophils per mm basal membrane). These
layers were completely absent in the epithelium-
denuded preparations without any visual damage to
the smooth muscle. In this group the number of
eosinophils per mm basal membrane was declined to
18.0 ± 8.2 (n = 6; P < 0.05).

Interaction of nitric oxide and superoxide in the
trachea

SNP (1 m M) significantly inhibited the peak and total
chemiluminescence generation evoked by zymosan-
activated trachea by 50% (Fig. 3A; zymosan: peak 47 ±
8 mV and total chemiluminescence 2965 ± 475 mV 3
min, zymosan + SNP: peak 21 ± 4 mV and total
chemiluminescence 1669 ± 192 mV 3 min, n = 14, P
< 0.05). Other compounds beside NO are released
during the decomposition of SNP which may affect

Trachea and oxygen radicals
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FIG. 1. Generation of chemiluminescence by isolated guinea-
pig two ring tracheal preparations without stimulation ( s ),
after stimulation with zymosan ( d ) or PMA ( e ) and after
stimulation with zymosan ( j ) and PMA ( r ) in the presence of
SOD.

FIG. 2. Zymosan-induced chemiluminescence generation by
isolated guinea-pig two ring tracheal preparations with ( d )
or without epithelial layers ( s ).



the chemiluminescence response. Therefore, experi-
ments were also carried out w ith SNAP as another
nitric oxide-donor. SNAP was also able to diminish
chemiluminescence generation by zymosan-stimu-
lated tracheal preparations (zymosan: peak 52 ± 6 mV
and total chemiluminescence 2794 ± 112 mV 3 min,
zymosan + 1 m M SNAP: peak 28 ± 3 mV and total
chemiluminescence 1703 ± 201 mV 3 min, n = 3, P <
0.05).

To investigate the role of endogenous nitric oxide,
the tracheal rings were treated with histamine which
activates constitutive nitric oxide synthase.14 In these
experiments, chemiluminescence was measured
every 10 s over a 10-min period. Addition of histamine
(100 m M) by itself did not cause any chemilumines-
cence generation by tracheal tissue (control: 928 ±
49 mV 3 s, histamine: 866 ± 64 mV 3 s, mean total
chemiluminescence generation in 10 min ± SEM, n =
3). There were no differences between the amounts
of chemiluminescence generated by tracheal rings
treated with zymosan and histamine (control group)
and preparations treated with L-arginine, L-NNA, or a
combination of both (Fig. 3B).

Discussion

The guinea-pig isolated trachea produced superoxide
anion upon stimulation with particulate and soluble
stimuli as measured by the generation of lucigenin-
enhanced chemiluminescence. The phenomenon was
dependent on the presence of the epithelial layer.
However, it was probably not the epithelial cells
themselves but other cell types within the epithelial
and submucosal layers that participated in generation
of chemiluminescence. Endogenous production of
nitric oxide in the trachea did not influence chem-
iluminescence measurements whereas addition of
exogenous nitric oxide via nitric oxide donors
inhibited the generation of chemiluminescence.

Reactive oxygen species are produced by activated
phagocytes and damage mammalian cells.19 Super-
oxide anion, an oxygen-centred radical is an oxida-
tion-reduction reagent, capable of either oxidation to
molecular oxygen or reduction to hydrogen peroxide
with the liberation of large amounts of energy.20

Spontaneous production of this radical has been
shown at sites of antigen challenge in allergic subjects
and it contributes to the pathogenesis of airway injury
associated with allergic inflammation.21 We have
shown that airway hyperresponsiveness is induced
when the guinea-pig isolated trachea is subjected to
pyrogallol, a superoxide-generating substance.22

Hydrogen peroxide, another reactive oxygen species,
damages ciliated epithelial cells and induces hyper-
responsiveness of human isolated peripheral air-
ways.23 Our study demonstrated that superoxide is
formed by the cells resident in the airway epithelial
and submucosal layers upon incubation with PMA or
zymosan. PMA has been found to induce large and
consistent effects on superoxide production by
human neutrophils24 and opsonized zymosan is
widely used to stimulate phagocytic response and
oxygen radical re lease.25 The peak and total produc-
tion of chemiluminescence by tracheal rings was
considerably higher with zymosan than with PMA,
suggesting the importance of the phagocytotic proc-
ess in the formation of reactive species. The genera-
tion of chemiluminescence was inhibited by SOD
confirming that superox ide is involved in lucigenin-
enhanced chemiluminescence generation.

Removal of the epithelial layer resulted in a
substantial decrease in the generation of chem-
iluminescence by zymosan-activated tracheal tissue.
This observation suggests that cells in the epithelial
and/or submucosal layers play a crucial role in the
production of oxygen species in guinea-pig trachea. It
has been shown by others that cultured tracheal
epithelial cells from guinea-pigs are able to release
hydrogen peroxide.26 However, the epithelial cells
themselves are probably not responsible for the
chemiluminescence measured in our experiments
since the amount of oxygen radicals produced by
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FIG. 3. Interaction between nitric oxide and superoxide
released from tracheal preparations. (A). Zymosan-induced
chemiluminescence generation by isolated guinea-pig two
ring tracheal preparations in the absence ( d ) or presence of
sodium nitroprusside ( m ). (B). Zymosan-induced chem-
iluminescence generation in the presence of 100 m M hista-
mine by isolated guinea-pig two ring tracheal preparations in
the absence ( d ) or presence of L-arginine ( n ), L-NG-nitro-
arginine ( , ) or a combination of L-arginine and L-NG-nitro-
arginine ( h ).



epithelial cells is very low26 and isolated epithelial
cells did not react in response to zymosan. Alveolar
macrophages, which are present deep in the lungs,
were also not involved in chemiluminescence genera-
tion in the trachea as they were not present among
the cells isolated from the epithelial lining of the
tissue. However, a considerable number of eosino-
phils reside in the epithelial layer which might have
been responsible for the radical release as these kind
of cells are potent superoxide generators.27

Administration of L-arginine or L-NNA did not
influence generation of chemiluminescence by zymo-
san- and histamine-stimulated guinea-pig trachea. This
experiment was performed in the presence of hista-
mine because it has been shown that histamine
releases nitric oxide from guinea-pig tracheal epithe-
lium.14 The amount of nitric oxide generated by the
tracheal tissue was probably too low to interfere with
the generation of chemiluminescence. The tracheal
tissues were obtained from healthy animals where
probably only the constitutive nitric oxide synthetase
was present. Others have shown that the chem-
iluminescence generation by rat macrophages is
potentiated by the nitric oxide precursor L-arginine
and inhibited by L-NNA.11 However, in that study
luminol was used as the chemiluminescence amplify-
ing agent11 but it has been shown that arginine-
analogous non-specifically affects luminol-dependent
chemiluminescence responses28.

To find out whether superoxide formation can be
affected by nitric oxide, experiments were carried
out with nitric oxide donors, like SNP and SNAP.
Interestingly, addition of SNP or SNAP caused a
significant decrease in chemiluminescence genera-
tion. It is known that nitric oxide can interact rapidly
with superoxide to produce the more cytotoxic
substance peroxynitrite.29 This substance has been
shown to be produced in vivo in acute lung injury in
humans17 and to induce airway hyperresponsiveness
in guinea-pigs.18 The formation of peroxynitrite could
explain the mechanism by which SNP or SNAP
decreased chemiluminescence because less super-
oxide is than available to be measured by the
lucigenin-dependent chemiluminescence measure-
ment. Alternatively, nitric oxide and superoxide may
influence each other also at other biological lev-
els.30,31 Our finding is consistent with a recent report
that SNP and nitric oxide inhibited fMLP-induced
superox ide formation in human polymorphonuclear
leukocytes.32

Measurement of radical re lease in the isolated,
intact tracheal rings from guinea-pigs is a new
approach to study the role of oxygen radicals in the
pathogenesis of airway disease. Using this method,
cells are not affected by isolation procedures and
resemble more the natural situation in response to
stimuli compared with isolated cells. In addition,
within the tracheal tissue the cell–cell interaction is

preserved and provides another advantage to this sort
of investigation over isolated cells. The present study
suggested that (1) superox ide anion formation can
take place in the guinea-pig trachea, (2) eosinophils in
the epithelial and submucosal layers of guinea-pig
trachea are likely candidates for superoxide produc-
tion although the involvement of other cell types
cannot be ruled out, and (3) besides relaxing airway
smooth muscle, SNP and SNAP may also affect
superox ide in the airways.
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