v

s

E European Journa of Pharmacology 358 (1998) 253—-259

ELSE

Nitric oxide modulates eosinophil infiltration in antigen-induced airway
inflammation in rats

HeloisaH.A. Ferreira ®, Estela Bevilacqua ®, Sonia M. Gagioti °, laraM.S. De Luca ¢,
Renata C.O. Zanardo ©, Cleber E. Teixeira ¢, Paulina Sannomiya ®, Edson Antunes ©*,
Gilberto De Nucci °

& Clinical Pharmacology Unit, So Francisco University Medical School, Braganga Paulista, S3o Paulo (SP), Brazl
® Departments of Histology and Embryology and Pharmacology, Institute of Biomedical Sciences, University of Sio Paulo, S3o Paulo (SP), Brazl
¢ Department of Histology and Embryology and Pharmacology, Faculty of Medical Sciences, UNICAMP, PO Box 6111, 130181-970, Campinas (SP),
Brazl

Received 26 June 1998; revised 28 July 1998; accepted 31 July 1998

Abstract

The influence of nitric oxide (NO) on eosinophil infiltration into the airways was investigated in rats actively sensitized with
ovalbumin. The animals were treated chronically with the NO synthase inhibitor, N“-Nitro-L-arginine methyl ester (L-NAME; 75 p.mol
rat—! day~1), for 4 weeks. Bronchoalveolar lavage was performed at 6, 24, 48 and 72 h after intratracheal injection of ovalbumin.
Intratracheal challenge of the sensitized rats with ovalbumin caused a significant increase in total leucocyte infiltration in bronchoalveolar
lavage fluid both 24 and 48 h post-ovalbumin injection. Neutrophils and eosinophils peaked, respectively, at 24 h (29%) and 48 h (30%)
in bronchoalveolar lavage fluid whereas the mononuclear cell did not differ significantly from the counts in non-sensitized rats at any
time. At both 6 and 24 h post-ovalbumin injection, the chronic treatment of the animals with L-NAME affected neither the total nor the
differential leucocyte content. However, at 48 h post-ovalbumin challenge, the total cell count was reduced by approximately 48% in the
L-NAME-treated animals and this was associated with a marked inhibition (81%) of the eosinophil influx. Histological examination of the
lungs from these animals (48 h post-ovalbumin challenge) also showed a prominent reduction (69.5%; P < 0.05) of the eosinophil
infiltration in the respiratory segments. Our results demonstrate that NO plays a pivota role in the eosinophil infiltration in airways of
actively sensitized rats. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction Asthma is a specific inflammation in the airways char-
acterised by accumulation of mucus in the lumen of the
airway, edemain bronchial mucosa and increased bronchial
responsiveness. Besides activation of mast cells,
macrophages and T lymphocytes in the airway mucosa,
eosinophilic infiltration into the airways plays a key role in
the pathogenesis of asthma (Kroegel et al., 1994). Nitric
oxide modulates the asthmatic inflammation in animals
(Robbins et a., 1994; Yeadon and Price, 1995) and hu-
mans (Hamid et al., 1993; Persson et al., 1994; Kharitonov
et al., 1994) and has also recently been reported as an
important mediator responsible for the eosinophil migra-
tion in non-allergic inflammation (Ferreira et a., 1996). In

Nitric oxide (NO) is enzymaticaly synthesized from
L-arginine (Palmer et a., 1988) through the action of either
congtitutive (Bredt et al., 1991; Lamas et al., 1992; Janssens
et a., 1992) or inducible (Xie et al., 1992) NO synthase
isoforms. Nitric oxide has been described as an endoge-
nous non-adrenergic non-cholinergic (NANC) neurotrans-
mitter in the airways responsible for the modulation of
bronchial tone in experimental animals and humans (Barnes
and Belvisi, 1993; Hogman et a., 1993). Vascular tone
(Alving et al., 1992) and plasma exudation (Kuo et al.,
1992; Erjefalt et al., 1994) in the airways are also modu-

lated by NO. this study we investigated whether NO influences the
development of the alergic reaction in the airway mucosa
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trophils, eosinophils and mononuclear cells) leucocyte
counts in the bronchoaveolar lavage fluid from actively
sensitized rats treated chronically (four weeks) with the
NO synthesis inhibitor, N“-nitro-L-arginine methyl ester
(L-NAME). Lung histopathology of non-sensitized and
ovalbumin-sensitized rats, from both non-treated and L-
NAME-treated animals was aso done.

2. Materials and methods
2.1. Sensitization procedure and antigen challenge

Male Wistar rats (180—200 g) provided by the Biology
Institute Laboratory Animal Center (CEMIB) of the State
University of Campinas (UNICAMP) were actively sensi-
tized by injecting subcutaneously a mixture of 200 pg of
ovalbumin and 8 mg AI(OH), (0.15 ml) prepared in saline.
Non-sensitized rats received only 8 mg Al(OH),. Fourteen
days later, both sensitized and non-sensitized animals were
anaesthetized with chloral hydrate (300 mg/kg, i.p.) and
the trachea was exposed through a midline ventral incision
of approximately 0.5 cm length in the neck. With the aid
of a 26.5-gauge needle, 0.4 ml of 0.25% solution of
ovalbumin was injected into the airways.

To evaluate the sensitization procedure, a group of both
non-sensitized (n=3) and ovalbumin-sensitized animals
(n=3) were anaesthetized with chlora hydrate (300 mg
kg~!, i.p.), the trachea was removed, suspended in a
cascade system (Vane, 1964) and continuously superfused
(5 ml min~1) with oxygenated (95% O, +5% CO,) and
warmed (37°C) Krebs solution. Challenge of the trachea
strips with ovalbumin (10 w.g) caused a significant contrac-
tion (94 + 34%, as compared with the sub-maximal con-
traction induced by 0.1 mmol KCl) of the tissues obtained
from ovabumin-sensitized rats whereas strips obtained
from non-sensitized animals did not show any contractile
effect.

2.2. Leucocyte number in bronchoalveolar lavage

Bronchoalveolar lavage was performed 6, 24, 48 and 72
h after ovalbumin challenge. Briefly, the animals were
anaesthetised with chloral hydrate (300 mg kg™ ?, i.p.) and
exsanguinated by cutting the abdominal aorta. The trachea
was exposed and cannulated with a polyethylene tube (1
mm diameter) connected to a syringe. The lungs were
washed by flushing with phosphate buffered saline (PBS)
solution containing heparin (20 IU ml~1) and 0.03% serum
albumin. The PBS buffer was ingtilled through the tracheal
cannula as one 10-ml aliquot followed by three 5-ml
aliquots. The fluid recovered after each aliquot instillation
was combined and centrifuged (1000 X g for 10 min at
20°C). The cell supernatant was discarded and the cell
pellet was resuspended in 2 ml of PBS buffer. Total cell
counts were done with an automated cell counter (CELL-

DYN 1600) while differential counts were carried out on
air-dried smears stained with May—Grunwald—-Giemsa. A
minimum of 400 cells was counted and classified as
neutrophils, eosinophils and mononuclear cells based on
normal morphological criteria.

2.3. Histopathology analysis

For histopathological anadlysis of the lungs, the rats
were anaesthetised and exsanguinated as described above.
The lungs were removed and fixed in 4% paraformal-
dehyde—0.5% glutaraldehyde PBS buffer (0.1 M, pH 7.4).
Twenty-four h after fixation, the lungs were cut into small
fragments, dehydrated in an ethanol gradient (70—100%),
cleared in xylol and embedded in paraffin wax. The frag-
ments were then cut into 5-wm thick sections and stained
with hematoxylin-eosin. Histological evaluation of
eosinophil accumulation in the lungs was based on the
number of eosinophils in ten randomly selected areas of
the bronchioles. The cells were counted at X 800 magnifi-
cation and expressed as the number of eosinophils per
high-power field (Feder et al., 1997).

2.4. Chronic treatment with N“-nitro-L-arginine methyl
ester (L-NAME) and o-NAME

The chronic treatment with L-NAME was performed as
previously described (Ribeiro et a., 1992). Briefly, male
Wistar rats (80—100 g at the beginning of the study)
received L-NAME dissolved in the drinking water at a
concentration of 1.2 mM to give a daily intake of approxi-
mately 75 wmol rat~! day~! for up to four weeks. An-
other group of animals was given the inactive enantiomer,
D-NAME (75 pwmol rat™! day~?!). Control animals re-
ceived tap water alone. Systemic arteria pressure was
measured weekly with a tail-cuff method (Zatz, 1990).

2.5. Experimental protocols

The animals were divided into the following groups: (1)
Control group (n = 71): rats that received tap water alone,
(2) L-NAME group (n= 73): rats that received L-NAME
in the drinking water for four weeks, (3) b-NAME group
(n=10): rats that received b-NAME in the drinking water
for four weeks.

Two weeks after the start of L-NAME treatment, each
of these groups of animals was divided into another two
groups: non-sensitized (rats that received s.c. only 8 mg
Al(OH),;) and ovalbumin-sensitized animals (rats that re-
ceived s.c. 200 p.g ovalbumin +8 mg Al(OH);). On day
28, all the animals were intratracheally injected with oval-
bumin (0.4 ml of 0.25% solution). Bronchoalveolar lavage
of these animals was then performed at 6, 24, 48 and 72 h
after ovalbumin ingtillation.

Anocther two group of naive (non-sensitized, non-chal-
lenged) animals, control (n = 15) and treated with L-NAME
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(n=15) were used. They were intratracheally injected
with PBS buffer (0.4 ml) and their airways were washed
with PBS buffer (as stated above) at 6, 24, 48 and 72 h
post-PBS injection. Leucocyte counts of the broncho-
alveolar lavage fluid were then done. The lungs from the
animals were also removed for histopathological analysis.

2.6. Drugs

N“-Nitro-L-arginine methyl ester (L-NAME), o-NAME
and ovalbumin (Grade 111) were obtained from Sigma (St.
Louis, MO, USA). Chlora hydrate was obtained from
Quimibras Ind. Quimica (Rio de Janeiro, RJ, Brazil). The
composition of the Krebs solution was (mM): NaCl, 118;
NaHCO,;, 25; glucose, 5.6; KCI, 4.7, KH,PO,, 1.2
MgSO,7H,0, 1.17 and CaCl ,6H,0, 2.5.

2.7. Satistical analysis

Data are presented as the means+ S.E.M. and were
analysed by analysis of variance (ANOVA) for multiple
comparisons followed by Duncan’stest. A P value of less
than 0.05 was considered to indicate significance.

3. Results

Rats treated chronically with L-NAME (75 wmol rat—*
day~ 1) for 4 weeks showed a significant increase in tail
cuff pressure, whether non-sensitized (151 + 2.0 mmHg;
P < 0.05) or ovalbumin-sensitized (155 + 2.4 mmHg; P <
0.05) compared to untreated animals (120 + 1.9 and 117 +
2.5 mmHg for non-sensitized and ovabumin-sensitized
animals, respectively). The body weight gain among these
four groups of animals did not differ significantly (not
shown).

3.1. Bronchoalveolar lavage fluid analysis. naive rats

The intratracheal injection of PBS (0.4 ml) per se both
in Control and L-NAME-treated naive rats did not evoke
leucocyte infiltration, as assessed at 6 (1.2 + 0.1 and 1.1 +
0.08 X 10° leucocytes/bronchoalveolar lavage, respec-
tively; n=4), 24 (0.9+ 0.1 and 1.1 + 0.15 X 10°® leuco-
cytes/bronchoalveolar lavage, respectively; n=4), 48
(1.0+ 0.1 and 1.1 + 0.4 X 10° leucocytes/broncho-
aveolar lavage, respectively; n=3) and 72 (1.2 + 0.06
and 0.8+ 0.1 x 10°® leucocytes/bronchoaveolar lavage,
respectively; n=4) h post-PBS injection. This was made
up of > 99% mononuclear cells.

3.2. Bronchoalveolar lavage fluid analysis: non-sensitized
rats

The intratracheal injection of ovalbumin (0.4 ml of
0.25% solution) into the non-sensitized rats evoked a

Table 1

Lack of effect of N®-nitro-L-arginine methyl ester (L-NAME) on the
leucocyte content in the bronchoalveolar lavage (BAL) fluid from non-
sensitized rats

Cell type Time (h) Leucocytes (X 10° /BAL)
Control L-NAME
TL 6 2.07+04 289404
24 3.88+0.3 321+0.7
48 1.86+0.3 22+04
72 0.8+0.08 115+0.2
NE 6 0.05+0.01 0.06+0.01
24 0.38+0.1 047+0.1
48 0.27+0.1 0.23+0.07
72 0.17+0.12 0.16+0.11
MN 6 202404 2.83+04
24 35+03 274406
48 16+0.3 1.97+0.4
72 0.63+0.2 0.99+0.1

TL, total leucocytes; NE, neutrophils; MN, mononuclear cells.

The results represent the mean+ S.E.M. of 5-14 rats.

The non-sensitized rats were injected subcutaneously with 0.15 ml of 8
mg AI(OH); and two weeks later intratracheally injected with ovalbumin
(0.4 ml of 0.25% solution).

L-NAME (75 pmol rat=! day~?) was administered in the drinking water
for four weeks.

Control animals received tap water alone.

discrete total leucocyte infiltration which peaked 24 h
post-ova bumin injection (Table 1). At this time, the infil-
trate was made up of mononuclear cells (90%) and neu-
trophils (10%; Table 1). Eosinophils were virtually absent
in the bronchoalveolar lavage from the non-sensitized rats
regardless of time of evaluation. Chronic treatment of the
animals with L-NAME (75 pwmol rat~! day !, 4 weeks)
did not significantly affect the total and differential leuco-
cyte infiltration from the non-sensitized animals (Table 1).

3.3. Bronchoalveolar lavage fluid analysis: ovalbumin-
sensitized rats

Intratracheal injection of ovalbumin (0.4 ml of 0.25%
solution) into the sensitized rats caused a significant in-
crease in total leucocyte infiltration both at 24 and 48 h
post-ovalbumin injection (Fig. 1) compared to non-sensi-
tized animals (Table 1). The time-course of counts of the
leucocytes present in the bronchoalveolar lavage of these
animals showed that neutrophils peaked at 24 h (29%)
whereas eosinophils peaked at 48 h (30%) post-ovalbumin
injection. The content of mononuclear cells in broncho-
alveolar lavage fluid of the ovalbumin-sensitized animals
(27+03, 3.7+ 1.0 and 3.3+ 0.6 X 10° cells/broncho-
aveolar lavage at 6, 24 and 48 h, respectively) did not
differ significantly from that of non-sensitized rats (Table
1). At 72 h post-ovalbumin injection, no significant leuco-
cyte infiltration was detected (Fig. 1) as compared to the
non-sensitized ones (Table 1).
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Fig. 1. The effect of chronic treatment of rats with N“-nitro-L-arginine methyl ester (L-NAME) in the total and differential leucocyte counts in
bronchoalveolar lavage fluid from actively sensitized rats after 6, 24, 48 and 72 h following intratracheal injection of ovalbumin. The sensitization
procedure and ovalbumin challenge as well as the chronic treatment of the animals with L-NAME are described in Section 2. Open columns represent
control animals at 6 (n=11), 24 (n= 11), 48 (n= 13) and 72 (n = 4) h whereas hatched columns represent L-NAME-treated animals at 6 (n = 10), 24
(n=13), 48 (n=10) and 72 (n=4) h after intratracheal injection of ovabumin. The cross-hatched columns represent -NAME-treated animals 48 h
(n = 5) after intratracheal injection of ovalbumin. Each column represents the mean + SEE.M. = P < 0.05 when compared to the respective control values.

TL, total leucocytes, NE, neutrophil; MN, mononuclear cell; EO, eosinophil.

At both 6 and 24 h post-ovalbumin injection, chronic
treatment of the animals with L-NAME (75 pwmol rat™!
day 1, 4 weeks) affected neither the total nor the differen-
tia (neutrophils, eosinophils and mononuclear cells) leuco-
cyte content (Fig. 1). However, at 48 h post-ovalbumin
challenge, the total leucocyte influx was reduced by ap-
proximately 48% (P < 0.05) in the L-NAME-treated ani-
mals compared to the non-treated ones (Fig. 1A). This was
associated with a marked inhibition (81%; P < 0.05) of the
recruitment of eosinophils (Fig. 1D) without a significant
effect on the influx of neutrophils (Fig. 1C). L-NAME
treatment had no significant effect on the content of
mononuclear cells (Fig. 1B). At 72 h post-ovalbumin
injection, L-NAME had no effect on either total or differ-
ential cell counts (Fig. 1).

Chronic treatment of the animals with the inactive
enantiomer D-NAME, (75 pmol rat™! day !, 4 weeks),
had no significant effect on either total or differential

airway leucocyte influx, as measured 48 h post-ovalbumin
injection (Fig. 1A-D).

3.4. Histopathological analysis

Histological examination of the lungs from non-sensi-
tized rats intratracheally injected with PBS showed normal
tissue, with no significant amount of inflammatory cells
throughout the pulmonary parenchyma as was observed in
both non-treated and L-NAME-treated animals (Fig. 2,
Panel 1). In non-sensitized rats intratracheally injected
with ovalbumin, a dlight infiltration of polymorphonuclear
and monocytes was seen around respiratory and small
vascular segments, also in those animals that received
chronic L-NAME (Fig. 2, Panels 2a,b). This picture was
completely changed in the ovalbumin-sensitized animals at
both 24 and 48 h, when the polymorphonuclear influx
became markedly prominent in the connective tissue sur-
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Fig. 2. Panel 1: Bronchioles (b) in lung from non-sensitized rats and intratracheally injected with PBS. The pulmonary parenchyma display a normal
histological appearance in both non-treated and L-NAME-treated rats. photomicrography, HE, 512 X. Panel 2: Light photomicrographs from lungs from
non-sensitized rats and intratracheally injected with ovalbumin at 48 h. A discrete polymorphonuclear infiltration (arrows) is seen around bronchioles (b) of
non-treated (@) and L-NAME-treated (b) rats. HE, 256 X. Panels 3. Histologica sections of ovalbumin-sensitized lungs (48 h). A large number of
leucocytes () are seen around bronchioles (b) and vessels (v) of non-treated rats (a) in comparison with those found in L-NAME-treated rats (b). HE, 256
X. Inset: Higher-power view of the bronchiole wall showing eosinophils (arrows).
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rounding the bronchial and bronchiolar segments. The
polymorphonuclear infiltration was composed mainly of
neutrophils (24 h; not shown) and eosinophils (48 h; Fig.
2, Panel 3a). When compared with this group, the chroni-
caly L-NAME-treated rats had a reduced leucocyte infil-
tration, with eosinophils no longer present in large amounts
around the respiratory segments (Fig. 2, Panel 3b). The
number of eosinophils observed in the peribronchia re-
gions of sensitized rats intratracheally injected with oval-
bumin was significantly reduced in L-NAME-treated ani-
mals (4.6 + 0.3 eosinophils per high-power field) com-
pared to control animals (15.1 + 0.8 eosinophils per high-
power field, P < 0.05), as evaluated 48 h post-ovalbumin
injection.

4, Discussion

In this study, we clearly demonstrated that the airway
eosinophil infiltration in response to intratracheal injection
of ovalbumin into actively sensitized animals was markedly
attenuated in rats treated chronically with L-NAME, em-
phasising the importance of NO for in vivo eosinophil
migration in both alergic (this study) and non-allergic
(Ferreira et a., 1996) inflammation.

In the present model of airway inflammation in rats, we
found in bronchoa veolar lavage fluid an initia recruitment
of neutrophils (at 24 h post-ovalbumin injection) followed
by a delayed eosinophil influx (at 48 h), a pattern of
leucocyte migration previously observed in a number of
anima models during exposure to antigen (Sanjar et 4.,
1990; Matsumoto et a., 1994; Vianna and Garcia-Leme,
1995; Fornhem et d., 1995). The inhibition of the leuco-
cyte influx by L-NAME treatment, as assessed by the
analysis of bronchoalveolar lavage fluid, was specific for
eosinophils, since at the peak of neutrophil influx (24 h)
there was no significant difference between non-treated
and L-NAME-treated animals. Furthermore, the content of
mononuclear cells observed in both non-sensitized and
ovalbumin-sensitized rats was a so unchanged by L-NAME.
Similarly, the lung histopathology of L-NAME-treated ani-
mals revealed a reduction of eosinophil infiltration (48 h)
surrounding the respiratory segments, compared with non-
treated animals. In agreement with the pleurisy model
(Ferreira et a., 1996), these results suggest that is unlikely
that the inhibition of eosinophil recruitment by L-NAME is
secondary to a decrease in airway blood flow. Since the
intradermal administration of L-NAME in guinea pig skin
inhibits the local accumulation of eosinophils and neu-
trophils due to a reduction of the cutaneous basal blood
flow (Teixeira et a., 1993), it is likely that different
mechanisms underlie the leucocyte infiltration into inflam-
matory sites in experimental animals treated acutely or
chronically with NO synthesis inhibitors.

The mechanisms involved in eosinophil recruitment into
tissues and their pathophysiological role in allergic reac-

tions are not completely understood (Kroegel et al., 1994).
Peritoneal eosinophils obtained from L-NAME-treated rats
fail to migrate in vitro in response to fMLP, platelet-
activating factor or zymosan-activated serum (Ferreira et
al., 1996). The influx of eosinophils into the broncho-
alveolar lavage fluid and lung tissue of ovalbumin-chal-
lenged allergic mice is also significantly reduced by vari-
ous nitric oxide inhibitors (Feder et al., 1997). Further-
more, recent studies using affinity-purified mouse mono-
clonal antibodies demonstrated that rat eosinophils express
both type Il and type Ill NO synthases and, also the
NO-mediated eosinophil locomotion in vitro takes place
through a cyclic-GMP transduction mechanism (Zanardo
et a., 1997). These findings suggest strongly that inhibi-
tion of eosinophil recruitment in bronchoaveolar lavage
fluid by L-NAME is most likely to be due to a direct effect
on the eosinophil itself rather than an indirect effect in-
volving other leucocyte types. Accordingly, the failure of
L-NAME to affect the neutrophil influx (24 h post-
ovalbumin injection) excludes the possibility that
eosinophil infiltration relies on the previous accumulation
of neutrophils. The CD4* T-lymphocytes seem to play a
role in the antigen-induced eosinophil infiltration into the
airways (Gavett et al., 1994). The cloned murine CD4*
Th1 lymphocytes express inducible NO synthase (Taylor-
Robinson et al., 1994) and the enhanced NO production is
believed to down-regulate the proliferation of Thl cells
causing an increased proliferation of the Th2 subset thus
raising the levels of interleukin-4 and interleukin-5, two
cytokines with a critical role in the Immunoglobulin E
expression and recruitment of eosinophils into the airways,
respectively (Barnes and Liew, 1995; Abbas et al., 1996).
Whether the reduction of eosinophil influx by chronic
blockade of NO synthesis reflects an increased prolifera
tion of Thi cells (and thus interferon-v), inhibition of the
proliferation of Th2 cells and suppression of interleukin-4
and interleukin-5 production is unclear. Further studies
addressed to measure the levels of cytokines (mainly inter-
leukin-4 and interleukin-5) in the bronchoalveolar lavage
fluid are necessary to clarify the contribution of CD4*
lymphocytes to the NO-mediated eosinophil migration in
the rats in vivo.

Eosinophilia is frequently observed in blood, broncho-
alveolar lavage and lungs from patients suffering from
bronchia asthma and may be associated with the appear-
ance of inducible NO synthase. Furthermore, both adults
(Alving et al., 1993; Persson et al., 1994; Kharitonov et al.,
1995; Abbas et al., 1996) and children (Lundberg et al.,
1996) with asthma show increased levels of NO in the
exhaled air compared with that of healthy age-matched
controls. The findings that glucocorticoids inhibit both the
levels of NO in the exhaed air (Kharitonov et a., 1995;
Lundberg et al., 1996) and the expression of the inducible
NO synthase (Knowles et al., 1990) suggest that their
well-known beneficial effects in asthma (Barnes, 1995)
may be in part mediated by the suppression of inducible
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NO synthase in eosinophils. We may, therefore speculate,
that selective inducible NO synthase inhibitors would be of
therapeutic value in asthma treatment.
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