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SPECIAL REPORT

Induction of calcium-independent nitric oxide synthase by
allergen challenge in sensitized rat lung in vivo

'Michael Yeadon & Robert Price

Department of Pharmacology, Wellcome Foundation Ltd., Langley Court, South Eden Park Road, Beckenham, Kent, BR3 3BS

There is some evidence that nitric oxide synthase (NOS) is induced in the lungs of patients with allergic
asthma, but the mechanism of this is not understood. The aim of the present study was to investigate
whether the levels of NOS in rat lung could be altered by exposure of the animals to aerosols of allergen
(ovalbumin). Brown-Norway rats were actively sensitized to ovalbumin, raising a mixed IgE/IgG
antibody response. The levels of total and calcium-independent NOS in lung tissue homogenates were
elevated at 6 h and 24 h after allergen exposure in sensitized rats but not in unsensitized rats. The
induction was not due to contaminating lipopolysaccharide in the challenge solution. The allergen-
induced increase in calcium-independent lung NOS was inhibited by pretreatment of the animals with the
corticosteroid betamethasone (3 mg kg-' i.p., 1 h prior to and 6 h after allergen). These results show
that allergen challenge induces calcium-independent NOS in the lungs of sensitized rats, a process
inhibited by an anti-inflammatory corticosteroid.
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Inoduction The enzymes nitric oxide synthase (NOS) which
produce NO from L-arginine exist in a number of isoforms
(Knowles & Moncada, 1994) including a calcium-dependent,
constitutively expressed form (cNOS) and a calcium-in-
dependent, inducible form (iNOS). The levels of iNOS can be
increased in a wide variety of tissues, including lung, by ex-
posure to certain inflammatory cytokines, immune complexes
or lipopolysaccharide (LPS) (Salter et al., 1991) and this in-
duction can be blocked by corticosteroids (Rees et al., 1990).

There is evidence that lung NOS levels are increased in
patients with allergic asthma. The concentration of NO gas in
exhaled air is greater in asthmatics and this is reduced by
corticosteroid treatment (Kharitonov et al., 1995). Further-
more, immunoreactive NOS is increased in lung tissue biopsies
from asthmatics compared with controls (Hamid et al., 1993).

In the studies described here, we have now investigated
whether allergen exposure in previously sensitized rats could
increase lung NOS levels, examined the calcium-dependency of
lung NOS and tested the ability of a corticosteroid to inhibit
these changes.

Methods Male, Brown-Norway rats (Harlan, U.K.; 200-
300 g) were sensitized with ovalbumin (OVA, 100 Mg) ad-
sorbed onto aluminium hydroxide (A1(OH3), 1 mg) adminis-
tered s.c. and i.p. in a divided dose (0.5 ml per site). Contr-ols
received only A1(OH3). In some animals, serum levels of an-
tigen-specific IgE and IgG were measured 14-21 days later by
using indirect ELISAs (Diaz-Sanchez & Kemeny, 1991). Other
animals were placed in a chamber of 2 litre volume and ex-
posed (6 min) to an aerosol ofOVA generated from a solution
(30 mg ml-') of OVA in saline, with a Pulmosonic nebuliser.
The aerosol was drawn though the chamber at 20 ml s-'.
Unsensitized rats were also exposed to OVA as described.
After 6 h and 24 h following OVA exposure, the animals were
killed (pentobarbitone 120 mg kg-' i.p.) and after perfusing
the lungs free of blood and removing large vessels and airways,
lung tissue samples were frozen at -20°C for later assay of
NOS by using the conversion of ['4C]-arginine to citrulline
(Rees et al., 1995). Total NOS was defined as the difference in
citrulline production in the presence and absence of the non-
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selective NOS inhibitor L-NMMA (300 gM). Ca2`-in-
dependent NOS was defined as the difference between the total
NOS and the activity persisting in the presence of EGTA
(1 mM). The concentration of lipopolysaccharide (LPS) in
solutions ofOVA and of saline was determined by comparison
with the Reference Standard Endotoxin, EC5, of the U.S.
Pharmacopoiea. Sensitized rats were subsequently challenged
with saline containing the concentration of LPS found in a
30 mg ml-' solution of OVA. In separate experiments, beta-
methasone (3 mg kg-' i.p.) or vehicle (PEG200) was given 1 h
before and 6 h after OVA exposure. In some animals differ-
ential counting of leucocytes recovered from the lungs by
bronchoalveolar lavage (BAL) was performed to characterize
the inflammatory response. In a further group of animals, LPS
(E. coli serotype 0111:B4) was administered (3 mg kg-1 i.v.)
and lung samples were taken 5 h later. All data were calculated
as the mean+s.e.mean of 5 determinations unless otherwise
stated, and comparisons were made by analysis of variance,
where P<0.05 was taken as significant.

Results Rats immunised with OVA/A1(0H3) developed a
mixed OVA-specific serum antibody response, concentrations
being 1100±520 yg ml-' and 0.94+0.13 jg ml-1 for IgG and
IgE, respectively. There were no detectable OVA-specific an-
tibodies in animals given A1(OH3) alone. Before challenge,
99% of leucocytes in BAL were monocytes, and this was not
changed 2 h after challenge with OVA in unsensitized animals
or with saline in sensitized animals. In sensitized rats, however,
the numbers of both eosinophils and neutrophils in BAL were
increased at 6 h (0.12+ 0.03 and 0.40+0.09 x 106 per rat, re-
spectively) and 24 h (1.0+0.33 and 2.4+0.36 x 106 per rat,
respectively) after OVA. In animals pretreated with beta-
methasone then challenged with OVA, the numbers of eosi-
nophils and neutrophils in BAL 24 h later were reduced
compared with those in vehicle-treated animals (95%:
P<0.001 and 93%: P<0.01, respectively).

In unsensitized, unchallenged rats there was detectable
calcium-dependent NOS activity but no significant Ca2+-in-
dependent NOS activity and this was unaltered at 24 h after
allergen challenge (Figure 1). NOS activity in lungs was
minimal in sensitized, unchallenged rats, being not significantly
different from that in unsensitized rats, but was significantly
increased both at 6 h and at 24 h after a single OVA exposure
(Figure 1). The increase in total NOS at 24 h was pre-
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Figure 1 Effect of inhalation challenge with ovalbumin in unsensitized
and sensitized Brown-Norway rats on lung nitric oxide synthase
(NOS) activity. Lung tissue was taken at the times indicated and total
(open columns) and Ca2+-independent (solid columns) NOS activity
determined by monitoring the conversion of [14C]-L-arginine to
citrulline. Increased total NOS activity in the lungs of sensitized rats
was largely due to changes in the levels of Ca2+ -independent activity.
Columns show the mean+s.e.mean NOS activity, n=5 (*P<0.05,
**P<0.02, ***P<0.001 greater than control values; analysis of
variance).

dominantly (77%) accounted for by an increase in Ca2+-in-
dependent NOS. Both total and Ca2+-independent NOS were
increased following near-maximal challenge with LPS (to
13.8 + 1.24 and 9.1 + 0.62 pmol minl mg-' tissue, respec-
tively, n = 3).

In sensitized animals pretreated with betamethasone, the
increase in Ca2+-independent NOS in lung at 24 h after OVA
was inhibited by 77% (from 1.67 + 0.24 to 0.74+ 0.14 pmol
min1 mg-' tissue; P<0.01).

The concentration of LPS was determined to be 3.6 ng ml1
in the OVA solution and 0.05 ng ml-1 in the saline vehicle.
iNOS activity was not significantly altered in the lungs of
sensitized rats at 24 h after challenge with saline containing

3.6 ng ml-l LPS compared with the activity in unchallenged
animals (0.97 +0.17 and 0.65 +0.10 pmol min-' mg-' tissue,
respectively, P> 0.05).

Discussion The results of the present study demonstrate that
allergen challenge increases the levels of NOS in the lungs of
sensitized Brown-Norway rats. That the majority of the ac-
tivity was calcium-independent and that its appearance was
inhibited by a glucocorticosteroid strongly suggests that this is
the inducible isoform, iNOS. The mechanism of induction is
unlikely to reflect LPS contaminations of the ovalbumin, since
lung NOS activity was unchanged in similarly exposed un-
sensitized rats. Furthermore, the sustained induction of iNOS
by allergen contrasts with the transient induction obtained
with LPS (Salter et al., 1991). In addition, challenge of sensi-
tized rats with a solution containing LPS at the concentration
found in the OVA solution failed to increase NOS activity in
the lung.

It has been shown that exposure of sensitized Brown-Nor-
way rats to aerosol allergen upregulates the low affinity IgE
receptor, FcsRII (CD23) on alveolar macrophages (Mencia-
Huerta et al., 1991). This observation suggests a possible me-
chanism for the results presented here, since in human per-
ipheral blood monocytes, CD23 upregulation by IL-4 followed
by exposure to IgE/anti-IgE complexes induces nitrite pro-
duction which is blocked by the NOS inhibitor, L-NMMA
(Paul-Eugene et al., 1995).
NO gas is detectable in the exhaled air of laboratory ani-

mals and also in man. In healthy animals, the majority of the
NO production in lung is calcium-dependent (Persson et al.,
1994) and thus is likely to be derived from constitutively ex-
pressed NOS. In contrast, the levels of NO in exhaled air in
allergic asthmatics is greater than in healthy individuals and is
reduced by corticosteroid treatment (Kharitonov et al., 1995),
suggesting the presence of an inducible NOS in asthmatic
airways.

In conclusion, we have shown that inhalation challenge with
allergen in sensitized rats induces a Ca2 +-independent isoform
of NOS in the lung. As found in the present study where be-
tamethasone inhibited the induction of NOS following in-
halation challenge in rats, it is possible that inhibition by
corticosteroids of iNOS expression in the lung may contribute
to their therapeutic activity in asthma. If this were to be the
case, then selective inhibitors of iNOS may also be of clinical
value in the treatment of asthma.
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