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 Introduction 

 Since the fi rst clinical studies demonstrating nitric ox-
ide (NO) in exhaled air of healthy volunteers  [1, 2]  and 
increased exhaled NO concentrations in asthma  [3] , there 
has been growing interest in the role of NO in asthma and 
other infl ammatory diseases of the airways. The bron-
chial epithelium of asthmatics exhibits evidence of in-
creased expression of the inducible isoform of nitric oxide 
synthase (NOS 2)  [4] , which may be suppressed by in-
haled corticosteroids  [5–7] . In asthma, as in other infl am-
matory states, NOS 2 is thought to be the most important 
source of NO. NOS 2, which produces NO in a calcium-
independent fashion, is capable of producing NO very 
effi ciently compared to other NOS isoforms. NOS 2 is 
expressed both in infl ammatory cells such as macrophages 
and in the airway epithelium and is upregulated under 
the infl uence of pro-infl ammatory cytokines such as tu-
mor necrosis factor alpha (TNF- � ), interferon-gamma 
(IFN- � ) and interleukin-1 beta (IL- � ) through mecha-
nisms dependent on several transcription factors, most 
notably nuclear factor kappa beta (NF- � B). 
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 Abstract 
  Background:  Although increased nitric oxide (NO) pro-
duction in asthma is mediated largely by upregulation of 
the inducible form of nitric oxide synthase (iNOS, or 
NOS 2), some studies have suggested an important role 
for the usually constitutive neural NOS isoform (nNOS, 
or NOS 1).  Aim:  To investigate how NOS 1 may infl uence 
allergic infl ammation, we used NOS 1 knockout mice and 
their wild-type (WT) controls.  Methods:  Mice were sen-
sitized and challenged with ovalbumin (OVA) using a 
protocol known to upregulate NOS 2 in the airways.  Re-

sults:  In addition to expected increases in NOS 2 activity, 
OVA challenge led to increases in calcium-dependent 
NOS activity, which was accounted for by increased ex-
pression of NOS 1 at both mRNA (n = 5, p  !  0.001) and 
protein levels (n = 5, p  !  0.01). In NOS-1-defi cient mice, 
OVA challenge induced less eosinophilia (n = 7, p  !  0.05) 
and much less NO production (n = 10, p  !  0.01) than in 
WT controls, refl ecting not only the expected absence of 
NOS 1, but also lack of upregulation of NOS 2. This in-
teraction appeared to be stimulus specifi c as NOS-1-de-
fi cient mice did upregulate NOS 2 following exposure to 
lipopolysaccharide (n = 5, p  !  0.001).  Conclusions:  These 
fi ndings underscore the importance of NOS 1 in allergic 
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 Despite the importance of NOS 2, however, recent re-
search has demonstrated that the neuronal NOS isoform 
(NOS 1, also termed nNOS) may also be important. NOS 
1 may be responsible for the modulation of airway hyper-
responsiveness in rodents  [8–10] , although these reports 
are confl icting. While NO produced by NOS 1 in rats has 
been shown to limit OVA-induced airway hyperrespon-
siveness in vivo using preferential NOS 1 inhibitors  [8] , 
in NOS 1 knockout (KO) mice NOS-1-produced NO pro-
motes OVA-induced airway hyperresponsiveness  [10]  
and contributed about 40% of the NO in expired air  [9] . 
In man, genetic studies have found an association be-
tween a polymorphism in the NOS 1 gene and asthma 
 [11–13] . Furthermore, while NOS 1 was originally thought 
to be constitutively expressed, increasing evidence indi-
cates that its expression can be dynamically regulated by 
a large array of physiological or pathological conditions 
 [14] .  

 In the present study, we set out to examine the role of 
NOS-1-derived NO in an animal model of allergic airway 
infl ammation using mice with a targeted NOS 1 gene de-
letion. In view of studies suggesting a role for NOS 1 in 
the pathogenesis of asthma, we wished to determine the 
infl uence of NOS 1 on the infl ammatory response to spe-
cifi c antigen challenge in the airways. We hypothesized 
that like the inducible isoform of NOS (iNOS, also termed 
NOS 2), NOS 1 protein and mRNA may be upregulated 
following ovalbumin (OVA) challenge in the lungs of sen-
sitized animals. In addition to demonstrating that NOS 
1 is indeed upregulated, our fi ndings suggest an important 
role for NOS 1 in the infl ammatory response to acute al-
lergen challenge mediated in large part through an inter-
action with NOS 2. 

 Material and Methods  

 Animals 
 Male C57BL/6J wild-type (WT) mice were obtained from a 

commercial supplier (The Jackson Laboratory, Bar Harbor, Me., 
USA) and were 10 weeks old at the time of data collection. A ho-
mozygote breeder pair of NOS KO mice (C57BL/6J background) 
 [15]  was kindly provided by Dr. S. Hussain (Royal Victoria Hos-
pital, Montréal, Canada). These mice are homozygous for the 
nNOStm1Plh-targeted mutation, in which a neomycin cassette
has replaced exon 1 (encoding the initiation site and amino acids 
1–159 of the protein), leading to absence of detectable mRNA. All 
animals were housed and bred in a conventional animal facility at 
our laboratory. All methods used in these experiments were evalu-
ated and approved by the Animal Ethics Committee at McGill 
University. 

 Sensitization and Allergen Challenge 
 Animals were sensitized twice at 7-day intervals with 100  � g 

OVA, given by subcutaneous injection in 0.4 ml of 4 mg/ml suspen-
sion of Al(OH) 3 . Seven days after the second injection, mice were 
lightly anesthetized with halothane and challenged intranasally 
with 10  � g OVA suspended in 50  � l sterile saline. This type of pro-
tocol is known to elicit an eosinophilic infl ammatory response in 
C57BL/6 mice that, in our hands, is dependent on IL-5  [16]  and 
has been shown to increase serum levels of IgE and IgG1 in this 
strain. 

 Experimental Protocols 
 To examine the effect of OVA challenge on NOS induction and 

NO production, sensitized animals were challenged with OVA or 
saline on 3 consecutive days and cells harvested 24 h after the last 
OVA challenge. Bronchoalveolar lavage (BAL) was performed to 
determine the total and differential cell count and to measure the 
NO metabolites (NO x ; NO  2    

–   plus NO  3    
–  ). After BAL was performed, 

the lungs were removed for ex vivo measurements of NOS 2 and 
constitutive NOS (cNOS) isoenzyme activities. cNOS refl ects the 
activities of NOS 1 and endothelial cell NOS (NOS 3)  [10] . We used 
immunohistochemistry, Western blot analysis and a reverse tran-
scriptase polymerase chain reaction (RT-PCR) to study the regula-
tion of these enzymes at both protein and gene transcription levels 
in WT and NOS 1 KO mice. Details of these protocols are described 
below. 

 Bronchoalveolar Lavage 
 Animals were deeply anesthetized with an intraperitoneal injec-

tion of 50 mg/kg of sodium pentobarbital. The upper trachea was 
cannulated and the lungs lavaged with cold PBS containing 0.5 m M  
ethylenediaminetetraacetic acid (EDTA). Routinely, greater than 
80% of the BAL fl uid (BALF) was recovered from the lungs. Sam-
ples were centrifuged (250  g  for 10 min at 4   °   C), and the supernatant 
removed and stored at –80   °   C for later analysis. After resuspension, 
total cell number was counted under a light microscope using a 
Neubauer hemocytometer (Hausser Scientifi c Co., Horsham, Pa., 
USA). Cytospin preparations were stained with May-Grünwald-
Giemsa (BDH Laboratory, Poole Dorset, UK) for differential cell 
count. A minimum of 200 cells was counted at random and cells 
were identifi ed by standard morphology. 

 Tissue Preparation 
 Following BAL, the chest was opened and the lungs including 

the trachea were removed and rinsed with PBS. All connective tis-
sue, vasculature and parenchyma were gently removed and the air-
way trees frozen in liquid nitrogen and stored at –80   °   C until use. 
In some animals, the left lung was removed and embedded in or-
nithyl carbamyltransferase (OCT), then slowly frozen by immer-
sion in isopentane cooled liquid nitrogen. Cryostat sections (7  � m) 
were cut onto poly- L -lysine-coated glass slides (Microm HM500, 
Microm International GmbH, Walldorf, Germany). Slides were 
fi xed in acetone/methanol (solution ratio of 6:   4) at room tempera-
ture (RT) for 7 min and stored at –80   °   C after 1 h of air-drying. 

 NO x  Assay  
 We measured NO x  levels in BALF as an index of NO produc-

tion using the colorimetric Griess reaction using a commercial as-
say kit (Catalog 78001, Cayman Chemical Co., Ann Arbor, Mich., 
USA) and following the manufacturer’s instructions. BAL samples 
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were fi ltered through a 10-kDa molecular weight cut-off fi lter (Mil-
lipore, Bedford, Mass., USA) to avoid artifact of hemoglobin. In 
order to convert NO  3    

–   into NO  2    
–  , 80  � l of BALF was mixed with 

10  � l of NO  3    
–   reductase and 10  � l of its enzyme co-factor and incu-

bated at RT for 3 h. 100  � l of Griess reagent was then added and 
the mixture incubated for 10 min before reading. Absorbance was 
measured with a plate reader (SLT 400 ATC, SLT Lab Instruments, 
Salzburg, Austria) at 540 nm. The concentration of NO  2    

–   was deter-
mined from standard curves constructed using serial concentra-
tions of NaNO 2 . The detection limit of this assay is 2.5  �  M . 

 Measurements of NOS 2, cNOS and Total NOS Activity 
 Frozen lung and tracheal samples were homogenized using a 

Polytron homogenizer (Brinkmann Instruments, Westbury, N.Y., 
USA) in 5 vol (wt/vol) of homogenization buffer [pH. 7.4; 25 m M  
Tris; 1 m M  ethylene glycol-bis  � -aminoethyl ether-N,N,N � ,N � -tet-
raacetic acid (EGTA); 1 m M  EDTA; 1 m M  phenylmethylsulfonyl 
fl uoride (PMSF); 1  � g/ml aprotinin; 1  � g/ml leupeptin; 1  � g/ml 
pepstatin A]. The crude homogenates were centrifuged at 4   °   C for 
15 min at 10,000  g  and NOS activity was measured using anNOS 
assay kit. The supernatant (10  � l) was added to 40  � l of pre-warmed 
(37   °   C) reaction buffer for total NOS activity [pH 7.4; fi nal concen-
tration; 25 m M  Tris, 3  �  M  tetrahydrobiopterin (BH 4 ), 1  �  M  fl avin 
adenine dinucleotide (FAD), 1  �  M  fl avin adenine mononucleotide 
(FMN), 1 m M   � -nicotinamide adenine dinucleotide phosphate, 
tetrasodium salt (NADPH), 0.6 m M  CaCl 2 , 0.1  �  M  calmodulin, 
1 m M  magnesium acetate and 1  � Ci  L -[2,3,4,5- 3 H]arginine mono-
hydrochloride], calmodulin, magnesium acetate, with or without 
CaCl 2 . All samples were incubated for 30 min at RT and the reac-
tion terminated by addition of stop buffer [pH, 5.5: 50 m M  N-2-
hydroxyethylpiperazine-N � -2-ethanesulfonic acid (HEPES) and 
5 m M  EDTA]. To obtain free  L -[ 3 H]citrulline, equilibrated resin 
was added to the sample to eliminate excess  L- [ 3 H]arginine and 
samples were then passed through the separation column. The su-
pernatant was added to 4.5 ml of liquid scintillation fl uid, and ra-
dioactivity was measured by liquid scintillation counter (6100IC, 
Beckman Coulter, Inc., Fullerton, Calif., USA). Enzyme activity 
was expressed in picomoles of  L -citrulline produced/min/mg total 
protein. Protein concentration was measured by the Bradford tech-
nique with bovine serum albumin (BSA) as standard. The Bradford 
reagent (Sigma) was prepared according to the manufacturer’s in-
structions. NOS activity was also measured in presence of 1 m M  
of  L -NAME. NOS activity in presence of CaCl 2  was referred to as 
total NOS, in absence of CaCl 2  as NOS 2 activity and the difference 
between total NOS and NOS 2 activity was taken as the cNOS ac-
tivity. 

 Immunohistochemistry 
 NOS 2 and NOS 1 protein in frozen cryostat sections was iden-

tifi ed using APAAP immunocytochemistry previously described 
 [5] . Briefl y, sections were incubated with universal blocking solu-
tion for 15 min to block nonspecifi c binding of antibodies then 
incubated with the primary antibody overnight at 4   °   C in a humid-
ifi ed chamber. For NOS 2, the primary antibody used was anti-
mouse macrophage NOS 2 rabbit polyclonal IgG (1:   200) and for 
NOS 1 we used an anti-rat NOS 1 rabbit polyclonal IgG (1:   20). The 
next day, slides were washed in 0.05  M  Tris-buffered saline and 
then incubated with the secondary antibody (biotinylated anti-rab-
bit swine immunoglobulin at 1:   300) at RT for 50 min. After wash-
ing, slides were incubated with Streptavidin-AP (1:   200) for 50 min. 

All    slides    were    developed    with    Fast    red    in    substrate solution 
(0.1  M  Tris base, 0.5 m M  naphthol AS-MX phosphate, 2% dimeth-
ylformamide and 1 m M  levamisole, pH 8.2). Negative controls 
included use of buffer alone or dilution of nonspecifi c purifi ed rab-
bit IgG in the primary layer. As an additional control to confi rm 
the specifi city of NOS 1 staining, some slides were incubated with 
blocking peptides to block NOS 1.  

 Western Blot Analysis 
 Proteins from each test group (40  � g/lane for NOS 2 and 100  � g/

lane for NOS 1 detection) were mixed with NuPage LDS sample 
buffer and reducing agent before separation on 3–8% Tris-acetate 
gels at 150 V for 1 h. Proteins were then electrophoretically trans-
ferred onto polyvinylidene difl uoride (PVDF) membranes with 
25 m M  of bicine, 25 m M  of bis-tris 1 m M  EDTA and 20% of meth-
anol at 20 V for 1 h. Transferred membranes were stained with 
Ponceau red for 1 min to confi rm uniform protein loading. Mem-
branes were then blocked with washing buffer (pH 7.5; 0.02  M  Tris 
base, 0.5  M  sodium chloride and 0.1% of Tween 20) containing 7% 
non-fat milk and 1% fetal bovine serum and were probed with anti-
NOS 2 antibody (1:   2,000) or anti-NOS 1 antibody (1:   50) at 4   °   C 
overnight. The membranes were subsequently rinsed in 200 ml of 
washing buffer for 30 min and exposed to the secondary horserad-
ish peroxidase-conjugated antibody (anti-rabbit Ig from donkey) 
for 1 h at RT. A chemiluminescent detection system (ECL Plus; 
Amersham Pharmacia Biotech, Bucks., UK), Hyperfi lm (Amers-
ham Pharmacia Biotech) and Fluorchem 8000 (Alpha Innotech 
Corporation, San Leandro, Calif., USA) were used to detect the 
binding of this antibody. As a positive control for NOS 1 and NOS 
2 isoenzymes, protein extracted from a lysate of murine macro-
phages (RAW 264.7 cells) stimulated with IFN- �  (10 ng/ml) and 
LPS (1  � g/ml) for 12 h or protein extracts from a rat pituitary were 
used. Density measurements and molecular weight calculations 
were performed with commercial software (FluorChem FC, Alpha 
Innotech Corporation, San Leandro, Calif., USA). Each density 
was calculated as the sum of the pixel values after background cor-
rection.  

 RNA Extraction and RT-PCR 
 Total RNA was extracted by RNeasy total RNA kit (Qiagen, 

Hilden, Germany). Complementary DNA was synthesized from 
1  � g of total RNA using Advantage system (Clontech Laboratories, 
Inc., Palo Alto, Calif., USA). The volume of RNA was adjusted to 
12.5  � l by DEPC-treated H 2 O. RNA was then heated at 70   °   C for 
2 min and quenched on ice. 50 m M  Tris-HCl (pH 8.3), 75 m M  KCl 
and 3 m M  MgCl 2 , 200 units of Moloney murine leukemia virus 
(MMLV) recombinant reverse transcriptase (Invitrogen, Burling-
ton, Ontario, Canada), 0.5 m M  of dNTP mix and 1  �  M  of random 
hexamer primer were mixed and incubated at 42   °   C for 1 h. The 
reaction mixture was heated at 94   °   C for 5 min to stop the cDNA 
synthesis and destroy any DNase activity. This mixture was used 
for specifi c amplifi cations of cDNA using AdvanTaq Plus system 
(Clontech Laboratories Inc., Palo Alto, Calif., USA). For PCR, Ad-
vanTaq PCR buffer (fi nal concentration; 40 m M  Tricine-KOH pH 
8.0, KCl 16 m M , MgCl 2  3 ml,   BSA 3.75  � g/ml), AdvanTaq Plus 
DNA polymerase (fi nal concentration; 1.0% glycerol, 0.4 m M  Tris-
HCl pH 8.0, 2 m M  KCl, 2  �  M  EDTA pH 8.0, 0.005% Tween 20, 
0.005% Nonidet P-40 and 0.2 m M  dNTP) and 0.2  �  M  of sense and 
anti-sense primers were added to the reaction mixture (50  � l total 
volume). The oligonucleotide primers were synthesized in the Mc-
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Gill University DNA synthesis facility (Sheldon Biotechnology, 
Montreal, Canada). The PCR products were electrophoresed on a 
1.8% agarose gel containing 0.5  � g/ml of ethidium bromide in 0.5 !  
Tris-Borate-EDTA (TBE) buffer.  � X174/ Hae  III digest was used 
as a size marker. The amplifi ed DNA bands were visualized and 
quantifi ed with FluorchemTM 8000 (Alpha Innotech Corporation, 
San Leandro, Calif., USA).  

 Materials 
 OVA (grade V), Al(OH) 3 , lipopolysaccharide (LPS:  Escherichia 

coli  0111:B4), Tween 20, aprotinin, ethylene glycol-bis  � -amino-
ethyl ether-EGTA, Fast red, leupeptin, N � -nitro- L -arginine meth-
yl ester ( L -NAME), NADPH, pepstatin A, Ponceau red, bicine, 
sodium     pentobarbital,    PMSF,    conventional    LPS from     E. coli    

 0111:B4 and poly- L -lysine were purchased from Sigma Chemical 
Company (St. Louis, Mo., USA).  L -[2,3,4,5- 3 H]arginine monohy-
drochloride and PVDF membranes were purchased from Amer-
sham Pharmacia Biotech, Inc. (Baie d’Urfé, Québec, Canada). Tris 

base was from Fisher Scientifi c (Nepean, Ontario, Canada), while 
BH 4 , FAD, FMN and HEPES were purchased from Cayman Chem-
ical Co. (Ann Arbor, Mich., USA). The NOS assay kit which con-
tained the homogenization, stop and reaction buffers, equilibrated 
resin, CaCl 2 , rat cerebellum extract and NADPH was purchased 
from Calbiochem-Novabiochem (San Diego, Calif., USA). OCT 
was purchased from Sakura Finetechnical Co. (Tokyo, Japan). An-
tibody dilution buffer (ADB), universal blocking solution, biotinyl-
ated anti-rabbit swine immunoglobulin, Streptavidin-AP, FITC-
conjugated anti-rabbit swine immunoglobulin and horseradish per-
oxidase-conjugated anti-rabbit donkey immunoglobulin were all 
from DAKO Diagnostics Canada Inc. (Mississauga, Ontario, Can-
ada). Anti-mouse macrophage NOS 2 rabbit polyclonal IgG, anti-rat 
and anti-human NOS 1 rabbit polyclonal IgG and NOS 1 blocking 
peptides were purchased from Santa Cruz Biotechnology Inc. (San-
ta Cruz, Calif., USA). NuPage LDS sample buffer (4 ! ) and Tris-
acetate gels were from Invitrogen (Burlington, Ontario, Canada). 

 Statistical Analysis 
 A one-way analysis of variance (ANOVA) with Fisher’s PSLD 

analysis was used to assess differences between control and treated 
groups of animals. Results are expressed as means  8  standard er-
ror of mean (SEM) of number (n) of experiments, and p values less 
than 0.05 were considered statistically signifi cant. All statistics were 
performed with the commercial software package InStat Mac 
(GraphPad Software, San Diego, Calif., USA). 

 Results 

 Cellular Infl ammation 
 OVA challenge in sensitized mice signifi cantly in-

creased the total number of infl ammatory cells in the BAL 
fl uid of both WT (n = 13, p  !  0.001) and NOS 1 KO mice 
(n = 7, p  !  0.01) when compared to sensitized animals 
challenged with saline ( fi g. 1 a). In WT mice, OVA chal-
lenge caused a large increase in the number of eosinophils 
(n = 13, p  !  0.001) ( fi g. 1 b), macrophages (p  !  0.01), neu-
trophils (p  !  0.001) and lymphocytes (p  !  0.001). In NOS 
1 KO mice, OVA challenge also caused a similar increase 
in the number of neutrophils (p  !  0.001) and lymphocytes 
(p  !  0.05); however the increase in eosinophils was half 
that of the increase seen in WT mice following OVA chal-
lenge (p  !  0.05). 

 NO x  Metabolites in BALF 
 OVA challenge caused an increase in the total amount 

of NO x  measured in the BAL fl uid of sensitized WT mice. 
NO x  was increased from 1.5  8  0.2  �  M  in saline-chal-
lenged animals to 3.3  8  0.6  �  M  after OVA challenge (or 
from a 4.3% increase above baseline to a 130% increase 
above baseline) (n = 10, p  !  0.01) ( fi g. 2 ). NO x  in NOS 1 
KO mice did not change after OVA challenge. Baseline 
NO x  was similar in WT and NOS 1 KO mice ( fi g. 2 ). 
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  Fig. 1.  Effect of OVA on cellular infl ammation in BALF. Total cell 
count ( a ) and the number of eosinophils ( b ) in the BAL fl uid from 
sensitized WT mice (n = 5) and NOS 1 KO mice (n = 7) 24 h after 
OVA challenge. Results are expressed as means  8  SEM.  a  p  !  0.001 
vs. WT-sensitized mice challenged with saline (n = 6) and  b  p  !  0.01 
vs. NOS 1 KO-sensitized mice challenged with saline (n = 7). 
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 Measurements of NOS Activity in Tracheobronchial 
Tree 
 Endogenous NOS 2 and cNOS activity was detected 

in tracheobronchial homogenates of WT sensitized mice 
challenged with saline (n = 5) ( fi g. 3 ). In these animals, 
 � 70% of the total NOS activity was due to NOS 2 ( fi g. 3 ). 
Exposure of WT mice to OVA caused an increase in total 

NOS activity ( fi g. 3 a) (n = 6, p  !  0.01) as a result of in-
creased NOS 2 activity (p  !  0.01) ( fi g. 3 b) and cNOS ac-
tivity (p  !  0.05) ( fi g. 3 c). In NOS 1 KO mice, the total 
NOS ( fi g. 3 a), NOS 2 ( fi g. 3 b) and cNOS ( fi g. 3 c) activity 
remained unchanged after OVA challenge (n = 6) com-
pared to saline-challenged animals (n = 5) and this activ-
ity was signifi cantly reduced when compared to WT mice 
challenged with OVA ( fi g. 3 ). 

 NOS 2 and NOS 1 Protein Expression 
 Inducible NOS (NOS 2)  
 Baseline NOS 2 protein expression was detected in 

both WT and NOS 1 KO mice challenged with saline 
( fi g. 4 a). Expression of NOS 2 was increased following 
OVA challenge in sensitized WT mice ( fi g. 4 a, lanes 4–5) 
compared to WT mice challenged with saline ( fi g. 4 a, 
lanes 2–3). OVA challenge in NOS 1 KO mice had no ef-
fect on NOS 2 protein expression ( fi g. 4 a, lanes 7–9) com-
pared to saline exposure ( fi g. 4 a, lane 6). NOS 1 KO mice 
exposed to OVA had signifi cantly reduced expression of 
NOS 2 when compared to WT mice challenged with OVA 
( fi g. 4 a, lanes 7–9). Relative intensity of NOS 2 expression 
was increased after OVA challenge in WT mice (n = 5, 
p  !  0.001) but not in NOS 1 KO animals ( fi g. 4 a). 

 Neuronal NOS (NOS 1)  
 Baseline NOS 1 protein was detected in WT but not 

in NOS 1 KO mice challenged with saline ( fi g. 4 b). Ex-
pression of NOS 1 was signifi cantly increased following 
OVA challenge in sensitized WT mice ( fi g. 4 b, lane 5) 
compared to WT mice challenged with saline ( fi g. 4 b, lane 
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  Fig. 2.  NO x  metabolites in BAL fl uid. Total amount of NO x  
(NO  2    

–   + NO  3    
–  ) measured in BAL fl uid in sensitized WT mice 24 h 

after saline (n = 6: open bars) or OVA (n = 10: closed bars) chal-
lenge or in NOS 1 KO mice 24 h after saline (n = 6: open bars) or 
OVA (n = 10: closed bars) challenge. Results are represented as 
means  8  SEM.  a  p  !  0.05 vs. WT-sensitized mice challenged with 
saline and  b  p  !  0.05 vs. WT-sensitized mice challenged with 
OVA. 
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  Fig. 3.  Total NOS, NOS 2 and cNOS activ-
ity in tracheobronchial homogenates. Mea-
surement of total NOS ( a ), NOS 2 ( b ) and 
cNOS ( c ) activity in tracheobronchial ho-
mogenates in sensitized WT mice 24 h after 
saline (n = 5: open bars) or OVA (n = 6: 
closed bars) challenge or in NOS 1 KO mice 
24 h after saline (n = 5: open bars) or OVA 
(n = 6: closed bars) challenge. Results are 
expressed as mean NOS activity  8  SEM. 
 a  p  !  0.01,  c  p  !  0.05, vs. WT-sensitized 
mice challenged with saline and  b  p  !  0.01, 
 d  p  !  0.05, vs. WT-sensitized mice chal-
lenged with OVA. 
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4). OVA in NOS 1 KO mice had no effect on NOS 1 pro-
tein expression ( fi g. 4 b, lane 3).  

 NOS 2 mRNA and NOS 1 mRNA Expression  
 NOS 2 mRNA is constitutively expressed in both WT 

( fi g. 5 a, lane 1) and in NOS 1 KO mice ( fi g. 5 a, lanes 2–3). 

Exposure to OVA increased NOS 2 mRNA expression in 
WT ( fi g. 5 a, lanes 4–5) but not in NOS 1 KO mice ( fi g. 5 a, 
lanes 6–7). The relative intensity of NOS 2 mRNA ex-
pression was increased after OVA challenge in WT mice 
(n = 5, p  !  0.05) but not in NOS 1 KO animals ( fi g. 5 a). 
NOS 1 mRNA was detected only in the trachea ( fi g. 5 b, 
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  Fig. 4.  Expression of NOS 2 and NOS 1 proteins in tracheobron-
chial homogenates. NOS 2 ( a ) and NOS 1 ( b ) protein expression 
and their relative optical densities in sensitized WT mice 24 h after 
saline (n = 5) or OVA (n = 6) challenge or in NOS 1 KO mice 24 h 
after saline (n = 5) or OVA challenge (n = 6). Lane 1 is a positive 
control (murine macrophages stimulated with IFN- �  and LPS for 
NOS 2 and mouse brain for NOS 1). Relative optical density is 
given as a percentage increase above baseline and is expressed as 
means  8  SEM.  a  p  !  0.001 vs. WT-sensitized mice challenged with 
saline and  b  p  !  0.01 vs. WT-sensitized mice challenged with OVA. 
 c  p  !  0.05 saline vs. WT-sensitized mice challenged with OVA. 
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  Fig. 5.  Expression of NOS 2 mRNA and NOS 1 mRNA in tracheo-
bronchial homogenates. NOS 2 mRNA ( a ) and NOS 1 mRNA ( b ) 
expression and their relative optical densities in sensitized WT 
mice 24 h after saline (n = 5) or OVA (n = 6) challenge or in NOS 
1 KO mice 24 h after saline (n = 5) or OVA challenge (n = 6). NOS 
1 mRNA expression was studied in both the trachea (black bars) 
and the lungs (white bars) of WT mice challenged with saline ( b , 
lanes 1–2) or OVA ( b , lanes 3–4). Lane 1 is a positive control (mu-
rine macrophages stimulated with IFN- �  and LPS for NOS 2 and 
mouse brain for NOS 1). G3PDH was used as a house-keeping gene. 
Relative optical density is given as a percentage increase above 
baseline and is expressed as means  8  SEM.  a  p  !  0.05 vs. saline-
challenged mice. 
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lane 1) but not the lungs ( fi g. 5 b, lane 2) of WT mice. OVA 
caused a signifi cant increase in tracheal NOS 1 mRNA 
expression ( fi g. 5 b, lane 3). OVA had no effect on NOS 1 
mRNA in the lungs ( fi g. 5 b, lane 4).  

 Immunolocalization of NOS 2 and NOS 1 following 
OVA Exposure  
 OVA challenge caused an increase in NOS-2-positive 

cells in both WT ( fi g. 6 b) and NOS 1 KO mice ( fi g. 6 d) 
when compared to saline-challenged WT ( fi g. 6 a) and 
NOS 1 KO ( fi g. 6 c) animals. NOS 2 immunoreactivity 
was present in the airway epithelium and the smooth 
muscle layer of the lungs in both groups of mice; how-
ever, the NOS 2-immunoreactivity was less intense in 
NOS 1 KO ( fi g. 6 d) compared to WT controls ( fi g. 6 b). 
OVA caused an increase in NOS 1 immunoreactivity in 
the airway epithelial and sub-epithelial layers of the tra-
chea in sensitized WT mice ( fi g. 6 f) when compared to 
WT and saline-challenged animals ( fi g. 6 e). 

 NOS 2 Protein Expression following LPS Exposure 
 To exclude the possibility that mutant mice defi cient 

in NOS 1 may have a defect in NOS 2 expression, we ex-
posed mice to 50  � g LPS in 50  � l of sterile saline by in-
tranasal administration and harvested lung and airways 
18 h later. As shown in  fi gure 7 , NOS-1-defi cient mice 
were as capable of responding to LPS by NOS 2 protein 
expression as WT mice. 

 Discussion 

 Our results demonstrate that NOS 1 is associated with 
the development of allergic airway infl ammation follow-
ing specifi c antigen challenge in mice. Following OVA 
challenge, NOS 1, like NOS 2, is inducible in murine air-
ways. Mice defi cient in NOS 1 exhibited a more modest 
infl ammatory cell infl ux in bronchoalveolar lavage with 
fewer eosinophils and less evidence of NO production. 
Moreover, the infl uence of NOS 1 is mediated at least in 
part through an interaction with NOS 2. These fi ndings 
indicate a novel and potentially important role for NOS 
1 in the modulation of allergic airway responses. 

 Specifi c airway challenge with OVA led to eosinophil-
ic infl ammation in WT mice as previously described  [17] . 
We have previously demonstrated that suppression of 
NOS 2 activity leads to a reduction in BAL eosinophilia 
 [17] , in agreement with other reports  [18, 19]  and under-
scoring the importance of inducible NOS activity and NO 
production in this type of infl ammation. In the present 

study, OVA challenge led to increased NO production as 
demonstrated by increased concentrations of NO x  in 
BAL ( fi g. 2 ), and a marked increase in overall pulmonary 
NOS activity ( fi g. 3 a). To our surprise, however, in NOS-
1-defi cient mice, the eosinophilic response to OVA chal-
lenge was reduced by about half compared with OVA-ex-
posed WT mice ( fi g. 1 ). Although NOS 2 activity had 
previously been associated with eosinophilic infl amma-
tion, we were surprised to fi nd that defi ciency of NOS 1 
also led to a reduction in eosinophilic infl ammation fol-
lowing specifi c OVA challenge ( fi g. 1 ). In the present 
study we found several lines of evidence that NOS 1 plays 
an important role following OVA challenge. Firstly, NOS-
1-defi cient mice failed to increase the concentration of 
NO metabolites in BAL ( fi g. 2 ). Indeed, although not sta-
tistically signifi cant, there was a tendency for baseline 
NO x  levels to be lower in NOS-1-defi cient mice than in 
WT controls ( fi g. 2 ). This fi nding is consistent with the 
previous observation that exhaled NO levels are much 
reduced in NOS-1-defi cient mice  [8] . Furthermore, the 
contribution of NOS 1 to overall NO production in-
creased after OVA challenge as demonstrated by in-
creased constitutive NOS activity ( fi g. 3 c), which was par-
alleled by increases in NOS 1 protein ( fi g. 4 b), NOS 1 
mRNA ( fi g. 5 b) and NOS 2 mRNA ( fi g. 5 a). The increase 
in constitutive NOS activity is likely to be all accounted 
for by NOS 1 since NOS-1-defi cient mice failed to in-
crease constitutive NOS 1 activity ( fi g. 3 c) and no evi-
dence of increased endothelial cell nitric oxide synthase 
(NOS 3, also termed eNOS) protein levels was detected 
after OVA exposure (data not shown).  

 To our knowledge, this is the fi rst evidence that NOS 
1 can be induced in the respiratory tract, although up-
regulation of NOS 1 has been described in the nervous 
system  [20]  and in the gastrointestinal tract  [21] . In this 
case, the increase in NOS 1 likely occurs at least in part, 
at a transcriptional level given the parallel increases in 
NOS 1 mRNA and protein. However, the regulation of 

  Fig. 6.  Immunodetection of NOS 2 and NOS 1 protein in the lungs 
and the trachea. Immunodetection of NOS 2 protein in the lungs 
of sensitized WT mice 24 h after saline ( a ) or OVA challenge ( b ) or 
in NOS 1 KO mice 24 h after saline ( c ) or OVA ( d ) challenge. NOS 
2 is detected in the airway epithelium and airway smooth muscle 
after OVA challenge ( b ,  d ). Less intense NOS 2 staining was ob-
served in sensitized NOS 1 KO mice after OVA ( d ) when compared 
to WT mice challenged with OVA ( b ). NOS 1 protein expression 
was signifi cantly increased in the trachea of WT mice after OVA 
challenge ( f ) compared with tracheal expression of NOS 1 in saline-
challenged animals ( e ). Original magnifi cation  ! 200. 
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NOS 1 expression is extremely complex occurring at mul-
tiple levels including transcription, pre-mRNA splicing 
and translation  [22] . NOS 1 exhibits striking promoter 
diversity  [22, 23]  and complex patterns of alternative 
splicing that may be associated with tissue and promoter 
specifi city  [22, 24, 25] . Regulation of NOS 1 expression 
may be infl uenced by a variety of mediators that are per-
tinent to allergic airway infl ammation such as IFN- �  and 
vasoactive inhibitory peptide (VIP)  [21]  and may be de-
pendent on intracellular calcium levels  [26] .  

 In previous studies, NOS 1 expression has been seen 
in several structures within the lung including nerves and 
epithelium. Although we were able to confi rm epithelial 
staining, confi rmation of NOS 1 expression in nerves was 
beyond the scope of this study as it requires advanced 
stereological techniques and careful dissection of neuro-
nal pathways. In this regard, a recent elegant paper by 
Dinh et al.  [27]  demonstrated NOS 1 in sensory nerves 
of murine airways, often in association with substance P. 
We therefore cannot exclude that some upregulation of 
NOS 1 is occurring in these nerves. Nevertheless, our 
fi ndings suggest that in the mouse, the tracheal epithelium 
is a prominent site of NOS 1 expression. 

 In addition to augmented NOS 1 expression, we de-
tected a marked increase in NOS 2 activity in WT mice 
challenged with OVA ( fi g. 3 b) consistent with previous 
reports  [17]  and with observations in asthma  [4, 5] . This 
expected increase was absent in NOS 1 KO mice ( fi g. 3 b) 
in which little evidence of increased NOS 2 was detected. 
The failure to upregulate NOS 2 appeared to occur at a 
transcriptional level, in that increases in both NOS 2 
mRNA ( fi g. 6 ) and protein ( fi g. 4 ) were inhibited after 
OVA challenge in the KO mice. Administration of lipo-
polysaccharide did lead to increased NOS 2 expression, 
confi rming that NOS-1-defi cient mice can increase NOS 
2 expression. Therefore, the absence of an increase in 
NOS 2 in the NOS-1-defi cient mice is not the result of a 
defect in the synthetic mechanisms required for NOS 2 
expression such as an unexpected removal of promoter 
regions for NOS 2 along with the coding region for NOS 
1. Rather, there must be some sort of interaction between 
the two enzyme systems. Interactions between NOS 1 and 
NOS 2 have been previously described in the central ner-
vous system  [20]  and in the gut  [21]  where it has been 
suggested that low-level production of NO by NOS 1 acts 
to inhibit NOS 2 production by interfering with the tran-
scription factor NF- � B that is known to be important in 
the regulation of NOS 2. In those systems, NOS 1 appears 
to be acting as part of a feedback mechanism that mini-
mizes NOS 2 production under basal conditions  [14, 21] . 

This is the opposite of the interaction in the present sys-
tem, where NOS 1 functions as a pro-infl ammatory gene, 
priming the expression of NOS 2 rather than inhibiting 
it. 

 Although elucidation of the precise molecular mecha-
nism of the interaction between NOS 1 and NOS 2 is be-
yond the scope of this study, several hypotheses present 
themselves to explain the dependence of NOS 2 upregu-
lation on the presence of functional NOS 1 in this model. 
Firstly, both NOS 1 and NOS 2 ( fi g. 6 ) are expressed in 
the epithelial cell in this model, raising the possibility of 
an the interaction between these genes within the same 
cell. NOS isoforms are known to be subject to the infl u-
ence of protein-protein interactions  [28] . Although nu-
merous interactions have been described for both NOS 1 
and NOS 3, less is known about molecular regulation of 
NOS 2 expression. Kuncewicz et al.  [29]  have describ-
ed an interaction between NOS 2 and the Rho family 
GTPase Rac2 in which over-expression of Rac2 led to 
increased NOS 2 activity. Rac-2 did not infl uence NOS 2 
mRNA or protein levels, however; so this mechanism 
would not explain our data. Perhaps production of NO 
by NOS 1 regulates the redox state of the epithelial cell 
by infl uencing nitrosothiol levels  [30] . Changes in redox 
state could infl uence the activity of the transcription fac-
tor NF- � B and thereby infl uence NOS 2 activity. Our data 
suggest the possibility that the interaction may be spe-
cifi c to the stimulus. Inhibition of NOS 2 expression was 
restricted to allergic challenge and did not affect the re-
sponse to LPS ( fi g. 7 ). It is also possible that the NOS 2-
NOS 1 interaction between these NOS enzymes is indi-
rect. Lack of NOS 1 could potentially infl uence the func-
tion of other cells reducing the level of pro-infl ammatory 
signals reaching the epithelium. NOS 1 is known to be 
expressed in airway nerves where NO functions as a neu-
rotransmitter  [31] . Defi ciency of NOS 1 in the nerves 
could dampen some of the signaling reaching the epithe-
lium or, alternatively, could lead to the production of 
anti-infl ammatory signals that normally would be sup-
pressed.  

 The interaction between NOS 1 and NOS 2 in this 
study of allergic airway infl ammation contrasts to what 
has been reported by De Sanctis et al.  [10] , who studied 
mutant mice defi cient in all three NOS isoforms. Their 
principal fi nding was that while NOS 1 expression was 
essential to the development of bronchial hyperrespon-
siveness after allergic challenge, neither of the other NOS 
isoforms was involved. In their system, none of the NOS 
isoforms infl uenced airway eosinophilia. The differences 
between the present results and those of De Sanctis are 
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unexplained, but may relate to the different type of pro-
tocol used in the two studies. Whereas we measured air-
way infl ammation following a single challenge, De Sanc-
tis et al.  [10]  used 5 daily repeated allergic challenges be-
fore studying their mice, suggesting that the interaction 
between NOS 1 and NOS 2 is dependent on the intensity 
of allergen exposure. Supporting the notion that intensity 
of allergen exposure is important, studies demonstrating 
a role for NOS 2 following allergic airway challenge in 
mice  [17] , guinea pigs  [32]  and rats  [33]  also used less in-
tense exposure than did De Sanctis et al., who failed to 
fi nd any association role for NOS 2 in allergic challenge. 
Since none of the rodent models is a realistic recapitula-
tion of antigen exposure in man, it is impossible to state 
which is more relevant to human disease. Instead, the 
discrepancies between these less intense and more intense 
allergen exposures underscore the complexity of the 
mechanisms of allergic airway infl ammation. 

 Regardless of the mechanism, the infl uence of NOS 1 
on NOS 2 production is potentially important in under-
standing the role of NOS 1 in allergic airway infl amma-
tion and asthma. Suggestions of the importance of NOS 
1 in bronchial responsiveness in the mouse  [9, 10]  have 
led to population-based studies in humans, in whom poly-
morphisms of the NOS 1 gene have been linked to altered 
levels of NO production in both asthmatics  [12, 13]  and 
cystic fi brosis patients  [34] . This is puzzling since NOS-
1-like endothelial cell NOS, NOS 1 is relatively ineffi cient 
in producing NO compared to NOS 2  [35] . An interaction 
between NOS 1 and NOS 2 could help explain this para-
dox. In individuals with variants of NOS 1 that were less 
effi cient in producing NO, not only would NO production 
be decreased because of NOS 1 itself, but potentially be-
cause of a consequent decrease in NOS 2 production. 

 In summary, in the mouse, specifi c antigen challenge 
of the airways leads to the upregulation of NOS 1 as well 
as NOS 2 in the bronchial epithelium. Defi ciency of NOS 
1 not only blocks increases in constitutive NOS activity 
but also interferes with the upregulation of NOS 2, sug-
gesting a possible mechanism by which NOS 1 may infl u-
ence the production of NO in asthma and associated al-
lergic infl ammatory diseases. 
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  Fig. 7.  Expression of NOS 2 protein after exposure to LPS. Expression of NOS 2 protein in 
WT mice 18 h after exposure to saline (lane 4) or LPS (lanes 5, 6) or in NOS 1 KO mice (lanes 
1–3). Lanes 7 and 7 demonstrate the absence of NOS 2 expression after LPS exposure in mu-
tant mice defi cient in NOS 2. All tissues were harvested 18 h after LPS or saline exposure. 
Lanes represent pooled protein from 5 or 6 animals. NOS 2 expression after LPS is intact in 
NOS-1-defi cient mice after LPS, despite being diminished after OVA. 
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