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Abstract
Previous studies have indicated increased plasma levels of inducible nitric oxide synthase in lung.
This study further examines the pulmonary expression of nitric oxide synthase (NOS) isoforms in
an ovine model of acute lung injury induced by smoke inhalation and burn injury (S+B injury).
Female range bred sheep (4 per group) were sacrificed at 4, 8, 12, 24, and 48 hours after injury
and immunohistochemistry was performed in tissues for various NOS isoforms. The study
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indicates that in uninjured sheep lung, endothelial (eNOS) is constitutively expressed in the
endothelial cells associated with the airways and parenchyma, and in macrophages. Similarly,
neuronal (nNOS) is constitutively present in the mucous cells of the epithelium and in neurons of
airway ganglia. In uninjured lung, inducible (iNOS) was present in bronchial secretory cells and
macrophages. In tissue after S+B injury, new expression of iNOS was evident in bronchial ciliated
cells, basal cells, and mucus gland cells. In the parenchyma, a slight increase in iNOS
immunostaining was seen in type I cells at 12 and 24 hours after injury only. Virtually no change
in eNOS or nNOS was seen after injury.
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Inhalation injury increases the morbidity and mortality of burn injury patients [1]. Previous
studies have shown that the combination of burn and inhalation of cooled cotton smoke (S
+B injury) in sheep effectively models the pathophysiology of these injuries in humans [2]
and is neutrophil dependent [3]. However, recent studies have demonstrated that nitric oxide
(NO), derived from nitric oxide synthases (NOS), contributes to the development of acute
lung injury (ALI) in sheep after S+B injury [4, 5].

Numerous studies have examined the mechanisms by which NO may be involved in the
pathophysiology of disease processes. NO has been shown to react with superoxide to yield
the free radical peroxynitrite (ONOO−) [6–8]. Peroxynitrite has cytotoxic potential through
reactions with protein and nonprotein sulfyhdryls, oxidation of lipids, and nitrosylation of
tyro-sine [9, 10]. However, studies have also shown that NO may promote the chemotactic
potential of neutrophils [11–14] and modulate the production of proinflammatory agents
[13].

To more fully understand the dynamics by which NOS inhibitors can modify the responses
of the lung to injury, and to understand the mechanisms by which NO contributes to ALI,
requires identification of the cells that express these enzymes and the dynamics of their
expression. The purpose of this study is to use immunohistochemical techniques to identify
the nitric oxide synthase (NOS) isoforms, endothelial (eNOS), neuronal (nNOS), and
inducible (iNOS), that are expressed in uninjured lung and to examine the temporal changes
in expression of these enzymes in the respiratory system following burn and smoke
inhalation injury in sheep.

MATERIALS AND METHODS
Animal Care and Use

This study was approved by the Animal Care and Use Committee of the University of Texas
Medical Branch and conducted in compliance with the guidelines for the care and use of
laboratory animals of the National Institutes of Health and the American Physiological
Society.

Animals used in this study were female, range bred, sheep weighing approximately 40 kg.
Preparation for injury and chronic study was done as previously described [5]. Briefly, for
surgical preparation, the animals received endotracheal intubation and ventilation while
under halothane anesthesia, followed by cannulation of the right femoral artery and vein.
Additionally, a thermodilution catheter was introduced through the right common jugular
vein into the pulmonary artery. A Silastic catheter was also positioned in the left atrium to
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directly measure left atrial pressure. Following surgical preparation, the animals were
allowed to recover for 5 to 7 days and given free access to food and water. Prior to injury,
the animals were deeply anesthetized with 3% halothane.

Smoke inhalation and Burn Injury
Previous studies have described in detail the protocols for smoke inhalation and burn injury
[2, 15]. Briefly, smoke inhalation injury was induced by placing 40 g of ignited cotton
toweling in a modified bee smoker attached to a tracheostomy tube containing a thermistor.
The temperature of the smoke was continuously monitored to ensure that it did not exceed
40°C. Four series of 12 breaths (total 48 breaths) were delivered. Carboxyhemoglobin
concentration in the arterial blood was monitored (CO-Oximeter 282; Instrumentation
Laboratory, Lexington, MA) after each 12 breaths to ensure that each animal had received
an equivalent dose.

Cutaneous burn injury, 40%, 3rd degree, was inflicted with a Bunsen burner, with each flank
of the animal receiving a 20% total body surface area burn. The injury was a full-thickness
burn, including both the epidermis and dermis, such that the nerve endings were destroyed,
and the sheep did not show pain or distress after the procedure. Following injury, animals
were given free access to food. Water intake was restricted and the animals were
resuscitated with Ringer’s lactate solution at 4 mL/kg/24 h [16]. During the study period, the
animals were monitored in a critical care facility. A total of 18 sheep were used in this study.
Three sheep with surgical preparation and no injury or ventilation (sham animals) were
sacrificed to determine expression of NOS isoforms in uninjured sheep lung. To examine the
cellular and temporal changes in NOS isoform expression, 3 sheep per group were sacrificed
at 4, 8, 12, 24, and 48 hours after S+B injury. Sacrifice of the animals was accomplished
with an overdose of ketamine followed by injection of saturated potassium chloride solution.

Tissue Sampling and Scoring
Following verification of death, the trachea and lungs were removed and tissue for histology
was collected in a systematic way. A cross-section approximately 1 cm thick was taken
through the lower lobe of the right lung, at right angles to the main bronchus, midway from
the hilum to the distal tip, injected with 10% formalin, and immersed in fixative for 3 to 5
days. Following fixation, the tissue slice was sampled into 4 blocks for light microscopic
analysis. A technician unaware of the treatment group accomplished sampling of the lung
slice for histological processing. The major bronchus was always included in one block,
with other blocks sampled to assess more distal parenchyma. All tissues were placed into
processing cassettes to maintain the orientation of the histological sections parallel to the
original midline cross-section of lung tissue. Immunohistochemical staining for NOS
isoforms was conducted on tissue samples containing the cross-section of the main bronchus
and surrounding parenchyma.

Immunohistochemistry
For immunohistochemical staining, sheep lung tissue was sectioned at 4 microns from 3
animals at each time point. Slides were heated overnight at 60°C, deparaffinized, and treated
with HIER (heat-induced epitope retrieval) for 20 minutes in a steamer. Endogenous
peroxidase was blocked using 0.6% hydrogen peroxide in methanol for 5 minutes.
Nonspecific binding was blocked with normal serum for 30 minutes and incubated with the
appropriate antibody overnight at 4°C. Antigen detection was performed with the Vectastain
elite peroxidase kit with diaminobenzidine (DAB) as the chromogen (Vector Laboratories,
Burlingame, CA). A polyclonal antibody to nNOS (Upstate Biotechnology, Lake Placid,
NY) was used at a concentration of 0.25 μg/mL. For eNOS immunostaining, a monoclonal
antibody (Transduction Laboratories, San Diego, CA) was used at a concentration of 0.125
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μg/mL. Immunolocalization of iNOS was accomplished with a polyclonal antibody (Affinity
Bioreagents, Golden, CO) at a concentration of 0.5 μg/mL. Following immunostaining
procedures, slides were counter-stained with hematoxylin. Appropriate controls were run
with mouse or rabbit immunoglobulin G (IgG) at the same concentrations as the primary
antibodies.

Following completion of immunohistochemical procedures, 3 investigators independently
examined the slides, identifying cell types of the bronchi and parenchyma that were
immunostained for each specific isoform, and assigning a score of relative intensity. A score
of 0 represented the absence of any immunolocalization, with 1= light, 2 = moderate, 3 =
strong, and 4= intense staining. Following analysis, all scores were compared to confirm the
identification and intensity of cellular staining for each isoform. The 3 independent scores
were then averaged and used to assess changes in temporal expression of each isoform.

Statistical Analysis
Statistical analysis of scoring results was done by the unpaired Student’s t test using
GraphPad PRISM software (San Diego, CA) and statistical significance was accepted when
P < .05.

RESULTS
Comparison of scoring from 3 independent examinations of the stained slides showed
similar identification of cells staining positive for each isoform, and similar trends in
changes that were evident between isoforms and between uninjured and injured tissues. All
immunohistochemical control slides, using the appropriate IgG concentrations, showed
virtual absence of any staining.

Results showed that eNOS and nNOS isoforms were constitutively expressed in uninjured
tissue. Light to moderate immunostaining for eNOS was localized in ciliated, secretory, and
basal cells of the bronchial epithelium, whereas endothelial cells of the submucosa had
much more intense staining (Table 1, Figure 1). Light staining of the bronchiolar epithelium
and moderate staining of the endothelium were also seen using the antibody for eNOS.
Within the parenchyma of the uninjured tissue, both type I and II pneumocytes, interstitial
macrophages, and capillary endothelial cells exhibited light to moderate immunostaining for
eNOS (Table 2, Figure 2). Examination of tissue following S+B injury detected no
significant difference in staining intensity among the cells that stained positive in the
uninjured tissue, nor was any new cellular localization detected following injury.

In tissue from uninjured sheep, nNOS immunostaining was localized in secretory cells of the
bronchial lining epithelium and submucosal glands. Light staining was also evident in
bronchial smooth muscle tissue and macrophages. Localization of nNOS immunostaining to
the above cell types in uninjured sheep bronchi is depicted in Figure 3A. Intense nNOS
immunostaining was also seen in a few neurons within intrinsic airway parasympathetic
ganglia, as shown in Figure 3B. The ganglia containing nNOS-staining neurons tended to be
located in the angles between the bronchial cartilage and the pulmonary artery.
Immunostaining was absent in the epithelium of the smaller bronchioles and in the
parenchyma, except for light immunostaining in alveolar and interstitial macrophages.
Examination of tissue from injured sheep showed no significant change in the types of cells
staining positive for the nNOS isoform, or in the intensity of staining. Among the 3
independent scores, a trend of decreased immunostaining for nNOS was detected in the
bronchial secretory cells, perhaps because secretory cells express their contents and detach
after S+B injury. No change in the intensity of nNOS immunostaining in the other cell types
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was evident after injury. The patterns of cellular expression and relative intensity of staining
for eNOS and nNOS in uninjured and injured tissue are depicted in Tables 1 and 2.

Examination of uninjured tissue immunostained for iNOS showed moderate expression of
this isoform in secretory cells of the bronchial epithelium and submucosal macrophages, as
well as in alveolar and interstitial macrophages of the parenchyma. Light immunostaining
for iNOS was also detected in bronchial ciliated cells and in submucosal glands (Figure 4A),
and in the bronchiolar epithelium (Figure 4B).

In tissue after S+B injury, there was a striking increase in the intensity of iNOS
immunostaining in the bronchial epithelium, including all cell types, along with intense
expression within submucosal gland secretory cells, beginning with the earliest time interval
studied, 4 hours after injury (Figure 5A and B). The new expression of iNOS in basal cells
was retained through the 48-hour study period, though columnar epithelial cells in the main
bronchus were progressively detached after injury. More intense iNOS immunostaining was
also evident in the bronchial smooth muscle tissue and in the bronchiolar epithelium that
was retained through the 48-hour study period. These changes were relatively uniform
throughout the lung. Tables 3 and 4 contain the relative intensity scores for iNOS
immunoreactivity, showing new and increased expression of this isoform in the main
bronchus, bronchial mucous glands, and bronchioles, respectively. Within the parenchyma,
only a mild increase in iNOS immunoreactivity was evident in type I cells at 12 and 24
hours after injury. In Table 3, statistical analysis of the staining intensity scores for basal
cells of the bronchial epithelium and mucous glands showed a significant increase at all time
points after injury compared to uninjured tissue. These data are represented graphically in
Figure 6A and B.

DISCUSSION
This study has demonstrated that all 3 isoforms of NOS are expressed in the lung of
uninjured sheep. Following injury, the most pronounced change in expression of these
enzymes was in the iNOS isoform. The expression of the eNOS and nNOS isoforms
remained relatively unchanged, consistent with the roles of these isoforms as constitutive
types of nitric oxide synthase.

Endothelial nitric oxide synthase (eNOS) was localized in ciliated cells of the lining
epithelium, endothelial cells, macrophages, alveolar type I and II pneumocytes, and in the
lining epithelial cells of the bronchial submucosal glands. These results are in agreement
with previous studies demonstrating vascular endothelial and large airway expression of
eNOS in sheep lung [17–19]. Expression of eNOS has also been described in macrophages,
consistent with the faint expression described here [20, 21]. Expression of eNOS has also
been observed in ciliated, Clara, and type II cells of rat airway epithelial cells [22, 23]. In
this study, clearly, goblet cells showed no eNOS immunoreactivity; however, other
secretory or nonciliated cells stained positive for eNOS. A study by Shaul and colleagues in
a nonciliated human bronchial epithelial cell line demonstrated that a calcium-dependent
NOS isoform was present, and confirmed this with immunohistochemistry [24]. Further
studies are needed to identify the nonciliated airway epithelial cells in sheep or humans that
contain eNOS. Following injury, no new expression of eNOS immunostaining was detected,
nor was any change in staining intensity detected in any cell type, as compared to uninjured
tissue.

Examination of nNOS immunostaining showed that in uninjured animals, the bronchial
secretory cells of the lining and glandular epithelium, interstitial macrophages, and smooth
muscle tissue were lightly stained. Neuronal cell bodies were also positive for nNOS in
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ganglia around bronchi. In the smaller airways and parenchyma, staining for nNOS was
absent, except for light localization in the type I cells of the alveolar epithelium and faint
staining of macrophages. nNOS is not normally observed in tissue macrophages, so it may
be that the light staining for nNOS that we observed in bronchial submucosal, interstitial,
and alveolar macrophages, as well as faint staining of airway smooth muscle, may have been
due to nonspecific binding of primary antibody. In review of the literature, previous studies
localizing pulmonary nNOS expression have shown localization in neuronal cell bodies and
fibers in frogs [25] and mice [26]. In developing and adult sheep lung, Sherman and
colleagues showed similar expression of nNOS as observed in this study, except that the
airway expression extended into the small bronchiolar airways and was more extensive in
the alveolar epithelium [19]. Possibly the greater intensity of staining and increased range of
cellular expression in their study may have been due to use of a higher concentration of
primary antibody.

Results of iNOS staining in this study showed that in uninjured sheep, secretory cells of the
lining epithelium and macrophages in the bronchial submucosa stained strongly for iNOS.
Light staining for iNOS was seen in the submucosal glands and vascular endothelium. Light
staining was also localized in bronchiolar epithelium. In the parenchyma, strong staining for
iNOS was detected in type II pneumocytes and in interstitial and alveolar macrophages,
whereas light staining was localized in type I alveolar lining cells. Following injury, at all
time intervals, more intense staining was seen in all cells of the bronchial epithelium and
submucosal glands, endothelium, and smooth muscle tissue. Independent intensity scores
also showed increases in staining in bronchiolar epithelium and type I alveolar epithelial
cells after injury. The results of iNOS expression observed in uninjured sheep are similar to
the results shown by Sherman and colleagues who reported the expression of iNOS in the
epithelium of both large and small airways. However, in their study, iNOS was not detected
in the alveolar epithelium or endothelium [19]. In our study, light staining for iNOS was
seen in submucosal endothelium, and expression at that site was increased after injury. No
expression was observed in capillary endothelial cells of the parenchyma of either uninjured
or injured sheep.

The pathophysiology of smoke inhalation injury includes increased bronchial blood flow,
increased lung lymph flow, and pulmonary edema [27]. Studies have demonstrated
attenuation of the pathophysiological responses to S+B injury after interventions that
prevented the rise in bronchial blood flow by bronchial artery ligation and ethanol injection
[28, 29]. Recent studies from our laboratory have also demonstrated a 2- to 3-fold increase
in NO metabolites in sheep after smoke inhalation injury [4, 5, 30]. The mechanisms by
which inhalation of toxic smoke induced production of nitric oxide and increased expression
of iNOS are not yet clear, but are subjects of active investigation. Previous studies indicated
that iNOS produced in the airway circulation plays a major role on the significant increase in
airway blood flow, which may contribute to the spread of injury from injured airway to the
lung parenchyma [31, 32]. Sensory neural reflex mechanisms, nuclear oxidative signaling
and activation of nuclear factor (NF)-κB are also suspected.

In recent studies, we have used specific inhibitors of the iNOS isoform in sheep after S+B
injury and observed significantly reduced bronchial blood flow, pulmonary vascular
resistance, and pulmonary edema. The use of these iNOS inhibitors attenuated the
development of ALI in this injury model [4, 5]. An additional study has demonstrated that
nNOS inhibition attenuates ALI in sheep with S+B injury. Enkhbaatar and colleagues have
also confirmed the contribution of nNOS to ALI in a model of smoke inhalation injury and
lung sepsis [33]. The results of this study demonstrating the acute, progressive increase in
iNOS isoform expression support the concept that the contribution of NO to ALI may be
important in this injury model. However, mechanisms besides modulation of blood flow and
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tissue injury may exist, through which NO may contribute to the pathophysiology of ALI in
this injury model.

One important feature of this injury model is the formation of bronchial obstructive “casts”
that are composed of fibrin, neutrophils, and mucus. Life-threatening cast formation is also
observed in burn patients with severe inhalation injury [34]. Two studies have shown an
association between reduced cast formation and improvement of pulmonary function in an
ovine model of inhalation injury [35, 36]. Further, the work of Hubbard and colleagues, also
using an ovine model of inhalation injury, demonstrated extensive obstruction of airways, to
which these authors attributed all the animal deaths in their study [37]. Recent studies have
measured the degree of airway obstruction in sheep after S+B injury and demonstrated that
approximately 10% of bronchi are extensively obstructed after injury and that the
obstructive material appears to migrate into distal airways and parenchyma over time [38].
The major components of the obstructive material identified in that study were mucus
derived from submucosal gland secretion and neutrophils from the intense inflammatory
reaction following injury to the upper airways. Studies have shown that NO is a mediator in
both glandular secretion and in the acute inflammatory reaction.

Hypersecretion of mucus is common in airway diseases. Studies have shown that
endogenous NO modulates submucosal gland secretion. Studies using isolated feline and
human bronchial submucosal glands have demonstrated that the NO generating compound
isosorbide dinitrate can promote secretion, and that inhibition of NOS isoforms reduced
methacholine and bradykinin-induced secretion [39]. In this study, we found light staining
of all 3 isoforms of NOS in mucous glands, and increased expression of iNOS that was
evident in sheep 4 hours after injury and continued to 48 hours. Together, these studies
suggest a functional role for NO in bronchial gland secretion in sheep after S+B injury and,
may help explain the reduced airway obstruction that has been seen in sheep treated with
specific inhibitors of iNOS [4, 40].

Recent studies have also implicated a role for NO in recruitment of acute inflammatory
cells. A study by Tassiopoulos and colleagues in a rat model of acute lung injury induced by
aortic occlusion demonstrated that inhibition of iNOS decreased pulmonary sequestration of
neutrophils and neutrophil chemotaxis, thus reducing lung injury [11]. In an in vitro study,
chemotaxis of human neutrophils to formyl-met-leu-phe (fMLP) was shown to be inhibited
by pretreatment of the cells with monomethyl-l-arginine, a nonspecific inhibitor of NOS
[12]. Together, these studies suggest that induction of NOS and NO generation in the lungs
of sheep after injury may promote or enhance the inflammatory reaction induced by smoke
inhalation injury.

The relationship of NO to mucous secretion and neutrophil activation and recruitment,
though discussed as separate processes, are integrally related processes. Studies have shown
that neutrophil elastase is able to promote submucosal gland mucous secretion [41] and that
glands can produce proinflammatory mediators [42–44]. Studies in our laboratory have also
shown that smoke inhalation injury promotes bronchial lining and glandular expression of
endothelin-1, a neutrophil chemokinetic agent capable of stimulating inflammatory reactions
[45]. These studies suggest a role of gland cells in the acute inflammatory reaction that
follows inhalation injury. Clearly, further studies are needed to define the contributions and
interactions of the inflammatory reaction in the upper airways and sub-mucosal gland
secretion.

In summary, the present study has identified the cell types that express the constitutive
endothelial and neuronal isoforms of nitric oxide synthase (eNOS and nNOS) and the
inducible form (iNOS), and the changes in protein expression of these isoforms that occur
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after combined burn and smoke inhalation injury in this ovine model. All 3 isoforms are
present in multiple cell types in both uninjured and injured sheep. As might be expected, the
2 constitutive, calcium-dependent isoforms, eNOS and nNOS, were not found to have
significant differences in their intensity or sites of expression after injury. The inducible
form (iNOS), however, showed a striking increase in apparent protein expression in certain
cell types, particularly in the basal cells of the bronchial epithelium and mucous glands,
beginning at 4 hours after injury and persisting for at least 48 hours. This increase in
expression of iNOS is consistent with recent results showing a beneficial effect of inhibition
of nitric oxide synthase using agents selective for iNOS, particularly during the second 24
hours after S+B injury. Although activation of pre-existing eNOS and nNOS may well have
a role in this model of acute lung injury, new expression of enzyme nitric oxide synthase
appears to be limited to the inducible isoform, iNOS.
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FIGURE 1.
Immunostaining for eNOS in main bronchial tissue of an uninjured sheep lung. (A) Staining
is present in ciliated, secretory, and basal cells of the lining epithelium (E) and endothelial
cells (arrow). (B) Cells with morphology of macrophages show cytoplasmic staining as
intense as that of endothelial cells.
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FIGURE 2.
Localization of eNOS staining in the parenchyma of uninjured sheep lung shows positive
staining in airway epithelial and endothelial cells, including type I and II epithelial cells and
interstitial macrophages.
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FIGURE 3.
Immunolocalization of nNOS in bronchial tissue of an uninjured sheep (A). Staining was
prominent in secretory cells of the lining epithelium and submucosal glands (arrows). Light
staining was also present in endothelial cells, smooth muscle tissue, and macrophages (B).
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FIGURE 4.
Immunolocalization of iNOS in uninjured sheep lung (A). Micrograph showing expression
in secretory cells of the bronchial epithelium and submucosal macrophages (arrows). (B)
Micrograph shows iNOS expression in alveolar and interstitial macrophages of the
parenchyma.
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FIGURE 5.
Intense staining for iNOS in sheep lung 4 hours after S+B injury. (A) Micrograph depicting
increased staining of the entire bronchial epithelium (E), mucous glands (MG), and smooth
muscle cells. (B) After injury, increased iNOS expression is also present in bronchiolar
epithelium (E), endothelial cells (EC), and alveolar macrophages (M) in the parenchyma.
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FIGURE 6.
(A) Graph showing that the mean of the semiquantitative scores for iNOS expression in
basal cells is significantly increased and maintained at 4 though 48 hours after injury. (B)
Graph showing that the mean of the semiquantitative scores for iNOS expression in mucous
glands was also significantly increased at all time points after injury. *Significantly different
from uninjured, P < .05.
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