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ABSTRACT:  The bronchus is the only region of the hamster conducting airways
to develop secretory cell metaplasia after an intratracheal instillation of human
neutrophil elastase (HNE).  We tested the hypothesis that this pathological change
occurs because of cellular uptake of the enzyme that is specific to this region.

HNE, dissolved in saline, was instilled into the trachea of hamsters, that were
sacrificed 5, 15, 30 or 60 min later for immunocytochemical localization of the
enzyme.  Saline-treated animals served as controls.

By light microscopy, HNE was evident only in the lumen and upon the epithelial
surface in all airways, at all time points. Saline control tissues were negative.  Elec-
tron microscopic immunogold staining revealed HNE within luminal macrophages
and associated with mucus and, to a limited extent, upon the apical cell surface both
in trachea and bronchus.  A small amount of HNE staining occurred in the inter-
cellular space and lamina propria of bronchi.  Cytoplasmic gold particles were sparse
both in treated and control animals.

We conclude that instilled neutrophil elastase is excluded from the epithelial cyto-
plasm regardless of region.  We thus reject the hypothesis of airway cellular uptake
of HNE and suggest that stimulation of bronchial secretory cells to accumulate
mucin granules is initiated at the cell surface, possibly by unmasking or altering
region-specific receptors involved in signal transduction pathways governing mucin
granule synthesis.
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Hamsters exposed to an intratracheal instillation of the
broad-spectrum, proteolytic enzyme, elastase, develop
bronchial secretory cell metaplasia over a period of sev-
eral weeks [1–5].  This epithelial alteration manifests
microscopically as a cytoplasmic accumulation of mucin
granules with an overlying luminal layer of mucus. It
thus serves as a model of the epithelial component of
clinical mucus hypersecretion seen in humans with dis-
orders associated with airway inflammation, such as
chronic bronchitis and cystic fibrosis [6–11].

The trachea and bronchioles of hamsters are spared
from this pathological process [3, 12] for reasons that
are unclear.  Resistance does not appear to be related to
a protective layer of glycoconjugates on the apical sur-
face of epithelial secretory cells because the trachea is
well-invested, whilst the bronchioles are not [13, 14].
Furthermore, resistance does not appear to be explained
by a susceptible cell type found only in the bronchus
because the predominant bronchial secretory cell type,
though rare in the trachea, is abundant in bronchioles
[14].  Regional dissimilarity in enzyme access to the cell
surface does not seem to be a likely explanation because
we have demonstrated that the glycoconjugate layer is

altered by elastase in all airway regions [13, 14], sug-
gesting that the enzyme comes into contact with the cells.

Conceivably, regional differences in cellular process-
ing of the enzyme could explain our observations.  The
susceptible bronchial epithelial cells might internalize the
enzyme as a key step in mucin granule upregulation,
whilst cells in resistant regions might not take up the
enzyme.  This hypothesis was tested in the present study
by immunolocalization of the enzyme in the conducting
airways at four time-points within the first hour after
instillation.

Material and methods

Localization of instilled elastase was studied by expos-
ing 12 young adult male Syrian hamsters (100–120 g),
whilst under carbon dioxide-induced anaesthesia, to an
intratracheal instillation of our standard metaplasia-pro-
ducing dose of 300 µg human neutrophil elastase (HNE)
(Calbiochem) dissolved in 0.5 mL physiological saline
[5].  An equal number of animals, instilled with saline,
served as controls.



At 5, 15, 30 and 60 min after exposure, three animals
from each group were anaesthetized with sodium pento-
barbital and sacrificed by section of the abdominal aorta.
The trachea was tied below the larynx and the lungs were
perfusion-fixed through the right ventricle with a mix-
ture of 4% commercial formalin/1% glutaraldehyde in
0.1 M cacodylate buffer (4CF-1G) at room temperature.
This fixative was selected from among five fixatives ini-
tially tested for optimal cellular preservation combined
with elastase antigenic sensitivity within azurophilic gra-
nules of neutrophils in sections of leucocytes obtained
from centrifuged human blood and embedded in LR
White (Polysciences).

The trachea and lungs were removed from the thorax
and placed in fixative overnight at room temperature.
The lungs were cut into small portions containing the
main intrapulmonary bronchi (defined as having a cali-
bre greater than 0.5 mm) and bronchioles (calibre <0.5
mm).  These tissues and cross-sections of mid to lower
trachea were dehydrated in ethanol, embedded in LR
White and polymerized at 60°C for 24 h.  Other groups
of hamsters were similarly exposed and then fixed by
intravascular perfusion with 10% neutral buffered for-
malin. The ligated trachea and lungs were removed,
immersed in the same fixative for 40 h at room tem-
perature, and embedded in paraffin.

Immunohistochemistry

Paraffin-embedded tissues were cut at a thickness of
4 µm and the slides deparaffinized in xylene.  These slides
and slides containing 2 µm-thick sections of LR White-
embedded tissue were incubated in 3% hydrogen per-
oxide in water for 10 min. Nonspecific binding was
blocked with a 30 min incubation in 1% normal goat
serum in 0.05 M Tris buffer, pH 7.6.  After blotting excess
serum from the sections, they were stained in a moist
chamber at room temperature with a 1:75 dilution (in
0.05 M Tris buffer, pH 7.6) of the monoclonal mouse
anti-HNE antibody (NP-57; Dako) with 1% fatty acid-
free bovine serum albumin (BSA; Gibco) for 1 h.  Sec-
tions were rinsed 3×3 min in buffer and then incubated
for 10 min with biotinylated rabbit anti-mouse antibody
(K686; Dako), followed by a 5 min incubation in avidin-
peroxidase conjugate (Dako). After a 10 min rinse in
buffer, sections were incubated for 3 min in 0.1% 3,3'-
diaminobenzidine (DAB) tetrahydrochloride and 0.01%
hydrogen peroxide per 5 mL of DAB in buffer, rinsed
in buffer, incubated for 5 min in distilled water, and
viewed in the microscope with or without a methyl green
counterstain.

For immunoelectron microscopy of LR White-embed-
ded tissues, 2 µm thick sections that showed HNE immuno-
positivity were selected. Thin sections were then cut
from the appropriate area on the corresponding blocks
and were placed on collodion-coated 200 mesh nickel
grids. The grids were submerged for 2 h at room tem-
perature in a drop of a 1:50 dilution of mouse mono-
clonal anti-HNE antibody (NP-57; Dako) with 1% BSA
in phosphate-buffered saline (PBS).  Grids were rinsed

in 20 mM Tris buffer (pH 8.2) and stained for 2 h with
a 1:50 dilution (in Tris buffer) of 10 nm gold-conjugated
rabbit anti-mouse polyclonal immunoglobulin G (Dako),
and rinsed 5×2 min in water. Grids were then stained
with 1% uranyl acetate and rinsed in distilled water before
examination in the electron microscope.

Image analysis

Electron micrographs of saline and elastase-treated
bronchial secretory cells were analysed quantitatively to
determine whether the number per unit area of any cyto-
plasmic gold particles in the two groups was similar or
significantly different. Using a Chromachip II video-
camera (Javelin Electronics) and Optimas computer pro-
gram (BioScan Inc.), 6×8 cm images of supranuclear
cytoplasm of secretory cells with at least one cytoplas-
mic gold particle were captured from randomly selected
electron micrographs enlarged to a final print magnifi-
cation of ×45,000.  The images were displayed on a 14
inch Sony video-monitor.  Cytoplasmic boundaries were
traced electronically, and the areas included then calcu-
lated by the program.  Gold particles were counted man-
ually and expressed as number of gold particles per unit
area of cytoplasm in 75 or more cells at each time-point.

Controls

Saline-treated animals served as negative controls both
for immunoperoxidase and immunogold staining.  Omis-
sion of the primary antibody as well as replacement with
an antibody to bacterial cell wall glycoprotein (Oncogene
Sciences Inc.) were also used in both methods.  For posi-
tive controls, leucocytes isolated from human blood were
fixed at room temperature for 24 h in 4CF-1G, cen-
trifuged at 100×g, suspended in 2% agar at 45°C, and
applied as a drop to a glass slide. After hardening at
room temperature, pieces of the agar-encapsulated leu-
cocytes were dehydrated in a graded ethanol series, em-
bedded in LR White, and polymerized at 60°C for 24 h.
Thin sections were obtained and immunostained, as
detailed above, to localize elastase in azurophilic gra-
nules at the ultrastructural level.

Results

Light microscopic observation of immunostained paraf-
fin sections of HNE-exposed hamsters demonstrated
widespread elastase signal directly above the epithelium
in all regions of the conducting airways (fig. 1).  Saline
control tissues were uniformly negative (fig. 2).  The
amount of immunoreaction product in the airway lumen
did not appear to change appreciably with time.  Immuno-
staining was associated with luminal mucus and with
what appeared to be macrophages in close apposition
with the apical surface of epithelial cells (fig. 3).  The
intensity of the staining did not differ among airway
regions.  Immunoreaction product was not seen within,
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between or beneath airway epithelial cells in any region
at any time by light microscopy of paraffin or LR White-
embedded tissues. Immunocontrol slides were consist-
ently negative at all time-points.

Immunoelectron microscopy of HNE-treated animals
revealed gold particles in association with airway lumi-
nal mucus at all time-points (fig. 4).  Gold particles were
also seen in the phagocytic vacuoles of macrophages (fig.
5).  These particles were not seen in macrophages and
mucus of saline-treated animals.  The specificity of the
immunoreaction for HNE was confirmed by the pres-
ence of gold particles on the intracytoplasmic granules
of human neutrophils in sections of pelleted leucocytes
(fig. 6).  Hamster neutrophils, which are known to con-
tain elastase [15], did not cross-react with the antibody
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Fig. 1.  –  Paraffin sections of hamster: A) trachea; B) bronchus; and
C) bronchiole, demonstrating immunoperoxidase staining of human
neutrophil elastase above the epithelium 5 min after intratracheal instil-
lation.  Similar images were seen at 15, 30 and 60 min.  (Internal scale
bar=50 µm).

Fig. 2.  –  Paraffin sections of bronchial epithelium from saline-treat-
ed control hamster showing: A) negative immunostaining for human
neutrophil elastase and; B) for orientation, the matching area in a ser-
ial section stained with haematoxylin and eosin.  (Internal scale bar=50
µm).

Fig. 3.  –  Paraffin sections of human neutrophil elastase (HNE)-
instilled hamster lung illustrating: A) positive immunostaining for HNE
in the luminal mucus layer and macrophages; and B) negative reac-
tion when primary antibody to HNE was omitted in the adjacent con-
trol section.  (Internal scale bar=50 µm).

Fig. 4.   –   Electron micrographs of hamster bronchus showing immuno-
gold localization of human neutrophil elastase associated with lumi-
nal mucus 5 min after instillation.  (Internal scale bar=0.5 µm).



to HNE.
Immunogold particles were occasionally seen in direct

contact with the apical cell membrane both in trachea
and bronchus at all time-points (fig. 7).  In a few instan-
ces, the intercellular space between bronchial, but not
tracheal, epithelial cells contained gold particles (fig. 8A).
HNE staining was seen focally in association with sub-
epithelial elastin in the bronchus but not trachea (fig.
8B).  Saline-treated control lungs showed sparse and ran-
domly-distributed gold particles not obviously associated

with any particular airway region or cellular compartment.
Occasional gold particles were seen over the cytoplasm

of airway epithelial cells in HNE-treated animals but
their number did not appear to exceed the background
staining seen in the saline control animals.  Before we
could reject the hypothesis that bronchial epithelial cells
are susceptible to HNE because of cellular uptake, in
contrast to cells in resistant regions, it was necessary to
confirm this observation by performing a quantitative
analysis of gold particle number per unit area.  Cytoplas-
mic gold particles were counted and the area determined
by computerized image analysis.  This permitted a gold
particle number per unit area calculation, which was used
in a comparison of values for saline and HNE. The res-
ults (table 1) indicate that at no time was there a differ-
ence between saline and HNE either in the proportion
of cells containing cytoplasmic gold particles or the
number per unit area of gold particles.  Similarly, quan-
titative analysis of epithelial cells lining the resistant
trachea confirmed that gold particles were not signifi-
cantly greater in number in HNE-treated animals com-
pared to saline controls (data not shown).  Bronchiolar
epithelial cells were not analysed quantitatively by immu-
noelectron microscopy because they did not appear to be
different from tracheal and bronchial epithelial cells.

Discussion

The key result of this study is the demonstration of an
absence of HNE signal within airway epithelial cells,
regardless of region. We think it unlikely that uptake
occurs later than 1 h after instillation, based on our pre-
vious work showing rapid endocytosis of horseradish
peroxidase by hamster airway epithelial cells [16]. It
seems equally unlikely that the enzyme is taken up by
endocytosis and quickly rendered immunonegative by
lysosomal action.  Elastase is known to be immunopos-
itive after endocytosis by intestinal epithelial cells [17].
Furthermore, we noted HNE immunopositivity within
alveolar macrophages, which we interpreted as indicat-
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Fig. 5.  –  Immunogold staining of human neutrophil elastase (HNE)
in the phagocytic vacuoles (arrowheads) of a macrophage in the lumen
of a hamster bronchus 15 min after HNE instillation.  Macrophages
in saline control animals were invariably negative.  (Internal scale
bar=0.5 µm).

Fig. 7.  –  Immunogold localization of a small amount of human neu-
trophil elastase on the apical surface of nonciliated epithelial cell in:
A) trachea; and B) bronchus.  Images such as these were seen at all
time-points.  (Internal scale bar=0.5 µm).

Fig. 6.  –  Positive control specimen demonstrating immunogold stain-
ing of elastase in the cytoplasmic granules of a human polymor-
phonuclear leucocyte.  (Internal scale bar=0.5 µm).

Fig. 8.  –  Immunogold localization of human neutrophil elastase in
hamster bronchus showing gold particles: A) (arrowhead) in the inter-
cellular space (arrowhead); and B) on subepithelial elastin.  The tra-
chea lacked staining in these compartments.  (Internal scale bar=0.5



ing uptake of instilled enzyme because of the lack of
reactivity in macrophages in saline-treated control ani-
mals.  HNE immunoreactivity within alveolar macropha-
ges has been demonstrated previously [18, 19], but the
airway epithelium received no mention in these studies.
Uptake by alveolar macrophages has been shown to be
receptor-mediated [20].  Receptors for elastase uptake are
also present on neutrophils [21], and cultured chondro-
cytes [22].  Whilst our results do not exclude the possi-
ble presence of elastase receptors on airway epithelial
cells, they argue against receptor-mediated uptake of elas-
tase.

There was little difference between the trachea and the
bronchus regarding localization of instilled HNE in the
airway lumen.  Although the light microscopic exami-
nation showed what appeared to be surface contact by
the enzyme, electron microscopy demonstrated that much
of this was mucin-associated and very little was found
in direct contact with the cell surface both in trachea
and bronchus.  However, we previously reported that the
surface glycoconjugate layer is altered within 20 min
of HNE instillation [13], and the bronchial cells are sti-
mulated to discharge and accumulate secretory granu-
les over a 3 week period [5, 23].  We had interpreted
this to suggest surface contact of HNE with the cells
as a triggering force in upregulation of mucus glyco-
protein synthesis.  It is unclear, therefore, why so little
activity was detected on the cell surface in the present
study. Conceivably, stimulation of bronchial cells by
surface contact is quite brief and, subsequently, the
enzyme is bound more avidly to luminal mucin.  HNE
is a basic glycoprotein [24] and mucin, which is nega-
tively charged due to its content of sialic acid and sul-
phate groups, is a target for enzymatic degradation by
HNE [25].  The possibility that HNE may be rendered
immunologically negative by surface-associated mucus
[26], or by sulphated glycoconjugates [27, 28], cannot
be ruled out.

If HNE is not taken up by the bronchial secretory
cells, how then does it upregulate mucus glycoprotein
synthesis?  It may act at the apical or lateral cell surface
by altering or degrading plasma membrane receptors
involved in mucus secretory activity.  Endogenous bioac-
tive substances, such as platelet-activating factor and
adenosine triphosphate, are thought to cause mucus secre-

tion from airway secretory cells by binding to receptors
on the cell membrane and transducing a signal culmi-
nating in discharge of granules [29–33].  Elastase can
attack surface receptors on a variety of cell types, includ-
ing epithelial cells [34–37].  Ineffective receptor sig-
nalling might, therefore, cause an accumulation of granules
because their synthesis outpaces the rate of secretion;
this would result in the morphological appearance of
secretory cell metaplasia.

Alternatively, HNE may upregulate mucus synthesis
by exposing cell surface sites responsive to external fac-
tors that modulate mucus synthesis by signal transduc-
tion.  The mucus coat on the apical cell surface may act
normally as a negative feedback regulator by masking
receptors for ligands that trigger a cascade of metabolic
events that upregulate mucus synthesis.  A key ligand in
this process may be transforming growth factor-beta.
Airway epithelial cells produce it, possess surface recep-
tors for it and, under the correct conditions, adopt a gob-
let cell phenotype in response to it [38].  HNE is capable
of degrading cell surface mucin [25] and mucin-like
molecules [39, 40], which can lead to an alteration in
cell function.  The bronchus may be more susceptible to
HNE than the trachea because it has more receptors or
a thinner cell surface coat of glycoconjugates compared
to the trachea [13].  Resistance of bronchiolar epithelial
cells, which also have a thin glycoconjugate coat [14],
may result from an absence of the receptors necessary
for upregulation of mucus secretory products.

Our results demonstrated the presence of a small amount
of HNE between bronchial epithelial cells.  It is unclear
why antibody staining revealed the enzyme in the inter-
cellular space by electron microscopy but not by light
microscopy.  Conceivably, this compartment is too nar-
row to show a small amount by light microscopy but the
combined resolution and sensitivity of the ultrastructu-
ral method was sufficient to reveal it.  The enzyme may
have gained access to this region by attacking epithelial
tight junctions. Intercellular gaps have been shown to
occur between monolayers of cultured airway epithelial
cells exposed to elastase [41–43].  A sublethal exposure
of elastase to the apical surface of a confluent and elec-
trically resistant monolayer of bovine bronchial epithe-
lial cells caused detachment of 11% of the cells [44],
possibly by penetrating the tight junctions known to
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Table 1.  –  Comparison of immunogold staining in the cytoplasm of bronchial epithelial cells after saline or elastase
exposure

Cells with ≥1 Density of cytoplasmic gold particles#

cytoplasmic gold particles

Time Saline               Elastase p-value+ Saline Elastase p-value$

min %    (n)* %     (n)* 

5 16 (63) 11 (88) NS 5.4±2.8 4.0±1.4 NS

15 39 (28) 37 (183) NS 4.4±1.7 4.8±2.4 NS

30 25 (28) 16 (86) NS 4.8±2.7 7.8±9.8 NS

60 17 (18) 12 (66) NS 5.8±2.0 8.5±3.1 NS

#: mean±SD of gold particles (×10-2) per µm2 of nonnuclear cytoplasm in cells with ≥1 cytoplasmic gold particles; +: saline versus
elastase compared by Chi-squared test of actual proportions; $: saline versus elastase compared by Student's t-test.  *: total cells
examined.



form in airway epithelial cell culture [45, 46].
Enzymatic alteration and penetration of tight junc-

tions may explain the appearance of HNE in association
with subepithelial elastin in the present study.  In addi-
tion to elastin, HNE can degrade other structural com-
ponents in this region, including collagen types I–IV,
laminin, fibronectin and proteoglycans [24, 47, 48].  Pro-
teolytic degradation of extracellular matrix involved in
epithelial attachment may explain the epithelial desqua-
mation seen focally in hamster lungs exposed to elastase
in vivo [1], and the detachment of epithelial cells from
elastase-treated human respiratory mucosal biopsies in
vitro [49].

The presence of extracellular neutrophil elastase in the
lamina propria of hamster bronchi and in asthmatic pati-
ents [50] supports the concept that neutrophil proteases
may cause epithelial detachment by direct action at sub-
strate sites that play a role in airway wall integrity.  This
has important implications for the pathogenesis of dis-
eases involving airway inflammation, such as asthma,
chronic bronchitis and cystic fibrosis.
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