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ABSTRACT: Chronic inflammation in asthmatic airways can lead to characteristic
airway smooth muscle (ASM) thickening and pathological changes within the airway
wall.

This study assessed the effect of repeated allergen exposure on ASM and epithelial
cell deoxyribonucleic acid (DNA) synthesis, cell recruitment and airway wall
pathology. Brown-Norway rats were sensitized and then exposed to ovalbumin or
saline aerosol every 3 days on six occasions. After the final exposure, rats were
administered twice daily for 7 days with the DNA S-phase marker bromodeoxyuridine
(BrdU). Using a triple immunohistochemical staining technique, BrdU incorporation
into ASM and epithelium was quantified employing computer-assisted image analysis.

There were >3-fold mean increases in BrdU incorporation into ASM from 1.3% of
cells (95% confidence interval (CI) 1.0±1.6) in saline controls to 4.7% (95% CI 2.6±
6.7) after allergen exposure (p<0.001), and in airway epithelium, from 1.3 (95% CI
0.6±2.0) BrdU-positive cells.mm basement membrane-1 in saline controls to 4.9 (95%
CI 3.0±6.7) after allergen exposure (p<0.001). There was increased subepithelial
collagen deposition and mucus secretion along with a significant eosinophil and
lymphocyte recruitment to the airways.

Increased rates of deoxyribonucleic acid synthesis in both airway smooth muscle
and epithelial cells along with changes to the airway wall pathology may precede the
establishment of smooth muscle thickening and airway remodelling after repeated
allergen exposure in rats. This model seems to be appropriate for studying structural
changes within the airways as observed in asthma.
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Asthma is characterized by chronic inflammation in the
airway wall consisting of an infiltration of pro-inflamma-
tory cells such as mast cells, eosinophils and T-lympho-
cytes [1±3]. In addition, other changes relating to the
structure of the airways have been reported, including in-
creases in airway smooth muscle (ASM) mass [4], goblet
cell hyperplasia [4, 5], epithelial cell disruption [6] and
subepithelial fibrosis [7]. ASM thickening in chronic
asthmatics has been described as a process involving both
smooth muscle cell hyperplasia and hypertrophy [8, 9].
The mechanism by which these chronic changes in the
airways, also described as a remodelling process, occur
are unclear, but they may contribute to bronchial narrow-
ing and airway hyperresponsiveness.

Models of chronic allergic inflammation have been
used in animals in order to investigate how structural re-
modelling may occur in the airways. In both the cat and
mouse, chronic allergen exposure has been shown to repro-
duce many of the features characteristic of those observed
in asthmatic airways [10, 11]. Using sensitized Brown-
Norway rats, it has been reported that there is an increase
in the ASM area following a series of ovalbumin chal-
lenges [12]. Recently, three repeated allergen exposures

has been shown to increase deoxyribonucleic acid (DNA)
synthesis in ASM and epithelial cells. Increases in the
ASM area were identified which may have resulted from
an increase in cellular hyperplasia [13]. ASM and epithe-
lial proliferation has been reported after chronic allergen
exposure in guinea-pigs; however, there was no evidence
of increased ASM mass [14].

In the present study, repeated allergen exposure of
sensitized Brown-Norway rats has been used as a model of
chronic airway inflammation. Lung pathology and cell re-
cruitment following repeated allergen challenge have been
investigated for evidence of airway wall structural changes
and remodelling. Additionally, a triple staining technique
within the same lung section for the localization of DNA
synthesis in ASM and epithelial cells was developed. Im-
munohistochemistry for a-smooth muscle actin was used
to specifically distinguish ASM and antibromodeoxyur-
idine (BrdU) for assessing DNA synthesis, while all other
non-BrdU positive cells were labelled with a fluorescent
nuclear marker. Computer-assisted image analysis was em-
ployed for the identification of these three distinguishing
labels, and quantification of cells undergoing DNA synthe-
sis was performed within these specific airway structures.
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Methods

Sensitization and challenges

Pathogen-free, male Brown-Norway rats weighing 220±
250 g (Harlan, Bicester, UK) were actively sensitized on
days 1, 2 and 3 using 1 mg.kg-1 intraperitoneal injections
of ovalbumin in 0.9% sterile saline containing 100 mg of
aluminium hydroxide used as an adjuvant. Challenges
were performed every third day after sensitization, each
exposure being 15 min in duration, with animals receiving
six separate challenges in total. Challenges took place in a
0.8 m3 chamber, with free-breathing animals being ex-
posed to either saline or a 1% ovalbumin aerosol mist
produced by a DeVilbiss PulmoSonic nebulizer (DeVilbiss
Health Care Ltd., Feltham, UK). The aerosol mist was
pumped into the box at a rate of 0.6 L.min-1 by a small
animal ventilator. At all other times, the rats were housed
in a caging system receiving only clean filtered air
(Maximiser; Thorens Caging System Inc., Hazleton, PA,
USA). Four groups of animals were studied (n=5±6 in each
group): Group A: saline-injected, saline-challenged. group
B: ovalbumin-sensitized, saline-challenged; group C: sa-
line-injected, ovalbumin-challenged; group D: ovalbumin-
sensitized, ovalbumin-challenged.

Bromodeoxyuridine dosing

The DNA marker 5-Bromo-2'-deoxyuridine (BrdU; Sig-
ma Chemicals, Poole, UK) was dissolved in dimethyl-
sulphoxide (DMSO) and further diluted with sterile water,
giving a final concentration of DMSO of <7%. Rats were
injected intraperitoneally with a 50 mg.kg-1 dose in 1 mL
of solution at 12 h intervals for 7 days commencing 24 h
after the final challenge (total of 14 injections).

Tissue collection

Rats were killed on day 29 using an overdose of sodium
pentobarbitone (500 mg.kg-1; i.p.). The lungs were rapidly
removed and insufflated with optimal cutting temperature
Tissue TekTM mounting medium (Raymond A Lamb, Lon-
don, UK) diluted 1:1 with phosphate-buffered saline (PBS).
Regions of the left and right lung lobes were mounted on
cork blocks with the main bronchi uppermost, snap-frozen
in melting isopentane (BDH, Lutterworth, UK) and stored
at -258C.

Histological staining techniques

Martius, scarlet, blue (MSB) staining [15] was used to
identify fibrin and collagen in lung sections, and Periodic
acid-Schiff (PAS) staining [16] was used to identify muc-
us in the airways. General histological characteristics
were observed using haematoxylin and eosin stained sec-
tions (all reagents used were obtained from Sigma and
BDH).

Eosinophil major basic protein and CD2+ T-lympho-
cyte immunohistochemistry and cell counting

For the detection of eosinophils, a mouse monoclonal
antibody against human major basic protein (MBP) was
used (clone BMK-13; Monosan, Uden, the Netherlands),
which is both sensitive and specific for rat eosinophils
[17]. Tissue sections, 5 mm thick, were fixed in acetone
and then incubated with BMK-13 antibody at a dilution of
1:80 for 30 min at room temperature. A secondary
biotinylated horse anti-mouse immunoglobulin (Ig)G
monoclonal antibody (Vector Laboratories, Peterborough,
UK) was used against the primary antibody and then
positive cells were visualized using an avidin-biotin com-
plex reagent conjugated to alkaline phosphatase. Sections
stained for CD2+ T-lymphocytes were fixed with acetone
and then applied with a mouse anti-rat CD2 monoclonal
antibody (pan T-cell marker; Pharmingen, Cambridge,
UK) at a dilution of 1:500 for 1 h at room temperature. A
secondary biotinylated goat anti-mouse monoclonal anti-
body (Vector Laboratories) was used against the primary
antibody and positive cells visualized using an avidin-
biotin complex reagent conjugated to alkaline phospha-
tase.

MBP-positive eosinophils and CD2+ T-lymphocytes
were visualized using Sigma FASTTM (4-chloro-2-methyl-
benzenediazonium/3-hydroxy-2-naphthoic acid 2,4-dime-
thylanilide phosphate (a-naphthol AS-MX) and fast red
TR) in tris-hydroxymethyl-amino methane (Tris) buffer
with positive cells appearing red. Sections were counter-
stained with haematoxylin (BDH) and mounted under
glass coverslips. Cell recruitment around the five largest
airways in each lung section was assessed as the number of
positive cells in the airway wall (consisting of epithelium,
submucosa, smooth muscle and lamina propria), and ex-
pressed per millimetre of basement membrane measured
by computer-assisted image analysis (Sonata; Seescan,
Cambridge, UK). Cell counts in parenchyma were assess-
ed as the number of positive cells in five randomly select-
ed low power fields. Examples of histological staining and
immunohistochemistry for cell recruitment are shown in
fig. 1.

Bromodeoxyuridine and a-smooth muscle actin immuno-
histochemistry

The sequential immunohistochemical procedure used
was based on that described by WALSH et al. [18]. Cryostat
sections were cut between the first and second division of
the main bronchi at an angle perpendicular and lateral to
the conducting airways. Sections, 5 mm thick, were thaw-
mounted onto glass slides pretreated with Vectabond
(Vector Laboratories). Tissue sections were immersed in a
1:1 mixture of acetone and methanol for 10 min at 128C
and rinsed then in PBS for a further 10 min. Endogenous
peroxidase was blocked by immersing the sections in
methanol containing 0.3% hydrogen peroxide for 20 min
and washed in PBS. Normal horse serum was applied to
the sections for twenty min and then followed by the
application of a primary anti-BrdU monoclonal antibody
(clone BU-1) solution containing bovine pancreas deoxy-
ribonuclease (DNase) I (Amersham International, Buck-
inghamshire, UK) at 378C for 75 min. A secondary
biotinylated rat-adsorbed antiserum to mouse IgG (Vector
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Fig. 1 ± Representative photographs of pathological changes to the airways following repeated allergen challenge. B) shows an increased number of
CD2+ T-lymphocytes staining red around the airways (arrows) following repeated allergen challenge compared to a saline-exposed control (A). D)
shows increased numbers of MBP-positive eosinophils staining red surrounding the airways (arrows) following allergen challenge compared to a saline-
exposed control (C). E) (saline) and F) (allergen) are stained with Periodic acid-Schiff (PAS) to detect mucus in the airways. There were marked increases
in mucus staining pink (arrows) in the airways and also the size and number of mucus containing goblet cells following repeated allergen exposures. G)
(saline) and H) (allergen) are stained with Martius, scarlet, blue (MSB) to detect collagen. There are clear increases in blue staining identifying collagen
deposition in the subepithelium and surrounding airway smooth muscle (arrows) after repeated allergen exposure. (Internal scale bars=100 mm.)
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Laboratories) was then applied for 30 min, followed by a
45-min incubation with a peroxidase linked avidin-biotin
complex solution (ABC-Elite kit; Vector Laboratories).
BrdU-positive cells were visualized using 3,3-diami-
nobenzidinetetrachloride solution (Sigma) with glucose
oxidase nickel enhancement to give a blue-black end-
product [19]. Sections were then rinsed and applied with
a primary anti-a-smooth muscle actin monoclonal anti-
body (clone 1A4; Sigma) at a concentration of 1:100 for 1
h at room temperature. A secondary biotinylated rat-
adsorbed antiserum to mouse IgG (Vector Laboratories)
was again applied to the sections, followed by an avidin-
biotin complex reagent conjugated to alkaline phospha-
tase (Vector Laboratories). The a-smooth muscle actin
staining was visualized using Sigma FAST in Tris buffer
to give a red end-product. Nuclei that were not immu-
noreactive for BrdU were counterstained by application
of the fluorescent DNA ligand 4,6-diamidino-2-phe-
nylindole hydrochloride (DAPI) at a concentration of
0.00001% in PBS containing 0.6% NP40 (Sigma) for 20

min. Sections were mounted under glass coverslips using
1:1 PBS/glycerol and stored in the dark at 48C. Examples
of the tissue staining and representative images used for
image analysis are shown in fig. 2.

Control tissue sections of spleen, colon and thymus were
used to confirm positive BrdU immunoreactivity. Negative
control sections for both BrdU and a-smooth muscle actin
were performed by treatment with antibodies of the same
immunoglobulin class, or in the absence of primary
antibody.

Quantification of bromodeoxyuridine incorporation using
computer-assisted image analysis

Each selected airway was quantified under a 610
objective to measure the internal perimeter, internal area
and airway breadth (greatest diameter perpendicular to the
longest axis). Images captured through the 6120 objective
lens were then used to count BrdU and DAPI labelled cells

Fig. 2 ± Representative photographs of an airway demonstrating the
triple staining technique. A), B) and C) represent the same airway
stained with three separate markers used to create the images for
quantification by image analysis. A) transmitted light image with
bromodeoxyuridine (BrdU)-positive nuclei in black (airway smooth
muscle (ASM) also appears in red); B) fluorescent image showing all
4,6-diamid no-2-phenylindole hydrochloride (DAPI)-positive nuclei in
blue; C) fluorescence image showing a-smooth muscle actin immunor-
eactivity in red which was used to detect areas of airway smooth muscle.
D) light transmitted image of an airway from a BrdU-negative control
section of lung. E) high-power photograph showing a region of airway
from a sensitized and repeatedly allergen-exposed rat. The arrows
indicate BrdU-positive cells within the airway smooth muscle (white
arrows) and epithelium (black arrows). bv: two associated blood vessels,
these would be actively excluded during quantification of ASM.
(Internal scale bars=100 mm.)
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and measure the smooth muscle area and epithelial base-
ment membrane length. The quantification of images was
performed using a Zeiss microscope fitted for both trans-
mitted light and fluorescence imaging (axioplan model; Carl
Zeiss, Welwyn Garden City, UK). Images were captured
using a monochrome camera at maximum sensitivity and
analysed using a Sonata image analysis system (Seescan).

The software was written for the purpose of this study,
and the image processing procedure was performed in the
following way. The field of interest containing the whole
airway was visualized with a 6110 objective using DAPI
fluorescence and converted to a monochrome image, and
its threshold was determined according to its intensity with
the inclusion of all DAPI positive nuclei. The airway of
interest was then identified and internal perimeter, cross-
sectional area and breadth (greatest distance perpendicular
to the longest axis) were recorded.

The airway was then visualized using a 6120 objective
and images were captured to delineate airway smooth
muscle and epithelial area, and BrdU- and DAPI-positive
nuclei within these defined areas were counted. In brief,
the airway of interest was selected, the transmitted light
image containing BrdU positive cells captured and con-
verted to a monochrome image. Without moving the
section, a red fluorescence image of the alkaline phospha-
tase-fast red-labelled a-smooth muscle actin immunor-
eactivity was captured [20]. A blue fluorescence image for
DAPI-positive nuclei was then captured and all three
images were converted to stored monochrome images.
The smooth muscle image threshold was determined
according to its intensity to include all a-smooth muscle
actin-positive regions, the area was measured and a mask
created which excluded all regions that were not immu-
noreactive for a-actin. This mask was overlaid onto the
transmitted light image of the same area and the number
of BrdU-positively stained nuclei counted. The mask was
then overlaid onto the DAPI-positive fluorescence image
and the number of nuclei counted.

Measurement of epithelial BrdU incorporation was
performed in a similar way with the creation of an epi-
thelial mask by interactive delineation of epithelium on the
DAPI-fluorescence image, and the number of BrdU-
positive nuclei counted. DAPI-fluorescent nuclear profiles
overlapped within the epithelium on 5 mm thick sections
and therefore could not be counted. BrdU-positive nuclei
were therefore expressed per unit length of basement
membrane.

The BrdU index in airway smooth muscle was measur-
ed as the number of BrdU-immunoreactive nuclei divided
by the total number of nuclei (BrdU plus DAPI nuclei)
within the a-smooth muscle actin stained area. Epithelial
bromodeoxyuridine incorporation was measured as the
number of BrdU positive cells within the DAPI-defined
epithelial mask divided by the basement membrane length.
Airway smooth muscle thickness was calculated as the
total smooth muscle area divided by basement membrane
length. Data from five airways were pooled to calculate
each index for all individual rats in each experimental
group

Number of airways and section variability

In preliminary experiments, in ovalbumin-sensitized and
challenged rats, it was found that the BrdU index in air-

way smooth muscle decreased with decreasing airway dia-
meter. BrDU-positive cells were counted in the five larg-
est airways of each of five consecutive lung sections from
an ovalbumin-sensitized and challenged rat. The coeffi-
cient of variation for the BrdU index in airway smooth
muscle was at its minimal when five airways from each
section were measured compared to measurements from
only one, two, three or four airways. The variability of the
ASM BrdU index was calculated in the same airway from
the five consecutive lung tissue sections. The co-efficient
of variation decreased with an increasing number of sec-
tions but the differences were small with the standard error
value less than �15% of the mean index when comparing
one against five consecutive sections. For the quantifica-
tion criteria, it was therefore decided to take measurements
from the five largest airways within a single lung section
for all animals in each of the four treatment groups. Using
these criteria, the quantification procedure also had a 90%
chance of detecting a 21% change in airway smooth mus-
cle thickness. All quantification and cell counting was
performed with the investigator blinded to the treatment
groups.

Analysis of data

All indices were calculated for individual animals as the
weighted mean of the indices from the five largest airways
in one section of lung. Mean indices were statistically
analysed after logarithmic transformation by one-way ana-
lysis of variance (ANOVA), followed by t-tests with Bon-
ferroni correction used to evaluate significant differences
between groups. Values are expressed as means (95% con-
fidence intervals CI), with p-values of <0.05 considered to
be significant.

Results

Qualitative histological characteristics of lung tissue
following repeated exposure

In the control groups (A±C), the airways and lung
parenchyma looked normal with no evidence of damage or
cellular infiltration. In the airways of each of the five
sensitized and allergen-exposed rats (group D), there was
evidence of oedema, epithelial damage and desquamation
with associated wound repair processes. Epithelial cell
repair processes included hyperplastic and hypertrophic
responses, basement cell metaplasia and regions of poorly
differentiated epithelium. Specific PAS staining revealed
goblet cell hyperplasia and hypertrophy, along with in-
creased amounts of mucus in the airways compared to the
control groups. Cell recruitment in the airways was in-
creased and consisted mainly of lymphocytes, eosinophils
and mononuclear cells. The Martius, scarlet, blue staining
identified increased deposition of collagen and fibrin in the
airways of sensitized and repeated allergen exposed rats
compared to the control groups. Dense staining was par-
ticularly marked in the submucosa and surrounding the
airway smooth muscle, although there was also evidence
of collagen deposition within the airway smooth muscle. In
the bronchiole-associated lymphoid tissue (BALT) which
is localized near the larger airways, there was evidence of
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T-lymphocyte proliferation and an increased area com-
pared to the controls. Migration of cells from these regions
was evident and appeared as a disruption to the edges of
the BALT borders. Collagen deposition was also evident in
BALT tissue. In the parenchyma of sensitized and chronic
allergen exposed rats, mature alveolitis was observed with
evidence of type 2 pneumocyte cell proliferation. There
was also hyperinflation of the alveoli, increased cell recruit-
ment, particularly mononuclear cells, and distinct plasma
protein extravasation compared to controls. Examples of
lung histology are shown in fig. 1.

Eosinophil and CD2+ lymphocyte recruitment to the lungs

There was a significant increase in MBP-positive eosi-
nophils and CD2+ lymphocyte recruitment to the airways
and parenchyma of sensitized and repeated allergen ex-
posed rats (group D) compared to the three control groups.
In the airways, group D had a mean of 9.7�1.1 eosino-
phils.mm basement membrane-1 compared to 1.51�0.3 in
group A, 2.5�0.6 in group B and 2.3�0.4 in group C (p<
0.001 versus all three groups). Group D had a mean of
26.9�2.2 CD2+ lymphocytes.mm basement membrane-1

compared to 14.1�1.6 in group A (p<0.001), 15.5�1.7 in
group B (p<0.01) and 12.8�1.8 in group C (p<0.001) (fig.
3a). In the parenchyma, group D also had significant
increases in MBP positive eosinophils and CD2+ lym-
phocytes counted in five low power fields compared the
three control groups (fig. 3b).

Bromodeoxyuridine indices of deoxyribonucleic acid
synthesis

Following repeated ovalbumin exposure in ovalbumin-
sensitized rats (group D), there were increased BrdU indices
in both (ASM) and epithelium, >3-fold increase compared
to each of the control groups (A±C). In ASM cells, group
D had a mean (95% CI) BrdU index of 4.7% (2.6±6.7),
compared to 1.2% (0.6±1.9) in group A (p< 0.001), 1.3%
(1.0±1.6) in group B (p<0.001) and 1.1% (0.6±1.5) in
group C (p<0.001). There were no significant differences
in mean BrdU indices between any of the other groups (fig.
4a). In the epithelium, group D had 4.9 (3.0±6.7) BrdU-
positive cells.mm basement membrane-1 compared to 1.1
(0.3±1.9) in group A (p<0.01), 1.3 (0.6±2.0) in group B
(p<0.01) and 1.4 (0.1±2.6) in group C (p< 0.05). There
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were no significant differences in epithelial BrdU indices
between any of the control groups (fig. 4b).

The highest BrdU indices measured in ASM and epi-
thelium following sensitization and repeated allergen
challenge (group D) were found in the larger conducting
airways, particularly those of 400±800 mm in diameter. In
this group, there was a positive linear correlation of the
BrdU index in the ASM to airway diameter, r2=0.24, (p<
0.02) (fig. 5a). There was also a positive correlation of
BrdU incorporation in airway epithelial cells to airway
diameter r2=0.49, p<0.0001, fig. 5b. There was no posi-
tive correlation of BrdU indices with increasing airway
size in the three control groups (A±C).

Airway smooth muscle thickness

Following sensitization and repeated allergen challenge
(group D) there was a small but nonsignificant increase
in the overall ASM thickness surrounding the airways.
Group D had a mean (95% CI) of 24.7 mm (17.3±32.1),
ASM.mm basement membrane compared to 20.4 (16.2±
24.7) in group A, 20.7 (18.5±22.8) in group B and 22.1
(18.6±25.5) in group C (fig. 6).

Discussion

The study used a model of repeated allergen exposure of
sensitized Brown-Norway rats in order to examine changes
in the structure of the airways induced by a series of in-
flammatory insults. An increase in eosinophil and lympho-
cyte recruitment into the lungs was detected following
repeated allergen challenge. There were marked increases
in sub-epithelial collagen deposition, goblet cell number
and presence of mucus in the airways 7 days after the final
challenge. There were also significant increases in ASM
and epithelial cell DNA synthesis as measured by BrdU
incorporation.

The pathological changes observed in this model are
consistent with some of those observed in the airways of
chronic allergic asthmatics. There was a marked collagen
deposition in the subepithelium and adventitial regions
similar to the patterns of deposition described in the
airways of asthmatics [7, 21]. Increased amounts of mucus
were also detected following repeated allergen exposure,
which may be due to both an increase in the rate of mucus
secretion and release, and also due to the clear increase in
the number and size of goblet cells observed in the
airways. Goblet cell hyperplasia is also a characteristic
feature observed in bronchial asthma [5]. A significant
recruitment of eosinophils and T-lymphocytes into the
airways was also observed after repeated allergen chal-
lenge which is a finding consistent with those in bron-
chial biopsies of asthmatics [1±3].

The technique employed in this study for analysing
DNA synthesis using a combination of triple staining proce-
dures and computer-assisted image analysis has the advan-
tage of being able to measure all morphometric parameters
within the same tissue section. Additionally, the area oc-
cupied by the ASM was well-defined according to specific
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immunoreactivity by use of antibodies to a-smooth muscle
actin rather than relying on visual recognition of non-
specifically stained cells. It is possible, however, that myo-
fibroblasts may be stained positive with a-smooth muscle
actin. It is unlikely such staining affected quantification of
the ASM area or BrdU indices, as during the image
analysis procedure any staining outside the smooth muscle
cell border was actively excluded. Further to this, BrdU-
positive cells were only counted if they appeared com-
pletely within the defined ASM area. One further possible
confounding factor is that inflammatory cells having infil-
trated the ASM or epithelium could be counted as false-
positive cells if they had incorporated BrdU. Careful
morphological identification of the nuclei of cells was
therefore performed in order to distinguish resident ASM
and epithelial cells from any infiltrating cells.

Preliminary studies showed that a single allergen ex-
posure of sensitized Brown-Norway rats did not induce
significant increases in airway smooth muscle or epithelial
cell DNA synthesis compared to saline exposed controls
(M. Salmon, unpublished data). After repeated allergen
challenge, there were three-fold increases in both ASM and
epithelial cell BrdU incorporation indicating an increased
rate of DNA synthesis compared to each of the control
groups. The control groups had low rates of DNA syn-
thesis in both ASM and epithelial cells indicating the
relatively low turnover of these cells in the normal state.
Following repeated allergen challenge, the highest BrdU
indices were observed in the larger conducting airways that
were examined (400±800 mm in diameter). This may be
partly related to the greater density of mast cells present in
the large airways compared to small distal airways follow-
ing ovalbumin challenge in sensitized Brown-Norway rats
[22]. Mast cells may contribute to bronchoconstriction
through the release of mediators such as 5-hydroxytrypta-
mine and cysteinyl-leukotrienes, but may also contribute
to the increased proliferative responses by releasing pro-
teases. Mast cell tryptase has been demonstrated to be
mitogenic for ASM cells, epithelial cells and fibroblasts
[23±25]. Furthermore, the preferential deposition of aero-
solized ovalbumin in the larger proximal airways would
also lead to a greater inflammatory response in these
airways. Therefore, a combination of both these events
may contribute to the observed gradient of DNA syn-
thesis due to the intensity of the allergic reaction [26]. It is
also possible, however, that ASM cells in the larger
proximal airways have different proliferative properties
compared to those in the more distal airways, as it has
been established that there is heterogeneity of cells within
the bronchial ASM population [27]. The observations of
EBINA et al. [9] could support this concept, as they have
described two independent pathogeneses for ASM thick-
ening in asthmatic airways, which exhibit differential
rates of hyperplasia and hypertrophy along the bronchial
tree.

The mechanisms by which proliferation of ASM and
epithelium occurs are poorly understood. Although the
mast cell is likely to be one of the initiating cells in IgE-
mediated inflammation and can release mitogenic factors,
other cells including eosinophils and macrophages are
likely to be involved. In human airway smooth muscle, a
number of growth factors such as epidermal growth factor
[28], thrombin [28] and platelet-derived growth factor
[29] have been demonstrated to induce proliferation in

vitro. Other mediators released during inflammation can
also potentiate ASM cell proliferation including the
bronchoconstrictor agents histamine [30] and endothelin-
1 [31±33], and the pro-inflammatory cytokines, such as
tumour necrosis factor-a [34] and interleukin-1b with IL-
6 [35]. The possibility that in vivo, proliferative activity
may result from the interaction of combinations of va-
rious factors cannot, however, be precluded.

It is not clear whether proliferation of epithelial cells is
induced by similar growth factors to ASM or by other
mechanisms. Mediators that have been implicated in epi-
thelial cell mitogenesis are endothelin-1 [36], IL-1b [37]
and tachykinins [38]. Another likely mechanism for the
proliferative response of epithelial cells may be in res-
ponse to epithelial damage leading to basal cell meta-
plasia and increased proliferation of adjacent cells to
facilitate epithelial repair [39].

The increase in ASM cell DNA synthesis was ac-
companied by a small but nonsignificant increase in ASM
thickness. In a recent study using three allergen challenges
5 days apart, increases in ASM mass were detected in both
large and medium sized airways [13]. There are several
possible reasons why a significant increase in airway
smooth muscle thickness was not detected in this study.
Firstly, the power of the analysis may not have been great
enough to detect significant increases in ASM thickness.
Alternatively, there may be a temporal delay between the
appearance of an increase in ASM cell number and an
increase in ASM area. It is also conceivable that increases
in ASM cell proliferation may be accompanied by a
similar degree of cell death due to apoptosis. Further
studies are required to examine these possibilities.

In summary, following six repeated allergen challenges
of sensitized Brown-Norway rats, increased rates of
deoxyribonucleic acid synthesis in airway smooth muscle
and epithelial cells were detected, indicating increased cell
proliferation responses. Larger airways had greater rates of
deoxyribonucleic acid synthesis. Pathological changes in
the airways were also detected including inflammatory cell
recruitment, increased subepithelial collagen deposition,
goblet cell hyperplasia and hypertrophy, and elevated
levels of mucus in the airways. This model may therefore
be useful for studying the structural changes that occur in
the airways induced by chronic inflammation and the
mechanisms which underlie airway wall remodelling.
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