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SUMMARY: To study pathogenetic mechanisms in chronic asthma, we employed a novel experimental model that replicates
characteristic features of the human disease. Chronic inflammation and epithelial changes, specifically localized to the airways,
were induced by repeated exposure of systemically sensitized BALB/c mice to low mass concentrations of aerosolized ovalbumin
for 6 weeks. The contribution of Th2 cytokine-driven inflammation to the development of airway lesions and hyperreactivity was
assessed in cytokine-deficient mice. In interleukin-5-deficient animals, intraepithelial eosinophils and chronic inflammatory cells
in the lamina propria of the airways were markedly decreased; however, these animals developed epithelial hypertrophy and
subepithelial fibrosis comparable with that observed in sensitized wild type mice. Airway hyperreactivity to inhaled methacholine
did not develop in interleukin-5-deficient mice. In contrast, interleukin-4-deficient mice exhibited no decrease in airway
inflammation, but had significantly greater epithelial hypertrophy and subepithelial fibrosis, as well as exaggerated hyperreactivity
to methacholine. We conclude that interleukin-5, but not interleukin-4, plays a central role in the development of chronic
inflammation of the airways and the induction of airway hyperreactivity. Furthermore, chronic epithelial and fibrotic changes occur
independently of interleukin-5 and are not required for the development of airway hyperreactivity. The dissociation between
airway wall remodeling and airway hyperreactivity has important implications for therapeutic approaches to chronic asthma. (Lab

Invest 2000, 80:655-662).

A sthma is a major cause of chronic iliness, affecting
as many as 25% of schoolchildren in regions of
high prevalence (Robertson et al, 1998). Clinically, the
disease is characterized by airway hyperreactivity
(AHR) and symptoms of airflow obstruction. Patho-
logic changes include acute and chronic inflammation
of the airway mucosa, with recruitment of eosinophils,
which are characteristically present within the epithe-
lial layer, as well as accumulation of CD4%
T-lymphocytes in the lamina propria (Bousquet et al,
1990; Corrigan and Kay, 1996). In addition, various
other lesions of the airway wall are regularly observed
in human asthma, including epithelial shedding, hy-
pertrophy, and mucous cell hyperplasia/metaplasia
(Hegele and Hogg, 1996), together with fibrosis, which
is predominantly in the subepithelial region but ex-
tends throughout the lamina propria (Hegele and
Hogg, 1996; Wilson and Li, 1997).

The pathogenesis of these changes is far from clear.
The inflammatory response appears to have an atopic/
allergic basis in at least two-thirds of asthmatic pa-
tients (McFadden and Gilbert, 1992) and the pattern of
cytokine production by T-lymphocytes is consistent
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with a Th2 phenotype (secretion of interleukins 4, 5,
10, and 13) (Corrigan and Kay, 1996; Humbert et al,
1997). In particular, IL-4 and IL-5 have been implicated
as key regulators of airway inflammation and hyperre-
activity in clinical investigations. However, the specific
roles of these cytokines remain contentious, and many
fundamental questions are difficult, if not impossible,
to answer in human studies. Experiments in animals
suggest that the early asthmatic response is depen-
dent on antigen-specific IgE (Lambert et al, 1998).
Some investigators have suggested that AHR may be
dependent on IL-4, which plays a major role in the
induction of an IgE response, or on IgE itself (Brusselle
et al, 1995; Corry et al, 1996; Hamelmann et al,
1997b). Several reports also indicate that IL-5, which
regulates accumulation of eosinophils, plays an im-
portant role in AHR and the pathophysiology of
changes in the respiratory epithelium (Foster et al,
1996; Hogan et al, 1997a; 1997b; 1998a; Kung et al,
1995; Nakajima et al, 1992).

Notably, all of the above studies employed models
of acute allergic inflammation of the airways that
center on short-term exposure of sensitized mice to
relatively high concentrations of inhaled allergen,
which results in recruitment of leukocytes not only to
the airways but also the peripheral lung parenchyma.
Acute inhalational models also lack characteristic fea-
tures of chronic human asthma, including intraepithe-
lial recruitment of eosinophils, chronic inflammatory
changes, and airway wall remodeling, making it diffi-
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cult to determine the role of Th2 cytokines in the
pathogenesis of these lesions. Furthermore, the aller-
gic alveolitis may mask the specific contribution of
airway wall inflammation to AHR. We have recently
described a model of chronic asthma in mice (Temelk-
ovski et al, 1998) that involves systemic sensitization
of BALB/c mice and subsequent long-term inhala-
tional challenge with low mass concentrations of an-
tigen, which results in the development of lesions that
are hallmarks of chronic human asthma. These include
the accumulation of numerous intraepithelial eosino-
phils, together with chronic inflammation in the lamina
propria, epithelial hypertrophy, mucous cell hyperpla-
sia, and subepithelial fibrosis. Importantly, and in
sharp contrast to virtually all previously reported mu-
rine experimental models of asthma, there is no evi-
dence of alveolitis associated with the airway lesions.
The mice also exhibit marked hyperreactivity to cho-
linergic stimuli, which can be attributed to disease of
the airways rather than to parenchymal lesions.

We have employed our chronic exposure model of
asthma, in combination with Th2 cytokine-deficient
mice bred on to the same genetic background, to
identify the contribution of inflammatory processes
regulated by IL-4 and IL-5 to the induction of these
characteristic pathophysiologic features. Our results
indicate that IL-5 not only plays a key role in the
recruitment of eosinophils to the epithelial layer but
also in the induction of chronic inflammation of the
airways. Furthermore, chronic inflammation directly
correlates with the development of AHR. The charac-
teristic changes of chronic asthma were not attenu-
ated in IL-4-deficient mice. Importantly, we observed
dissociation between inflammation and the develop-
ment of chronic epithelial and fibrotic changes of the
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airways. These observations suggest that eosinophils
are not required for airway wall remodeling. Moreover,
they have important implications for therapeutic strat-
egies targeting these two cytokines for the control of
inflammation, remodeling, and AHR associated with
chronic asthma.

Results
Chronic Inflammation of the Airways

As previously described (Temelkovski et al, 1998),
sensitized wild type BALB/c mice developed wide-
spread multifocal accumulation of lymphocytes, mac-
rophages, and plasma cells in the lamina propria of the
trachea after chronic inhalation exposure to aerosol-
ized ovalbumin (Fig. 1A). This increase in the mean
profile density of cells in the airway wall was statisti-
cally significant (p < 0.001 compared with nonimmu-
nized nonexposed control animals) whereas no signif-
icant increase was observed in nonimmunized control
animals exposed to aerosolized ovalbumin (Fig. 2).
Small numbers of chronic inflammatory cells, mainly
plasma cells, were evident in the airways of sensitized
IL-5-deficient mice exposed to aerosolized ovalbumin
(Fig. 1B). This inflammatory response did not achieve
statistical significance (Fig. 2). In contrast, the num-
bers of inflammatory cells in the lamina propria of the
airways of IL-4-deficient mice tended to be greater
than in sensitized wild type mice (Fig. 1C), although
the difference between these two groups was not
statistically significant. The reduction in inflammatory
cell recruitment in IL-5-deficient mice was significant
compared with both wild type mice and IL-4-deficient
mice (p < 0.001) (Fig. 2).
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Figure 1.

Histopathologic changes in sensitized wild type and cytokine-deficient mice. A, Accumulation of numerous chronic inflammatory cells in the lamina propria of the
trachea in a wild type animal. Note the epithelial thickening and the subepithelial zone of fibrillar collagenous matrix (arrow). Hematoxylin and eosin, bar = 50 um.
B, Sparse inflammatory infiltrate in the lamina propria in an IL-5-deficient mouse. Hematoxylin and eosin, bar = 80 wm. C, Prominent aggregates of inflammatory
cells throughout the lamina propria in an IL-4-deficient animal. Hematoxylin and eosin, bar = 200 wm. D, Marked thickening of the subepithelial collagenous zone

(arrow) in an IL-5-deficient mouse. Reticulin stain, bar = 80 um.
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Figure 2.

Inflammation in the airway wall assessed by quantifying the number of cells in
the lamina propria of the trachea. Nonimmunized = BALB/c mice, not
systemically sensitized, chronically exposed to inhaled antigen. Wild type =
BALB/c mice, systemically sensitized and chronically exposed. Significant
differences compared with normal animals are shown as *** p < 0.001.
Significant differences compared with IL-5-deficient animals are shown as ###
p < 0.001.

Intraepithelial Recruitment of Eosinophils

We have previously demonstrated, in sensitized ex-
posed wild type mice, that the recruitment of eosino-
phils into the epithelial layer parallels chronic inflam-
mation of the lamina propria. This finding was
confirmed in the present study, with evidence of
significant numbers of intraepithelial eosinophils in
these mice (p < 0.001 compared with nonimmunized
nonexposed control animals) (Fig. 3). No significant
increase was observed in nonimmunized control mice
exposed to aerosolized ovalbumin. Accumulation of
eosinophils was virtually abolished in sensitized ex-
posed IL-5-deficient mice, but numbers in IL-4-
deficient mice were modestly increased compared
with sensitized wild type mice (Fig. 3). Again, the
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Figure 3.

Intraepithelial recruitment of eosinophils. Significant differences compared
with normal animals are shown as *** p<0.001. Significant differences
compared with IL-5-deficient animals are shown as ## p < 0.01, ### p <
0.001.

Inflammation and Remodels

of in Asthma

reduction in inflammatory cell recruitment in IL-5-
deficient mice was significant compared with both
wild type mice (p < 0.01) and IL-4-deficient mice (p <
0.001).

Epithelial Hypertrophy

The mean thickness of the airway epithelium was
significantly increased in sensitized wild type BALB/c
mice after 6 weeks of inhalation exposure to antigen
(p < 0.01 compared with nonimmunized nonexposed
control animals) (Fig. 4). No such increase was ob-
served in nonimmunized control animals exposed to
aerosolized ovalbumin. Significant hypertrophy of the
epithelial cells was also observed in sensitized ex-
posed IL-5-deficient mice (p < 0.001). In comparison,
IL-4-deficient mice exhibited thickening of the epithe-
lial layer, which was greater than that observed in both
wild type mice (p < 0.01) and IL-5-deficient mice (p <
0.05) (Fig. 4).

Subepithelial Fibrosis

The mean thickness of the reticulin-stained subepithe-
lial collagenous zone was significantly increased in
sensitized wild type mice exposed to antigen (p <
0.001 compared with nonimmunized nonexposed
control animals) but not in nonimmunized exposed
controls (Fig. 5). Subepithelial accumulation of colla-
gen in sensitized IL-5-deficient mice exposed to aero-
solized ovalbumin was comparable with that in wild
type mice (Fig. 1D). Again, IL-4-deficient mice exhib-
ited more marked changes, with significantly in-
creased thickening of the reticulin-stained zone com-
pared with both wild type mice and IL-5-deficient mice
(p < 0.01) (Fig. 5).

Airway Responsiveness

In normal control animals, exposure to increasing
concentrations of aerosolized methacholine increased
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Figure 4.

Hypertrophy of the tracheal epithelium. Significant differences compared with
normal animals are shown as ** p < 0.01, *** p < 0.001. Significant
difference between IL-4-deficient animals and IL-5-deficient animals is shown
as # p < 0.05 and between IL-4-deficient animals and wild type animals as
++ p<0.01.
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Figure 5.

Subepithelial fibrosis. Significant differences compared with normal animals
are shown as *** p < 0.001. Significant difference between IL-4-deficient
animals and IL-5-deficient animals is shown as ## p < 0.01 and between
IL-4-deficient animals and wild type animals as ++ p < 0.01.

Penh values. Relative to baseline, the increase was
approximately 4-fold at a concentration of 12.5 mg/ml
and reached a maximum of 6-fold at 50 mg/ml. The
dose-response of nonimmunized mice exposed to
ovalbumin was virtually identical, whereas that of
sensitized exposed wild type animals was character-
istic of airway hyperreactivity, with a left-shifted curve
and increased maximal reactivity (Fig. 6). Compared
with normal controls, the increase in Penh was signif-
icantly greater at methacholine concentrations of 12.5,
25, and 50 mg/ml. In contrast, the dose-response of
sensitized IL-5-deficient mice exposed to aerosolized
ovalbumin closely resembled that of normal animals
and of nonimmunized controls exposed to aerosolized
ovalbumin. In IL-4-deficient animals, baseline Penh
was significantly increased compared with both nor-
mal and wild type mice (p < 0.001). The increase in
Penh in response to aerosolized methacholine was

7.5+

Penh

significantly greater than in control animals at all
concentrations tested (Fig. 6). Furthermore, this in-
crease was significantly greater than in sensitized wild
type mice, especially at low concentrations (p < 0.001
at 3.125 and 6.25 mg/ml).

Discussion

In this investigation, using a novel model of chronic
asthma, we have shown that IL-4 and IL-5 have
distinctly different roles in the pathogenesis of eosin-
ophil recruitment, chronic inflammation, remodeling,
and hyperreactivity of the airways. Importantly, our
results emphasize that IL-5 is not only a key regulator
of eosinophil recruitment to the airways, but also of
the pathogenesis of chronic inflammation that may
predispose to AHR. Wild type mice, systemically sen-
sitized and chronically exposed to aerosolized ovalbu-
min, developed increased sensitivity and increased
maximal reactivity to B-methacholine that correlated
with infiltration of inflammatory cells. In contrast, IL-5
(—/—) mice exhibited a dose-response that was virtu-
ally indistinguishable from that of normal animals. This
result is in accord with our earlier findings in a short-
term exposure model (Foster et al, 1996) and consis-
tent with studies in human asthmatics that suggest an
important role for IL-5 in bronchial hyperreactivity
(Humbert et al, 1997; Tang et al, 1996; Yung et al,
1995). An interesting difference from our findings in a
short-term exposure model in BALB/c mice (Hogan et
al, 1998b) is that mechanisms independent of IL-5 do
not appear to modulate AHR in the chronic inhala-
tional exposure model, which employs lower concen-
trations of inhaled antigen. Significantly, we show that
IL-5 plays a major part in the development of inflam-
matory changes in the airway wall in chronic asthma.
Because IL-5 is well-recognized to be involved in the
differentiation, recruitment, and survival of eosinophils
(Hogan and Foster, 1997), the diminution in the num-
ber of intraepithelial eosinophils in IL-5 (—/—) mice
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Figure 6.

Airway reactivity assessed by change in Penh in response to increasing concentrations of aerosolized B-methacholine. Significant differences compared with normal
animals are shown as * p < 0.05, ** p < 0.01, *** p < 0.001. Significant differences between IL-4-deficient and wild type animals are shown as # p < 0.05, ###

p < 0.001.
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was predictable. However, the marked decrease in the
numbers of chronic inflammatory cells recruited into
the lamina propria was striking and unexpected.

The mechanism associated with the inflammatory
process that predisposes to the induction of AHR is
unclear. Epithelial injury by mediators released by
degranulating eosinophils has been implicated in the
development of AHR (Coyle et al, 1994). However, the
association between eosinophil recruitment and AHR
demonstrated in the present study does not prove a
cause-and-effect relationship. Moreover, intraepithe-
lial eosinophils and mononuclear cells in the lamina
propria were both decreased in parallel in the IL-5-
deficient mice, making it impossible to attribute ab-
sence of AHR to one or the other component of the
inflammatory response. Recently, factors produced by
CD4+ T-lymphocytes have been shown to directly
modulate baseline airway reactivity and AHR (De
Sanctis et al, 1997; Grunig et al, 1998; Wills-Karp et al,
1998). It remains to be determined whether factors
derived from the eosinophil or other inflammatory cells
are the principal mediators of AHR.

In contrast to the inflammatory changes, develop-
ment of subepithelial fibrosis and of epithelial hyper-
trophy did not appear to be dependent on IL-5,
because comparable remodeling was observed in IL-5
(—/-) animals. The relationship of remodeling to AHR
and/or fixed airflow obstruction in human asthmatics
remains controversial (Bento and Hershenson, 1998).
Importantly, our studies clearly indicate that airway
wall remodeling is not of itself responsible for the
induction of AHR. Furthermore, we have also estab-
lished that development of subepithelial fibrosis and
epithelial hypertrophy is not correlated with airway
wall inflammation or the presence of intraepithelial
eosinophils. These findings suggest that inflammatory
cell-derived growth factors might be less important in
the pathogenesis of airway wall remodeling than, for
example, mediators produced by airway epithelial
cells in response to injury (Zhang et al, 1999). In this
context, it is noteworthy that human asthmatic airway
epithelium exhibits enhanced immunoreactivity for
epidermal growth factor (Amishima et al, 1998) and
transforming growth factor-g (Vignola et al, 1997).
Examination of the expression of these and other
growth factors by airway epithelium in our model of
chronic asthma would therefore be of considerable
interest.

Although IL-4 plays a key role in the development of
Th2 type cells and in the production of IgE, it was
noteworthy that both accumulation of chronic inflam-
matory cells in the lamina propria of the airways and
intraepithelial recruitment of eosinophils in IL-4 (—/-)
mice were at least equivalent to the responses in wild
type animals. However, epithelial hypertrophy and
subepithelial fibrosis were both significantly increased
in the absence of IL-4, relative to the changes ob-
served in wild type animals. The increased airway wall
remodeling may have predisposed to the increased
baseline values of Penh in these mice, as Penh reflects
the pattern of spontaneous respiration. IL-4 (—/—) mice
were also hyperreactive to inhaled B-methacholine at all

Inflammation and Remodeling in Asthma

concentrations tested and exhibited significantly greater
reactivity to this agonist at lower concentrations than did
wild type mice. The results in IL-4-deficient mice support
and extend our previous observations in a short-term
exposure model (Foster et al, 1996), which showed that
inflammation and AHR in these mice were equivalent to
wild type animals. Furthermore, using this experimental
model of chronic asthma, we have shown that IL-4 plays
a hitherto unrecognized role in regulating airway remod-
eling. We have previously demonstrated that the IL-4-
deficient mice do not produce IgE after intraperitoneal
sensitization with ovalbumin (Hogan et al, 1998b). Thus,
the results reported herein suggest that chronic inflam-
mation and remodeling of the airway wall are not depen-
dent on an IgE response.

The mechanism whereby IL-4 partially suppresses
processes of airway remodeling may relate to the
anti-inflammatory action of this cytokine and its ability
to down-regulate production of pro-inflammatory me-
diators such as tumor necrosis factor-a (TNF-«) (Bru-
net et al, 1997; Donnelly et al, 1990; Hart et al, 1989).
It is possible that the absence of this regulatory
mechanism in IL-4 (—/—) mice may account for the
prominent inflammation, epithelial hypertrophy, and
fibrosis in these animals. TNF-« is also a significant
mediator of AHR, both in humans and animal experi-
mental models (Thomas et al, 1995; Yu et al, 1997).
Thus, unregulated production of this cytokine, for
example by macrophages, mast cells, or airway epi-
thelial cells (Shah et al, 1995), could explain the
increased sensitivity of animals to low concentrations
of B-methacholine.

In conclusion, our data provide new insights into the
processes that may regulate the pathophysiologic
features of chronic asthma. In particular, we have
demonstrated that IL-4 and IL-5 have important but
strikingly dissimilar roles in the pathogenesis of the
lesions of chronic asthma. Both the recruitment of
eosinophils into the airway epithelium and the accu-
mulation of chronic inflammatory cells in the airway
wall are dependent on IL-5. Furthermore, this cytokine
is crucial to the development of hyperreactivity of the
airways. In contrast, IL-4 may in part down-regulate
airway inflammation, airway wall remodeling, and hy-
perreactivity to cholinergic stimulation. Importantly,
comparison of data from these two cytokine-deficient
mouse strains indicates that airway wall remodeling is
not simply a consequence of inflammation, nor does it
directly correlate with AHR. These findings are highly
pertinent to the development of therapeutic strategies
for chronic asthma that target specific cytokines.

Materials and Methods
Animals

Specific pathogen-free female BALB/c mice aged
8-10 weeks were obtained from CULAS, Sydney,
Australia. IL-5 (—/—) (Kopf et al, 1996) and IL-4 (—/-)
mice (Noben-Trauth et al, 1996) on a BALB/c back-
ground were obtained from pathogen-free facilities at
the Australian National University. Animals were main-
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tained in a laminar flow holding unit (Gelman Sciences,
Sydney, Australia) and housed in autoclaved cages on
autoclaved bedding in an air-conditioned room on a
12 hour light/dark cycle. Autoclaved food and acidified
water were provided ad libitum throughout. All exper-
imental procedures complied with the requirements of
the Animal Care and Ethics Committee of the Univer-
sity of New South Wales (ref. nos. 95/18 and 98/29).

Sensitization and Inhalational Exposure

This was performed as previously described (Temelk-
ovski et al, 1998). Mice were sensitized by an intra-
peritoneal injection of 10 wpg of alum-precipitated
chicken egg ovalbumin (Grade V, =98% pure, Sigma,
St. Louis, Missouri; unless otherwise specified, all
chemicals were obtained from this source) 21 days
and 7 days (booster injection) before inhalational ex-
posure. Experimental groups comprising 10-12 im-
munized and boosted animals were exposed to aero-
solized ovalbumin for 30 minutes/day on 3 days/week
for 6 weeks in a whole-body inhalation exposure
system (Unifab Corporation, Kalamazoo, Michigan).
During the exposure, the animals were held in wire
flow-through cage racks, and filtered air was drawn
through the 0.5 m® inhalation chamber at a flow rate of
250 L/minute. A solution of 2.5% ovalbumin in normal
saline was aerosolized by delivery of compressed air
to a sidestream jet nebulizer (Trimed, Sydney, Austra-
lia) and injected into the airstream entering the cham-
ber. The concentration and size distribution of parti-
cles within the breathing zone of the mice were
continuously and cumulatively monitored using a light
scatter device (PCAM-TX, PPM, Knoxville, Tennes-
see). Particle concentration was maintained in the
range of 10-20 mg/m® by controlling the airflow into
the nebulizer. Control groups were nonimmunized
animals exposed as above, as well as nonimmunized
nonexposed normal animals.

Blood and Tissue Collection

At the beginning and the end of the exposure period,
mice were bled by retro-orbital puncture using hepa-
rinized capillary tubes. Plasma was diluted 1:20 in
phosphate-buffered saline, and titers of ovalbumin-
specific IgG antibodies were subsequently determined
using an assay similar to that previously described
(Hogan et al, 1997b) to confirm that systemic sensiti-
zation was successful.

Tissues for histopathologic examination were col-
lected 48 hours after the last inhalational exposure
and fixed in 10% buffered formalin overnight. Tissues
were embedded in paraffin and ribbons of 2-3 sec-
tions cut at 5 um were stained with hematoxylin and
eosin or with Gordon & Sweet’s reticulin stain. For
convenience of sampling and measurement, morpho-
metric quantification of airway changes was per-
formed in sections of the longitudinally oriented tra-
chea. Absence of alveolitis was confirmed in sections
of the lungs of wild type mice.
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Morphometry

To quantify the inflammatory response, hematoxylin
and eosin stained sections were examined using a
Leica Q500MC image analysis system (Leica, Cam-
bridge, United Kingdom) calibrated with a reference
measurement slide. For each animal, a section and an
initial field of examination at one end of the section
were selected at random. Using a X40 objective,
nuclear profiles in the lamina propria (defined as the
region bounded by the epithelial basement membrane
and the luminal border of the tracheal cartilage plates)
were counted in the field and the length of the epithe-
lial basement membrane was measured. The micro-
scope stage was then advanced a linear distance of
two microscopic fields and the process was repeated,
continuing in this manner until the full length of the
tracheal section had been examined, which on aver-
age meant that five fields were analyzed per section.
The data were used to calculate the mean number of
cells per 100 um of epithelial basement membrane in
the lamina propria for individual animals.

In parallel, the length of the epithelial basement
membrane for the entire section was measured using
a X10 objective. Then the full length of the epithelial
surface was examined using a X100 oil immersion
objective to enumerate intraepithelial eosinophils,
which were readily identified on the basis of their
strongly staining cytoplasmic granules. The data were
expressed as number of cells per mm of epithelial
basement membrane for individual animals.

The thickness of the epithelial layer was also mea-
sured in these sections, taking care to exclude fields in
which the plane of section was tangential. Two stan-
dardized sampling points were used for measurement
in each microscopic field, and 6 measurements were
made per section. The mean thickness for each animal
was calculated.

Reticulin stained sections were used for assess-
ment of subepithelial collagenization. The image anal-
ysis system was used to directly measure the thick-
ness of the reticulin-stained zone underneath the
tracheal epithelium, using a x40 objective. Three
standardized sampling points were used for measure-
ment in each microscopic field, with an average of 18
measurements per section. The mean thickness for
each animal was calculated.

Airway Reactivity

Responsiveness to methacholine was assessed in
conscious, unrestrained mice by barometric plethys-
mography, using apparatus and software supplied by
Buxco (Troy, New York). This system yields a dimen-
sionless parameter known as enhanced Pause (Penh),
reflecting changes in waveform of the pressure signal
from the plethysmography chamber combined with a
timing comparison of early and late expiration, which
can be used to empirically monitor airway function.
Measurement was performed essentially as previously
described (Hamelmann et al, 1997a). Mice were
placed in the chamber and baseline readings were



taken and averaged for 3 minutes. Aerosolized metha-
choline (concentrations in solution ranging from 3.125
to 50 mg/ml) was then delivered through an inlet into
the chamber for 3 minutes and readings were aver-
aged over a period of 3 minutes after each dose was
administered.

Statistical Analysis

Results of morphometry and assessment of airway
reactivity are presented as arithmetic mean *+ stan-
dard error for each experimental group. An initial
one-way analysis of variance followed by Newman-
Keuls multiple comparison test was used to examine
differences between groups. The software package
GraphPad Prism (GraphPad Software, San Diego,
California) was used for all data analysis and prepara-
tion of graphs.
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