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Bronchiolar epithelium is postulated to play a critical
role in the orchestration of responses to inhaled al-
lergens, and may contribute to the pathogenesis of
asthma. Using a murine model of allergic airway in-
flammation and hyperresponsiveness, we demon-
strate in mice sensitized with ovalbumin (OVA) that
following a single challenge with nebulized OVA, a
rapid and protracted activation of inhibitor of kappa
B kinase (IKK) occurred in lung tissue. IKK activation
was followed by nuclear localization of nuclear factor
(NF)-�B within the bronchiolar epithelium and in-
creased luciferase activity in lungs of mice containing
a NF-�B-dependent reporter gene. Challenge of sensi-
tized mice with OVA also induced mRNA expression
of the chemokines, macrophage inflammatory pro-
tein-2 (MIP-2) and eotaxin in lung tissue, which cor-
responded temporally with the observed influx of
neutrophils and eosinophils, respectively, into the
airspaces. Using laser capture microdissection and
quantitative polymerase chain reaction, we demon-
strated that MIP-2 and eotaxin were predominantly
expressed in bronchiolar epithelium, in contrast to
distal regions of the lungs, which expressed lower or
undetectable levels of these mRNAs. These studies
strengthen the potential importance of the bronchio-
lar epithelial cell as a source of production of NF-�B-
dependent mediators that play a role in asthma.
(Am J Pathol 2002, 160:1325–1334)

A number of cell types have been implicated in contrib-
uting to the pathophysiology of asthma. Important among
these are airway smooth muscle, lymphocytes, resident
macrophages, inflammatory leukocytes, and epitheli-
um.1,2 Bronchiolar epithelial cells serve a number of es-
sential functions within the respiratory tract.3 The airway
epithelium forms a physical barrier between the host and
the environment and represents an important site of in-
teraction with inhaled material including oxidant gases,
microbes, particulate matter, and allergens. The impor-
tance of the signaling events induced by allergens within

the bronchiolar epithelium and their relevance to asthma
remain to be determined. Conceivably, the production of
mediators by this cell type contributes to the generation
or perpetuation of inflammation that may facilitate the
development of asthma.4,5

Nuclear factor (NF)-�B is a pleiotropic transcription
factor that regulates a diversity of responses in mamma-
lian cells.6,7 NF-�B becomes activated in response to
inflammatory cytokines, mitogens, physical and oxidative
stress, infection, and microbial products.8 NF-�B activity
is tightly controlled by the inhibitory protein, I�B�, that is
normally present in the cytosol complexed to NF-�B
dimers, thereby preventing the nuclear localization of
NF-�B and ensuring low basal transcriptional activity. On
cellular stimulation, I�B� becomes phosphorylated at
serines 32 and 36 by the activity of the I�B kinase (IKK)
complex, ubiquinated, and degraded through the 26S
proteasome pathway. This exposes the nuclear localiza-
tion sequence of NF-�B, allowing its entry into the nu-
cleus, facilitating DNA binding and the transcriptional
up-regulation of genes downstream of the �B motif.

Activation of NF-�B causes enhanced expression of
genes encoding inflammatory cytokines, acute phase
proteins, immunoreceptors, and chemokines important in
the recruitment of neutrophils and eosinophils. For exam-
ple, eotaxin,9 interleukin-6 (IL-6),10 interleukin-8 (IL-8),11

macrophage inflammatory protein 2 (MIP-2),12 granulo-
cyte/macrophage colony-stimulating factor (GM-CSF),13

inducible nitric oxide synthase (iNOS),14 intercellular ad-
hesion molecule-1 (ICAM-1),15 cyclooxygenase-216 as
well as other mediators, all have NF-�B binding se-
quences in their promoter regions, which are critical to
their transcriptional activation. Thus, the induction of
NF-�B by pro-inflammatory stimuli may be a critical signal
in evoking an inflammatory response in the lung during
the pathogenesis of asthma.3

Supported by an NRSA Individual Postdoctoral Fellowship and a Senator
Proctor Research Fund grant from the American Lung Association of
Vermont and the Vermont Department of Health (to M.E.P.), by National
Institutes of Health grant RO1 HL60014 and Public Health Service grants
P20 RL15557 and PO1 HL67004 (to Y.J-H.), and by National Institutes of
Health grant RO1 HL56638 and Public Health Service grants P20
RR15557 and P01 HL67004 (to C.G.I.).

Accepted for publication January 2, 2002.

Address reprint requests to Yvonne M.W. Janssen-Heininger, Depart-
ment of Pathology, University of Vermont, Burlington, VT 05405. E-mail:
yjanssen@zoo.uvm.edu.

American Journal of Pathology, Vol. 160, No. 4, April 2002

Copyright © American Society for Investigative Pathology

1325



Numerous investigations have implicated a role for
NF-�B in allergic airway disease. For example, mice lack-
ing p50 or c-Rel develop less airway inflammation on
antigen challenge, thus demonstrating a causal role of
NF-�B in airway inflammation.17–19 Consequently, ave-
nues to inhibit NF-�B activation are being developed.4

However, it remains to be determined how rapidly NF-�B
becomes activated in response to antigen challenge,
whether it involves IKK, at what site within the lung NF-�B
activation occurs, and what the consequences of that
activation are. In the present study, we used a murine
model of ovalbumin (OVA)-driven allergic inflammation to
elucidate the timeframe, mechanism, and localization of
NF-�B activation, as well as the expression of two che-
mokines, eotaxin and MIP-2, known to be regulated, at
least in part, by NF-�B. Our findings demonstrate that, in
response to aerosolized challenge of sensitized mice, the
bronchiolar epithelium is an important site of IKK and
NF-�B activity, as well as expression of NF-�B-depen-
dent inflammatory mediators.

Materials and Methods

Mice

Six-week-old female BALB/c mice were purchased from
the Jackson Laboratories (Bar Harbor, ME). NF-�B-lucif-
erase reporter mice, stably incorporating a transgene
containing two copies of the �B motif from the � light
chain enhancer in front of a minimal fos promoter driving
luciferase,20 were a kind gift from Dr. Mercedes Rincon of
the Department of Medicine at the University of Vermont.
All mice were housed in the University of Vermont Animal
Facility and the Institutional Animal Care and Use Com-
mittee granted approval for all studies. Mice were admin-
istered OVA (20 �g, grade V ovalbumin, Sigma, St. Louis,
MO) with Alum (2.25 mg, Imject Alum, Pierce, Rockford,
IL) via intraperitoneal injection on days 0 and 14. Mice
were challenged using 1 or 3 doses of aerosolized 1%
OVA in phosphate-buffered saline (PBS) for 30 minutes
on day 21 or on days 21, 22, and 23, as previously
described.21,22 Mice were euthanized by a lethal dose of
pentobarbital (Nembutal sodium solution, Abbott Labora-
tories, North Chicago, IL) via intraperitoneal injection.

Pulmonary Function Assessment

Mice were anesthetized with 90 mg/kg of pentobarbital.
Tracheotomized mice from each group were mechani-
cally ventilated for the assessment of pulmonary function,
as previously described.23 Briefly, a tracheotomy tube
was inserted and then connected to the inspiratory and
expiratory ports of a volume-cycled ventilator (FlexiVent,
SCIREQ, Inc., Montreal, PQ, Canada). Mice were venti-
lated at a rate of 160 to 200 breaths/min, with a tidal
volume of 0.2 ml, and frequencies of 2.5 Hz using a
computer controlled volume ventilator with 3 cm H2O
positive end-expiratory pressure. Pressure, flow, and vol-
ume were used to calculate pulmonary resistance after
challenge with inhaled doses of aerosolized methacho-

line (Sigma-Aldrich, St. Louis, MO) ranging from 3.1 to 50
mg/ml in half log increments, as previously described.22

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was collected from mice
immediately on euthanization by instillation and recovery
of 800 �l of 0.9% NaCl. Total cells in BAL were enumer-
ated and 2 � 104 cells were centrifuged onto glass slides
at 800 rpm. Cytospins were stained using the Hema3 kit
(Biochemical Sciences, Inc., Swedesboro, NJ) and dif-
ferential cell counts were performed on 500 cells.

IKK Enzyme Activity Assay

Lungs from sensitized mice exposed to a single dose of
aerosolized OVA were lavaged through a tracheal can-
ula, removed and immediately frozen by immersion in
liquid nitrogen and stored at �80°C. Frozen lungs were
simultaneously thawed and homogenized in cold Nonidet
P-40 (NP-40) immunoprecipitation buffer24 (0.1% NP-40,
50 mmol/L HEPES (pH 7.4), 1 mmol/L EDTA, 150 mmol/L
NaCl, 2 mmol/L MgCl2, 500 �mol/L DTT, 100 �mol/L NaF,
1% aprotinin, 10 �g/ml leupeptin, 10 mmol/L sodium
orthovanadate, and 1 mmol/L PMSF using a Tissue
Tearor mechanical homogenizer (Dremel, Racine, WI).
Lysates were centrifuged at 14,000 rpm at 4°C for 10
minutes and the supernatants removed to clean tubes.
Following protein quantitation using the method of Low-
rey (DC Protein Assay, BioRad Laboratories, Hercules,
CA), the IKK complex was immunoprecipitated from 200
�g of total protein using 0.5 �g of anti-IKK� (sc-8330,
Santa Cruz Biotechnology, Santa Cruz, CA) and 35 �l of
twice-washed (with NP-40 immunoprecipitation buffer)
protein A agarose beads (GIBCO-BRL, Rockville, MD) for
90 minutes at 4°C on a rotating platform. The washed
immunoprecipitates were incubated for 20 minutes at
30°C in 26.5 �l of kinase buffer (20 mmol/L HEPES (pH
7.5), 20 mmol/L �-glycerophosphate, 1 mmol/L MnCl2, 5
mmol/L MgCl2, 2 mmol/L NaF, 1 mmol/L DTT, and 5�Ci
[�-32P]ATP), with 1.4 �g GST-I�B�(1–54), the substrate
for IKK (kind gift from R.M. Ten, Mayo Clinic, Rochester,
MN). Incorporation of 32P into the substrate was visual-
ized by autoradiography after loading of proteins onto
15% sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE) and electrophoresis, and results were quantitated
on a BioRad phosphoimage-analyzer.

Immunostaining

Following euthanasia, lungs were instilled with 4% para-
formaldehyde in PBS (4% PFA) for 10 minutes at a pres-
sure of 25 cm H2O and placed into 4% PFA at 4°C
overnight for fixation of the tissue. Fixed lungs were then
mounted in paraffin, and 5-�m sections were prepared,
affixed to glass microscope slides, and prepared for
immunostaining by deparaffinizing with xylene and rehy-
drating through a series of ethanols. Alternatively, unfixed
lungs inflated with PBS at a pressure of 25 cm H2O were
mounted in Tissue-Tek OCT compound (Sakura Finetek,

1326 Poynter et al
AJP April 2002, Vol. 160, No. 4



Inc., Torrance, CA) and frozen in liquid nitrogen-chilled
isopentane for the preparation of 10-�m frozen sections.
Slides were blocked three times for 20 minutes each in
PBS containing 1% bovine serum albumin (PBS/1% BSA)
and permeabilized with 0.1% Triton X-100 in PBS. Slides
were then incubated with an appropriate dilution of pri-
mary antibody recognizing the RelA subunit of NF-�B
(SC-372, Santa Cruz Biotechnology). Following three
washes in PBS, slides were incubated with an Oregon
Green-labeled secondary antibody (Molecular Probes,
Eugene, OR), washed, RNase treated, and counter-
stained with propidium iodide (PI) to label DNA, for nu-
clear localization. Sections were scanned using an Olym-
pus BX50 upright microscope (Olympus America, Lake
Success, NY) configured to a Bio-Rad MRX 1000 confo-
cal scanning laser microscope system equipped with a
15 mW mixed-gas krypton-argon laser (Bio-Rad Labora-
tories) with excitation wavelengths at 588, 568, and 647
nm. Propidium iodide staining of nuclei was detected by
exciting fluorescence with the 568 laser whereas Oregon
Green was detected following excitation with the 488-
laser line.

Ribonuclease Protection Assay

RNA was extracted from frozen lungs using a modified
method of Chomczynski,25 and gene expression was
assessed qualitatively and quantitatively using the ribo-
nuclease protection assay (RPA) (Pharmingen, San Jose,
CA). Five �g of total lung RNA was hybridized to 32P-
labeled probe sets (mCK-5), processed according to the
manufacturer’s protocol, and hybridized components
were separated on a 5% acrylamide gel. Each specific
hybridized product migrates according to its size,
thereby allowing identification of individual bands that
were assigned to specific mRNA products.

Laser Capture Microdissection and Real-Time
Polymerase Chain Reaction

The PixCell II laser capture microdissector from Arcturus
Engineering (Mountain View, CA) is a laser-based system
designed for the high resolution removal of specific cell
types from paraffin-embedded or cryostat tissue sec-
tions. Laser capture microdissection (LCM) was used to
selectively remove bronchiolar epithelium from frozen tis-
sue on slides. As a control, parenchymal tissue (consist-
ing solely of alveolar wall) was also captured for compar-
ative analysis of gene expression. Frozen lung tissues
were sectioned at 10-�m thickness and placed onto un-
coated glass slides, stained with hematoxylin, and dehy-
drated through a series of ethanols and xylenes. Dehy-
drated sections were placed onto the stage of the
microdissector system and captured by multiple pulses
of the laser (�500). The thermoplastic film of the cap
containing the captured cells was then inverted onto a
microcentrifuge tube and total RNA was extracted using
a modified method of Chomczynski.24 RNA was DNase
treated and reverse transcribed into cDNA using Super-
scriptII, according to instructions by the manufacturer

(GIBCO-BRL). During TaqMan analysis, copy number of
cDNA targets was quantified by the point during cycling
when the PCR product is first detected. TaqMan probes
and primers were designed to bind to the gene of inter-
est. The probes contained a 5� fluorigenic dye (6-FAM)
and a 3� quencher dye (BHQ-1) in close proximity, which
represses fluorescence in the intact probe. As the poly-
merization of the primers is extended, strand displace-
ment and cleavage of the 5� reporter from quencher dye
increases fluorescence resonance energy transfer from
6-FAM, which was detected and quantified by the ABI
Prism 7700 sequence detection system (Perkin Elmer
Corp., Foster City, CA). Expression of the housekeeping
gene, 18S rRNA, was monitored in parallel, using sepa-
rate reactions, to normalize differences in starting DNA
copy number between samples. Levels of mRNA for
MIP-2, eotaxin, or CC10 were normalized to 18S rRNA
and presented as relative expression.

Real-Time PCR Primers and Probes

Forward (for) and reverse (rev) primers and 6-FAM/
BHQ-1 probes (5��3�) for TaqMan PCR were purchased
from Biosearch Technologies (Novato, CA) for the follow-
ing messages. 18S: for, cggctaccacatccaagga; rev,
gagtcctgtattgttatttttcgtcact; probe, cgcgcaaattacccactc-
ccga. Eotaxin: for, agagctccacagcttctatt; rev, cttactggt-
catgataaagcagcag; probe, acggtcacttccttcacctcccagg.
MIP-2: for, gaacatccagagcttgagtgtga; rev, ttttgaccgccct-
tgagagt; probe, actgcgcccagacagaagtcatagcc. CC10:
for, cctttcaaccctggctcaga; rev, tgggagggtatccaccagtct;
probe, caaaatgcgggcacccagctg.

Luciferase Activity Assay

Frozen lung sections were homogenized in 1X Reporter
lysis buffer (Promega, Madison, WI) using a TissueTearor
homogenizer and cleared by centrifugation. Protein lev-
els were quantitated using the method of Bradford (Bio-
Rad, Hercules, CA) and 20-�l aliquots were analyzed in
triplicate using a Berthold Lumat LB9501 luminometer
(Berthold Australia Pty Ltd, Bundoora, Australia) and 100
�l of luciferin substrate (Promega, Madison, WI). Light
emission was measured for 20 seconds and normalized
per �g of protein.

Results

Mouse Model of Allergic Airway Inflammation
and Hyperresponsiveness

To generate pulmonary inflammation with a number of the
functional features of asthma, mice were sensitized with
intraperitoneal injections of OVA plus aluminum hydrox-
ide (alum) at days 1 and 14. Control mice were adminis-
tered intraperitoneal PBS and alum. At days 21, 22, and
23, all mice were challenged with aerosolized
OVA.21,22,26 Only the OVA/OVA protocol resulted in a
marked influx of cells into the airways, evidenced by in-
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creases in cells recovered by BAL 2 days following the third
aerosolized challenge (Figure 1). Typical of antigen-in-
duced airway responses, the number of cells recovered
from BAL was accounted for in large part by the influx of
eosinophils. This murine model of allergic airway inflamma-
tion also induced airway hyperresponsiveness, but only in
mice that were both sensitized and challenged with aller-
gen, as demonstrated by the increased airway resistance in
response to increasing doses of aerosolized methacholine
(Figure 2).

NF-�B Activation in Bronchiolar Epithelium of
Allergen Sensitized and Challenged Mice

The airways, lined by bronchiolar epithelium, represent the
first point of contact within the lung to inhaled antigens.
Proinflammatory signaling events triggered within these

cells in a NF-�B dependent manner may be crucial to the
development of inflammation and allergic airway disease.
Since the activation of NF-�B is critical to the activation of
many chemokine and cytokine genes that control the influx
of inflammatory cells, we next determined whether evidence
exists for NF-�B activation in the lungs of sensitized and
challenged mice. Confocal microscopy was performed on
paraffin-embedded lung sections immunostained using an
antibody that recognizes RelA, the transcriptionally active
subunit of NF-�B. Images in Figure 3 demonstrate a specific
and striking localization of RelA only in bronchiolar epithe-
lium of sensitized and challenged mice. Using propidium
iodide as a nuclear marker, nuclear translocation of RelA
occurred in OVA/OVA mice, evident from the yellow color
formation that occurs when the green (RelA) and red (pro-
pidium iodide) color co-localize. Under identical imaging
conditions, no marked nuclear RelA was evident in the
lungs of control, sensitized only, or challenged only groups.
The apparent lack of RelA immunostaining in the cytoplasm
of control, sensitized, or challenged lung sections reflects a
consequence of tissue preparation previously observed in
paraffin-embedded lung tissue, in which active NF-�B was
recognized by antibody much better than the inactive
NF-�B complex.27

Time Course of NF-�B Activation

Since NF-�B is considered to play an important role in the
regulation of inflammatory cytokine and chemokine pro-
duction, we reasoned that the activities of this transcrip-
tion factor might be an early event in bronchiolar epithe-
lium following aerosolized allergen challenge of
sensitized mice. Therefore, we studied sensitized mice in
response to a single challenge with aerosolized OVA. As
is shown in Figure 4, analysis of BAL revealed a tempo-
rally distinct pattern of cellular recruitment to the airways.
At early timepoints following aerosolized OVA challenge
(15 minutes to 6 hours), neutrophils were recovered in the
BAL, which increased in number over time. At the 24 hour
timepoint following challenge, eosinophils were first de-
tected and neutrophil numbers were decreasing (Figure
4). These results demonstrate temporally distinct patterns
of inflammatory cell recruitment to the airways of sen-
sitized mice following a single aerosolized allergen
challenge.

We next addressed whether the rapid induction of
airway inflammation in sensitized mice following a single
challenge with OVA was preceded by the activation of
NF-�B by examining the activity of the IKK complex. IKK
functions to inducibly phosphorylate I�B� at serines 32
and 36, leading to the proteasome-mediated degradation
of I�B� and activation of NF-�B. Compared to non-sen-
sitized mice exposed to aerosolized OVA, sensitized
mice demonstrated rapid and pronounced induction of
lung IKK activity (Figure 5). Fifteen minutes following
cessation of the 30 minute allergen exposure regimen,
IKK activity was fivefold higher in sensitized mice com-
pared to the non-sensitized controls. Importantly, IKK
activity remained elevated, relative to control levels, for at
least 24 hours.

Figure 1. Assessment of inflammatory cells in BAL following sensitization
and three challenges with antigen (sensitized � challenged). Control mice
were unmanipulated, sensitized mice received an intraperitoneal injection of
OVA at days 1 and 14. Challenged mice were nebulized with aerosolized
OVA at days 21, 22, and 23. BAL was performed 48 hours after the last
aerosolized OVA challenge for the assessment of differential cell counts. Data
are from four mice per group and are expressed as means � SEM.

Figure 2. Responsiveness to methacholine (MC) in sensitized and chal-
lenged mice. Sensitized and challenged mice received an intraperitoneal
injection of OVA at days 1 and 14 and nebulized OVA at days 21, 22, and 23.
Challenged mice received an intraperitoneal injection of vehicle at days 1 and
14 and nebulized OVA at days 21, 22, and 23. Hyperresponsiveness to
methacholine was assessed at day 25 (48 hours after the last aerosolized OVA
challenge), following administration of increasing doses of aerosolized MC.
Data are means � SEM from eight mice per group.
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We next determined whether the persistent IKK activity
culminated in translocation of NF-�B into the nucleus,
and exactly which pulmonary cell types were involved.
Frozen lung sections obtained 15 or 30 minutes or 1, 2, 6,
or 24 hours after OVA challenge were immunostained for
RelA and imaged using confocal microscopy. As is seen
in Figure 6, nuclear localization of RelA was observed
preferentially in bronchiolar epithelial cells only of sensi-
tized and challenged mice. Similar to the rapid and pro-
longed activation of IKK, nuclear translocation of RelA
within airway epithelium occurred within 15 minutes fol-
lowing cessation of aerosolized allergen exposure and
remained in the nucleus for as long as 24 hours following
the single challenge.

Reporter Gene Expression in Sensitized NF-�B
Luciferase Mice following Aerosolized Allergen
Challenge

To confirm the induction of NF-�B-dependent gene tran-
scription in lung tissue, NF-�B-luciferase reporter mice

were sensitized and exposed to aerosolized OVA. Lungs
were harvested 6 hours and 24 hours after a single chal-
lenge or 48 hours after three daily challenges and ho-
mogenized for the assessment of NF-�B-dependent lu-
ciferase enzyme activity. As is demonstrated in Figure 7,
the luciferase activity in lung homogenates was elevated
threefold 6 hours following a single challenge with aero-
solized allergen and remained elevated at 24 hours after
a single challenge. Similarly, 48 hours following three
daily challenges, luciferase activity was elevated as well,
thus demonstrating the protracted increases in NF-�B-
dependent gene transcription. Taken together, these
data demonstrate that NF-�B-dependent gene transcrip-
tion occurs in the airway epithelial cells of allergic mice in
response to aerosolized allergen challenge.

Chemokine Expression in Bronchiolar Epithelium
of Allergen Sensitized and Challenged Mice

To demonstrate that NF-�B activation in airway epithelium
of sensitized and challenged mice initiates a cascade of

Figure 3. Immunolocalization of RelA in bronchiolar epithelial cells of mice after sensitization and challenge with allergen. Control mice were unmanipulated,
sensitized mice received an intraperitoneal injection of OVA at days 1 and 14. Challenged mice received an intraperitoneal injection of vehicle at days 1 and 14
and were nebulized with aerosolized OVA at days 21, 22, and 23. Paraffin-embedded lung sections were prepared 48 hours after allergen challenge and stained
with an antibody directed against RelA followed by incubation with an Oregon Green-conjugated secondary antibody. Propidium iodide was used as a nuclear
counterstain to evaluate nuclear presence of RelA. Sections were scanned by confocal microscopy. Data are representative of results from two separate
experiments.
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events that culminates in recruitment of inflammatory
cells, we evaluated mRNA expression of several NF-�B-
regulated genes in lung tissue using ribonuclease pro-
tection assays. Results in Figure 8 demonstrate marked
increases in the mRNA levels of chemokine/cytokine
genes that function to specifically recruit granulocytes in
the lungs of sensitized mice administered a single chal-
lenge with aerosolized OVA, compared to mice that were
only sensitized (C). Acute increases in the mRNA expres-
sion of MIP-2, MIP-1�, TCA-3, and monocyte chemotactic
protein (MCP-1), were observed in sensitized and chal-
lenged mice. In contrast, a more delayed increase in
expression of eotaxin was apparent, which is consistent
with the delayed influx of eosinophils. The pattern of
MIP-1� expression also paralleled that of eotaxin. As
additional controls, mice that were neither sensitized nor
challenged, or challenged alone, did not result in in-
creased expression of NF-�B-regulated genes in the
lungs (data not shown), consistent with the lack of nu-
clear RelA shown in Figure 3. It is of interest to note that
MIP-2 mRNA was induced very rapidly while the in-
creases in mRNA expression of eotaxin occurred in a
more protracted fashion, despite both being transcrip-
tionally regulated by NF-�B.9,12 Eotaxin was up-regulated
by 6 hours and remained elevated in the lungs of OVA/
OVA mice. These results demonstrate a rapid and pro-
longed up-regulation of NF-�B dependent genes that
facilitate the differential recruitment of neutrophils and
eosinophils in lungs of sensitized and antigen challenged
mice.

To assess whether the increased mRNA expression of
NF-�B regulated chemokines occurred selectively in
bronchiolar epithelial cells, frozen lung sections were
subjected to LCM, to enrich desired cell populations.
From hematoxylin-stained frozen sections, bronchiolar
epithelium (Figure 9,A–D) and parenchymal regions (not
shown) were captured separately and RNA was isolated.
Enrichment of bronchiolar epithelium by LCM was con-
firmed by analysis of expression of the bronchiolar epi-
thelial specific gene, CC10 (Figure 9E) by TaqMan anal-
ysis. From samples of bronchiolar epithelium and
parenchyma enriched by LCM, expression of MIP-2,

eotaxin, and 18S rRNA was analyzed in control animals,
which were only exposed to aerosolized allergen, and in
sensitized animals 1 hour, 6 hours, and 24 hours after
aerosolized allergen challenge. Expression of MIP-2 and
eotaxin was normalized relative to the housekeeping
gene 18S rRNA. Results in Figures 9F and 9G demon-
strate that the early expression of MIP-2 occurred prefer-
entially in bronchiolar epithelium, whereas expression of
MIP-2 in the distal pulmonary regions was much lower
(Figure 9F). In addition, the delayed expression of eotaxin
was observed only in bronchiolar epithelium (Figure 9G),
as eotaxin expression was undetectable in parenchymal
tissue. These results demonstrate that genes regulated
by NF-�B are selectively expressed by bronchiolar epi-
thelium of sensitized mice exposed to aerosolized aller-
gen and that expression of these products correlates with
patterns of inflammatory cell influx into the airways. In
summary, the results presented herein support the hy-
pothesis that airway epithelial NF-�B activity plays a role
in the development of allergic airway inflammation.

Discussion

Numerous studies have implicated NF-�B as an important
transcription factor that regulates airway inflammation in
asthmatics and that may serve as a therapeutic target for
the treatment of asthma.28 Murine models of asthma similar
to the one used in these studies have incorporated gene
knockout animals to elucidate the role of NF-�B in some
aspects of the disease. An essential role for NF-�B activa-
tion in the induction of eosinophilia in allergic airway disease
was demonstrated in p50 (a heterodimeric partner for the
RelA subunit of NF-�B) knockout mice, which do not de-
velop eosinophilia or airway hyperresponsiveness. The p50
knockout mice fail to produce the chemokines eotaxin,
MIP-1� and MIP-1�,19 as well as the Th2 cytokines IL-4,
IL-5, and IL-13.17 Similarly, mice deficient in c-Rel, another
member of the NF-�B family that is normally expressed in T
lymphocytes, also exhibit reduced circulating IgE levels,
airway inflammation, and hyperresponsiveness.18 These
studies, however, do not elucidate the critical cell type
responsible for the activation of NF-�B during the elabora-
tion of airway inflammation. Therefore, in the present study
we sought to characterize the kinetics and location of NF-�B
activation in the lungs of allergen sensitized and challenged

Figure 4. Assessment of inflammatory cells in bronchoalveolar lavage fol-
lowing sensitization and single challenge with allergen. Mice received an
intraperitoneal injection of OVA at days 1 and 14 and were nebulized with
aerosolized OVA at day 21. Control mice were sensitized but not exposed to
aerosolized OVA. BAL was performed at the indicated times for the assess-
ment of differential cell counts. Data are from four mice per group and are
expressed as means � SEM.

Figure 5. IKK activity assay from whole lungs of mice following sensitization
and single challenge with allergen. Mice received an intraperitoneal injection
of OVA at days 1 and 14 and were nebulized with aerosolized OVA at day 21.
Control mice were sensitized but not exposed to aerosolized OVA. Mice were
euthanized at various times following a single allergen challenge, the IKK
complex was immunoprecipitated from lung homogenates and subjected to
an in vitro kinase assay to measure the incorporation of 32P into GST-I�B�.
Presented data are representative of results from two separate experiments,
from which band intensities were quantitated by phosphoimage analysis and
are presented as fold-induction � SEM.
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mice. Our data demonstrate that the NF-�B pathway is
activated rapidly in the lungs of sensitized mice following a
single aerosolized antigen challenge and that this is pre-
ceded by the activation of IKK, the major regulator of NF-�B
activation. Furthermore, using a number of approaches, we
have demonstrated that the activation of NF-�B is rapid,

persistent, and occurs predominantly in the bronchiolar ep-
ithelium. Importantly, the increased expression of the NF-�B
regulated neutrophil and eosinophil chemokines, MIP-2 and
eotaxin, respectively, by bronchiolar epithelium, provide the
necessary gradient for the recruitment of these inflamma-
tory cells into the air spaces.

Figure 6. Immunolocalization of RelA in bronchiolar epithelial cells of mice after sensitization and a single challenge with allergen. Mice received an
intraperitoneal injection of OVA at days 1 and 14 and nebulized OVA at day 21. Control mice were sensitized but not exposed to aerosolized OVA. Frozen lung
sections were prepared at various times following a single antigen challenge and stained with an antibody directed against RelA followed by incubation with an
Oregon Green-conjugated secondary antibody. Propidium iodide was used as a nuclear counterstain to evaluate nuclear presence of RelA. All sections were
scanned by confocal microscopy using identical settings. Data are representative of results from two separate experiments.

Figure 7. Luciferase activity in lungs from sensitized NF-�B/luciferase mice
following challenge with aerosolized allergen. NF-�B/luciferase mice re-
ceived an intraperitoneal injection of OVA at days 1 and 14 and were
nebulized with aerosolized OVA at day 21 or at days 21, 22, and 23 (3� Ova).
Control mice were sensitized but not exposed to aerosolized OVA. Lungs
were harvested at 6 or 24 hours following a single challenge (Ova 6 hours
and Ova 24 hours) or 48 hours following three aerosolized challenges (3�
Ova 48 hours), and homogenates were assessed for luciferase reporter
activity, which was normalized to total protein. Data are from three mice per
group and are expressed as means � SEM.

Figure 8. Ribonuclease protection analysis of chemokine mRNA expression
in lungs of sensitized and challenged mice. Mice received an intraperitoneal
injection of OVA at days 1 and 14 and were nebulized with aerosolized OVA
at day 21. Control mice (C) were sensitized but not exposed to aerosolized
OVA. Lungs were harvested at the indicated times following a single aero-
solized OVA challenge, and RNA was prepared for ribonuclease protection
assays using a commercial template set (Pharmingen). Data are representa-
tive of results from three separate experiments.
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The bronchiolar epithelium serves an important first
line of defense within the airways, and perturbation of
these cells by inhaled materials, including allergens,
evokes responses that may contribute to the develop-
ment and maintenance of the asthma phenotype through
the activation of NF-�B.29 In this regard, heaves-affected

horses, which are spontaneously sensitized and chal-
lenged, display marked airway inflammation and acute
airway obstruction with features of asthma. Epithelial cells
recovered by bronchial brushing exhibit high levels of
NF-�B activity compared to those from healthy horses.30

Interestingly, the amount of NF-�B activity remaining after

Figure 9. LCM and TaqMan PCR analysis of bronchiolar epithelium and alveolar epithelium following a single nebulized allergen challenge. Mice received an
intraperitoneal injection of OVA at days 1 and 14 and were nebulized with aerosolized OVA at day 21. Control mice were sensitized but not exposed to aerosolized
OVA. Mice were euthanized at various times following a single allergen challenge, and frozen lung sections were prepared. Sections were visualized by light
microscopy (A), a transfer cap was placed atop the section and a laser was pulsed, causing the film to melt and adhere to the section (B). The cap was lifted away,
revealing the remaining tissue (C) and the enriched fraction on the cap (D). Bronchiolar epithelial (gray bars) and parenchymal tissues (black bars) were laser
captured from mouse lung sections and the RNA expression of the bronchiolar epithelial specific gene product, CC10, was quantitated relative to the expression
of the housekeeping gene 18S ribosomal RNA using TaqMan PCR (E). Quantitation of MIP-2 mRNA (F) and eotaxin mRNA (G) expression in bronchiolar
epithelium and parenchymal tissue of sensitized mice following a single aerosolized allergen challenge. mRNA levels are normalized to 18s rRNA. Data are from
four mice per group and are expressed as means � SEM.
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recovery from the airway obstruction phase correlated
with persistent lung dysfunction, suggesting a prolonged
maintenance of NF-�B activity in the bronchial epithelium
of affected horses.31 Similarly, our data demonstrate per-
sistent IKK activity in the lungs and NF-�B activity in the
airway epithelium of sensitized mice following a single
aerosolized antigen challenge. Importantly, activation of
NF-�B has also been observed in airway epithelial cells
obtained from asthmatic individuals by bronchial biop-
sy,32 evidence of a common mechanism between the
murine model and clinical disease.

In our studies, in addition to the nuclear localization of
RelA in bronchiolar epithelium of sensitized and chal-
lenged mice, enhanced RelA immunostaining was ob-
served in the cytoplasm of bronchiolar epithelium from
sensitized mice challenged three times, suggesting ele-
vated expression of RelA in these cells. Although the
mechanism of RelA up-regulation observed in these stud-
ies is unclear, our findings are complimentary to those
demonstrating that lung biopsies from asthmatic patients
show enhanced levels of RelA in the bronchiolar epithe-
lium relative to the levels seen in non-asthmatic control
subjects.32 Increases in RelA levels have also been dem-
onstrated in endothelial cells at sites predisposed to de-
velopment of atherosclerotic lesions, which contribute to
enhanced NF-�B activation and expression of NF-�B-
inducible genes in these regions.33 Furthermore, rats
exposed to inhaled asbestos also exhibit increased RelA
immunoreactivity in bronchiolar epithelium.27

The NF-�B-regulated chemokines eotaxin and MIP-2
are thought to be important in the development and main-
tenance of the asthma phenotype.34 Eotaxin is critical to
the recruitment and activation of eosinophils into the air-
ways and potentially also in the development of pulmo-
nary fibrosis as a result of sensitization and challenge
with allergen.34 Human eotaxin is a NF-�B-regulated
gene35 that is inducibly expressed by airway epithelial
cells in response to inflammatory cytokines and allergen
challenge.36 The murine eotaxin gene also has a NF-�B
binding site (GGAAGCTTCC) �64 to �55 upstream of
the transcriptional start site (GenBank accession number
U77462).37 Like most genes, eotaxin in not transcription-
ally regulated solely by NF-�B. Both the murine and hu-
man eotaxin promoters also contain binding sites for the
transcription factor STAT6, which is activated in response
to signaling by the Th2 cytokines IL-4, IL-5, and
IL-13.38,39 These cytokines are elevated in asthma and
synergistically induce eotaxin mRNA expression. The
regulation of eotaxin by STAT6, in cooperation with NF-
�B, may explain the delay in eotaxin mRNA expression in
sensitized and challenged mice in contrast to the rapid
up-regulation of genes that are predominantly regulated
by NF-�B. Certainly, the kinetics of STAT6 activation in
airway epithelium of sensitized and challenged mice mer-
its further investigation. Unlike eotaxin, which requires
both STAT6 and NF-�B for full transcriptional activity, the
MIP-2 gene is transcriptionally regulated predominantly
by NF-�B and is induced by inflammatory cytokines.40

MIP-2 (a rodent analog of human IL-8) is a key chemokine
necessary for the recruitment of neutrophils into the lung,
which can be produced by epithelial cells and normally

plays a role in respiratory tract defenses against a variety
of insults.12,41 The temporal dissociation of MIP-2 expres-
sion/neutrophil recruitment and eotaxin expression/eosin-
ophil recruitment suggests that the immediate activation
of NF-�B by bronchiolar epithelium in response to antigen
induces expression of the chemokine MIP-2. Only at later
times, in cooperation with the antigen-specific response
of local Th2 lymphocytes to generate the cytokines IL-4,
IL-5, and IL-13, STAT-6 may become activated, which
then would cooperate with NF-�B to induce the expres-
sion of eotaxin and subsequently recruit eosinophils to
the airway.

The mechanism by which airway epithelial cells from
sensitized and challenged mice become stimulated to
activate NF-�B in response to allergen remains enig-
matic. Our data clearly support the notion that specific
antigen recognition is required, as mice sensitized only
with adjuvant fail to rapidly activate NF-�B in response to
aerosolized challenge with antigen. Interestingly, stimu-
lation of bronchiolar epithelium from allergic asthmatics
with allergen in vitro causes the release of cytokines,
implicating antigen-specific recognition.42 The rapid ac-
tivation of the IKK complex observed in our studies also
supports direct recognition of allergen by the airway ep-
ithelium. Elucidating the pathways by which bronchiolar
epithelium participate in specific responses to allergens
is the subject of our ongoing studies. The studies pre-
sented herein point to an important role of NF-�B activa-
tion in bronchiolar epithelial cells in the development of
inflammation and pathophysiological alterations in a mu-
rine model of allergic airway disease.
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