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ABSTRACT

Pathologic features of IgE-mediated allergic airway diseases include airway infiltration of inflammatory cells (eg, lymphocytes, plasma cells, and
eosinophils) and mucous cell metaplasia (MCM) in airway epithelium. CID4ymphocytes, specifically those producing a type 2 (Th2) cytokine
profile, are necessary for the induction of IgE-mediated allergic airway responses. Most experimental models of IgE-mediated allergic amvay disea
use systemic (eg, intraperitoneal) administration of an allergen coupled with an adjuvant to sensitize animals. Cytokine changes are measured in a
number of ways including in bronchoalveolar lavage fluid (BALF) or lymph node cells stimulated ex vivo. The primary objective of this study was to
test the hypothesis that intranasal sensitization and challenge of mice with ovalbumin in the absence of an adjuvant will induce the pathelegic featu
that are characteristic of IgE-mediated allergic airway disease. Another objective was to determine if intranasal delivery of this allergeh will re
in the induction of a profile of cytokine gene expression in the lung and tracheobronchial (TB) lymph node, that is typical of immunologic changes
associated with IgE-mediated allergic airway disease. Only mice that were intranasally sensitized and challenged with ovalbumin exhibéed pulmon
lesions that included marked MCM in the respiratory epithelium lining the nasal and pulmonary airways, and an associated mixed inflammatory cell
influx consisting of lymphocytes, plasma cells and eosinophils. Ovalbumin-treated mice also exhibited enhanced expression of the Th2 cytokine
mRNASs IL-4, IL-5, IL-10, and IL-13 in the lung and IL-4 in the TB lymph node, and concurrent increases in ovalbumin-specific IgE in the serum. The
results of this study indicate that A/J mice intranasally instilled with ovalbumin without adjuvant have the hallmark histopathologic and igitcnunolo
features of IgE-mediated allergic airway disease of humans.

Keywords. Intranasal sensitization and challenge; nasal and pulmonary airways; A/J mice; Th2 cytokines; ovalbumin; adjuvant-free; morphologic
features of allergic airway disease; tracheobronchial lymph node.

INTRODUCTION ous immunoglobulin subclasses that may skew the immune

Ovalbumin is a protein allergen widely used in experimenfesponse (19). _ N
tal models of IgE-mediated allergic airway disease that use A large body of evidence supports the critical role of
systemic administration to sensitize animals. Although it is! N2 cytokines in the development and maintenance of IgE-
well known that systemic ovalbumin sensitization followed Mediated allergic airway disease. For example, interleukin-
by intranasal challenge will induce features characteristic of (IL-4) and IL-13 are required for B cells to undergo
IgE-mediated allergic airway disease, it is not clear whetherclass-switching” (ie, from IgM-producing to IgE-producing
a similar response can be induced by intranasal sensitiz& cells) (8) and the inhibition of IL-5 prevents antigen-
tion and challenge to ovalbumin. The impetus for intranasalnduced airway eosinophilia and late-phase hyperresponsive-
administration is that it more closely resembles the naturd€ss (7, 13). Most experimental models of IgE-mediated al-
route of exposure to airborne allergens, ie, inhalation. Itis alsterdic airway disease assess changes in cytokine expression
a simple, inexpensive, and noninvasive method of exposinBy measuring the secreted product of stimulated local drain-
both the upper and lower respiratory tract of laboratory roiNg lymph node cells or by analyzing bronchoalveolar lavage
dents to allergens. Most experimental models also includuid (BALF) for protein or cell associated mRNA expression.
an adjuvant (eg, alum) along with the allergen. Adjuvantsf\” alternative method, described in this report, is the mea-
like alum, are not part of the natural airborne exposure of aiSurement of cytokine gene expression in RNA isolated from
lergens and may artificially influence Th1 or Th2 responsedh€ lung tissue itself or from a local draining lymph node.

in the animal. This is evidenced by the production of vari- The primary objective of this study was to determine if in-
tranasal sensitization and challenge of mice with ovalbumin
without an adjuvant would effectively sensitize the animals
—_— o by inducing features characteristic of IgE-mediated allergic
Address correspondence to: Dr. Norbert E. Kaminski, Department Ofairway disease. The second objective of this study was to
Pharmacology and Toxicology, Michigan State University, East Lansing . - . .

MI 48824 e-mail: kamins11@msu.edu assess the temporal changes in the expression of multiple
Abbreviations: AB/PAS, Alcian Blue/Periodic Acid-Schiff; BALF, bron-  Cytokine genes in RNA derived from lung tissue and its lo-
choalveolar lavage fluid; IL, interleukin; IM, intraepithelial mucosub- cal draining lymph node using such an exposure regimen.
stances, 1S, internal standard: MBP, major basic protein; MCM, mucous[lergen-induced changes in cytokine gene expression, along

cell metaplasia; rc , recombinan ) , ase Protection Assayy, ,: H _
RT, reverse transcriptase; RT-PCR, reverse transcriptase-polymerase chXY,kth pulmonary and.nasal hlstopathology, and serum IgE IeV_
reaction; SEM, standard error of the mean; TB, tracheobronchial lympt€lS were assessed in each mouse. This was done to examine

node; Thl or Th2, T helper 1 or 2; Vs, volume density. the utility of measuring local cytokine gene expression as
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a biomarker for screening potential respiratory allergens. In- Mice were anesthetized with 4% halothane and 96% oxy-
tranasal sensitization and challenge of ovalbumin, without agen. Anesthetized mice were treated by intranasal instillation
adjuvant, induced marked increases in the mMRNA expressionith 30 ul of 0.5% ovalbumin (Sigma Chemical, St. Louis,
of the Th2 cytokines IL-4, IL-5, and IL-13 in lung tissue and MO) in sterile, pyrogen-free saline or 34 of saline alone
increases in IL-4 in the TB lymph node. These changes werdivided evenly between each naris. The sensitization phase
accompanied by hallmark histopathologic features of allereonsisted of a single instillation once per day for 5 consecu-
gic airway disease of the lung (eg, mucous cell metaplasitive days. The animals were challenged once, 14 days after the
(MCM), airway eosinophilia and an increased mononucleafifth instillation of the sensitization phase via a single instilla-
cell infiltrate) and increases in antigen-specific serum IgEtion of the same volume and concentration as the instillations
In addition, the nasal airway epithelium of these animals exduring the sensitization phase. Mice were sacrificed 24 or 48
hibited similar histopathologic changes indicating concurrenhours after challenge. There were 3 different treatment groups
allergic rhinitis. for each sacrifice time. One was sensitized and challenged
with saline and a second group was sensitized with ovalbumin
and challenged with saline. The last group was sensitized
and challenged with ovalbumin. Other mice received a
second challenge 10 days after the first challenge again with
rthe same volume and concentration as in the first challenge.
dhese mice were sacrificed 24, 48, or 96 hours after the final
challenge. There were 4 different treatment groups for each
acrifice time: 1) sensitization and challenge with saline,
) sensitization with ovalbumin and challenge with saline;
o3) sensitization with saline and challenge with ovalbumin;
§ad 4) both sensitization and challenge with ovalbumin.

MATERIALS AND METHODS
Animals and Allergen Sensitization and Challenge

Ninety male A/J mice (Jackson Laboratories, Bar Harbo
Maine), 6 weeks of age, were randomly assigned to 1 of 1
experimental groups (& 5). Mice were free of pathogens
and respiratory disease, and used in accordance with guid
lines set forth by the All University Committee on Animal
Use and Care at Michigan State University. Animals wer
housed 5 per cage in polycarbonate boxes, on Cell-Sorb PI
bedding (A&W Products, Cincinnati, OH) covered with fil- ) ) )
tered lids, and had free access to water and food. Room light$€cropsy, Blood Sample Collection, and Tissue Preparation
were set on a 12-hour light/dark cycle beginning at 6:00 am, Before sacrifice, mice were deeply anesthetized via in-
and temperature and relative humidity were maintained befaperitoneal injection of 0.1 ml of 12% pentobarbital in
tween 21-24C and 40-55% humidity, respectively. Figure 1 saline. Blood samples (0.1-0.5 ml) were taken from the
depicts the exposure regimen utilized for intranasal sensitibrachial artery and collected in Beckton Dickinson vacutain-
zation and challenge of mice. The timeline of the exposurers. Serum samples were collected after the blood samples
regimen used is a modification of that used by Wills-Karpwere centrifuged to remove cells and the supernatants were
et al (27), who used systemic sensitization and intratrache#élozen and stored at20°C. The abdominal aorta and re-

challenge.

nal artery were then severed to exsanguinate the animals.
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FIGURE 1.—Timeline of the exposure regimen used to sensitize and challenge A/J mice with ovalbumin or saline. Mice were sensitized with five consecutive dail
intranasal instillations of 3@1 of 0.5% ovalbumin in saline or saline alone. Mice were then challenged two weeks later with a similar volume and sacrificed 24 or
48 hours after challenge or challenged a second time 10 days later followed by sacrifice 24, 48, or 96 hours after double challenge.
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FIGURE 2.—Sites of airway tissue selection for morphometric analysis. The cartoon depicts the lateral wall of one nasal passage with the septum rémoved and t
main axial airway of the left lung lobe. Transverse sections of the nasal cavity were taken 1) immediately posterior to the upper incisor teetl, @raxitne
level of the incisive papilla of the hard palate (middle), and 3) at the level of the second palatal ridge (distal). The left lung lobe was micticl@sgde main
axial airway, and 2 sections were then excised at the level of the fifth (proximal airway) and eleventh (distal airway) airway generation.

Immediately after death, the trachea was cannulated and tiemunocytochemistry in the Lung

heart/lung block removed. The tracheobronchial (TB) lymph  nstained hydrated paraffin sections of the left lung
node was removed and placed in 1 ml Tri reagent (MoleCiope were incubated with the blocking solution, Vectastain
ular Research Center, Cincinnati, OH). Lymph nodes wer@gc.-ap Kit Normal Goat Serum (Vector, Burlingame, CA).
pooled 2 or 3 per 1 ml Tri reagent within each group. Therne sections were then incubated with a polyclonal rabbit
lymph nodes were then homogenized and stored8I'C.  antipody directed against mouse eosinophilic MBP gener-
The right bronchus was clamped using suture thread. Caud sly provided by Drs. Borchers and Lee of the Mayo Clinic
and medial right lung lobes were placed in 2 ml Tri reagentyf Scottsdale (Scottsdale, Arizona). Treatment with the sec-
homogenized, and stored-a80°C. ondary antibody Vectastain ABC-AP Kit Anti-rabbit IgG fol-
_Aiterremoval of the right lung lobes, the left lung lobe was |5yed. Some slides were incubated without the secondary
intratracheally perfused with 10% neutral buffered forma“nantibody to check for nonspecific binding. Immunoreactive
at a constant pressure of 30 cm of fixative. After 1 hour, thqp was visualized after treatment with the Vectastain ABC-
trachea was ligated, and the inflated left lung lobe was imap complex followed by the Vector Red AP Substrate Solu-
mersed in a large volume of the same fixative for 24 hoursjg (6). Nasal tissue sections which contained turbinate bone
After fixation, the left lung lobe was microdissected alongyyith hone marrow were also stained for MBP. Eosinophils
the main axial airway, and 2 sections were then excised at thg,q their cellular precursors within the bone marrow served

level of the fifth (proximal) and eleventh (distal) airway gen- a5 positive controls for the MBP immunohistochemistry.
eration (Figure 2), as has been described previously in detaal‘l

(23). Paraffin sections (&m) were stained with Alcian blue Morphometry of Stored Intraepithelial Mucosubstances
(pH 2.5) and periodic acid Schiff’'s (AB/PAS) reagent, whichin Nasal and Pulmonary Airways
stain neutral and acidic mucosubstances, respectively. OtherThe amount of stored mucosubstances in the respiratory
paraffin sections were stained separately for eosinophilic mapithelium lining the nasopharyngeal meatus in the most dis-
jor basic protein (MBP, described later). tal nasal section and the respiratory epithelium lining the axial
The head of each mouse was removed from the carcassulmonary airway (airway generation 5) in the left lung lobe
and the lower jaw and skin were removed. The heads wergas estimated by quantifying the volume density of AB/PAS-
thenimmersed in 10% neutral buffered formalin for 24 hoursstained mucosubstances using Computerized image ana|ysis
After fixation, the heads were decalcified in 13% formic acidand standard morphometric techniques. The area of AB/PAS-
for 7 days and then rinsed in tap water for at least 4 hoursstained mucosubstances was calculated by circumscribing the
The nasal cavity of each mouse was transversely sectioned@rimeter of the stained material using the Scion Image pro-
3 specific anatomic locations according to a modified methog@ram (Scion Corporation, Frederick, MD). The length of the
of Young (30) and processed for light microscopy and imaggasal lamina underlying the surface epithelium was calcu-
analysis. The most proximal nasal section was taken immediated from the contour length of the digitized image of the
ately posterior to the upper incisor teeth (proximal); the mid-hasal lamina. The volume of stored mucosubstances (volume
dle section was taken at the level of the incisive papilla of thejensity, Vs) per unit of surface area was estimated using the
hard palate (middle); the most distal nasal section was takefiethod described in detail by Harkema et al (11) and was
atthe level of the second palatal ridge (distal) (Figure 2). Tisexpressed as nl of IM per square mm of basal lamina.
sue sections were embedded in paraffin, at a thicknesg of 5 _ ) o
and stained with hematoxylin and eosin for histopathologicEPithelial and Inflammatory Cell Densities
assessment. Paraffin sections were also stained with AB/PAS Numeric cell density of the surface epithelium lining the
to identify intraepithelial mucosubstances (IM). proximal axial airway (fifth generation) was determined by
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counting the total number of epithelial cell nuclei in the sur-Preparation of Internal Standard for IL-4 Quantitative

face epithelium and dividing by the length of the underlyingRT-PCR

basal lamina. The length of the basal lamina was determined A recombinantinternal standard (IS) was prepared to quan-
as described above. Mucous cell density was also expressgf, ||-4 mRNA expression by quantitative/competitive re-
as the number of cells per mm of basal lamina. Eosinophil ingerse transcriptase polymerase chain reaction (RT-PCR) as
fluxwas measured by dividing the total number of eosinophilgyreviously described (5). Briefly, an artificial/recombinant
in the subepithelial interstitium of the airway wall by the RNA (rcRNA) was used as an 1S containing specific PCR
length of the corresponding basal lamina. Eosinophils wergrimer sequences for IL-4 that was added to RNA samples
identified by their morphologic features (ie, slightly larger i 5 series of dilutions. A rag-globin sequence was used
than neutrophils with bilobed nuclei) and by the positive im-a5 the spacer gene for the IL-4 IS. This method, developed
munohistochemical staining for MBP in the large cytoplas+y vanden Heuvel et al (25), avoids sample-to-sample vari-

mic granules (dark pink-red granules). ation of reference gene expression (geactin) as well as
_ -~ gene-to-gene differences in amplification efficiency. The IL-
ELISA for Total and Ovalbumin-Specific Serum IgE 4 forward and reverse primer sequences weAC GAG

Total serum IgE was measured using a 96-well ImmuGTC ACA GGA GAA G 3 and 8 GCT TAT CGA TGA
lon ELISA plate (Dynex, Technologies, Chantilly, Virginia) ATC CAG GC 3, respectively. The following was the IS
coated with 2,g/ml anti-mouse IgE (Purified Rat Anti- forward primer design from’So 3: T7 promoter (TAAT
Mouse IgE Monoclonal Ab, Pharmingen, San Diego, CA)ACGACTCACTATAGG), IL-4 forward primer (as above),
and incubated overnight at°@. For measurement of and ratg-globin forward primer (AAGCCTGATGCTGTA
ovalbumin-specific IgE, a second ELISA plate was coated>AGCC). The IS reverse primer design fromté 3 was:
with 0.5% ovalbumin and incubated overnight aC4After  (dThs, IL-4 reverse primer (as above), and gaglobin re-
washing, the plates were incubated in 3% Bovine Serum Alverse primer (AACCTGGATACCAACCTGCC). PCR reac-
bumin (3% BSA) at 37C for 1 hour (BSA, CALBIOCHEM, tion conditions were performed using 100 ng of rat tail-
La Jolla, CA). Serum samples at 1:10 dilution were thergenomic DNA. PCR-amplified products were purified using
added followed by incubation at 3Z for 1 hour. After the Wizard PCR Prep DNA Purification System (Promega,
washing, biotinylated anti-mouse IgE (Biotin-conjugated RatMadison, WI) and transcribed into RNA using Promega’s
Anti-Mouse IgE Monoclonal Ab, Pharmingen, San Diego,Gemini Il In vitro Transcription System. The rcRNA was
CA) was then added at 2g/ml and allowed to incubate at subsequently treated with RNase-free DNase to remove the
25°C for 1 hour. After washing, 1.5g/ml of streptavidin DNA template. After quantifying, calculations were made to
peroxidase was added followed by incubation &t%or 1 determine the number of moleculg$bf IL-4 IS.
hour. After washing, TMB substrate (12.5 mli citric-phosphate
buffer 4200 u| of TMB stock solution (6 mg/mlin DMSO)) Quantitative IL-4 RT-PCR

was added to produce a color reaction. The reaction was ter- Quantitative RT-PCR was i
: e ) ) - performed as described by
minated by the addition of 6N 30, Optical density was gijijand et al (9), except that rcRNA was used as an IS in-

determined at 450 nm using an EL-808 microplate readefio of genomic DNA with 10 aliquots of rcRNA from“10
(Bio-Tek instruments, Winooski, Vermont). t0 1CF molecules. Briefly, total RNA (right lung lobe or TB
. lymph node) and IS rcRNA of known amounts were reverse
The RNase Protection Assay transcribed into cDNA using oligo(d79as primers using re-
Total RNA was isolated from lung tissues and the TBverse transcriptase (RT) (Promega, Madison WI). To ensure
lymph node using the TRI REAGENT method (Molecular that there was no genomic DNA contamination in the RNA
Research Center, Cincinnati, OH) following the manufac-solates, no-RT controls were employed for all samples. A
turer's protocol and the integrity of the RNA was checkedPCR master mixture consisting of PCR buffer, 4 mM MgCl
by performing an ethidium bromide diagnostic gel to checké pmol each of IL-4 forward and reverse primers, and 2.5 U
for degradation of RNA. The mCK-1 RiboQuant Mouse of Tag DNA polymerase was added to the cDNA samples.
Cytokine Multi-Probe Template Set (Pharmingen, San DiegoSamples were then heated to@4for 3 minutes and cycled
CA)was usedto assay mRNA expression of IL-4, IL-5, IL-10,40 times at (1) 95C (30 seconds), (2) 58 (30 seconds), and
IL-13, IL-15, IL-9, IL-2, IL-6, and IFN+ . The housekeeping (3) 72°C (45 seconds). After the completion of 40 cycles, a fi-
genes L32 and GAPDH were included as loading controlsnal elongation step at 7€ (5 minutes) was carried out. PCR
The probes were generated by transcribing with T7 RNAproducts were resolved by electrophoresis in 3% NuSieve
polymerase in the presence a£$2P] UTP (3000 Ci/mmol).  3:1 gel (FMC Bioproducts, Rockland ME) and visualized by
The probe set was hybridized in excess to RNA isolated fronethidium bromide staining. The IL-4 primers produced a 228-
the right lung lobe (50ug) or from the TB lymph node bp product from the cellular RNA and a 346-bp product from
(75 ug) (56°C for 16 hours). Free probe and nonhybridizedthe IS rcRNA. Quantification was performed using Gel Doc
RNA was then digested with single-stranded RNases using000 (BioRad Laboratories, Inc., Hercules, CA) and Multi
the RiboQuant RNase Protection Assay (RPA) Kit. The reAnalyst Software. The amount of IL-4 mRNA present was
maining RNase-protected probes (only those that have hyletermined as described by Gilliland et al (9). Briefly, the
bridized to target tissue-derived mRNA) were resolved byratio of the density of the IS rcRNA to IL-4 mRNA was plot-
electrophoresis (3500 V for 1 hour) through a 7M uré®46  ted against the amount of IS rcRNA (in molecules) added to
acrylamide gel. The gel was dried and specific RNAs wereach reaction. The point at which the ratio of IS (rcRNA) to
visualized by autoradiography. IL-4 mRNA was equal to 1 signified the “cross-over point,”
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which represented the amount of IL-4 molecules present inessels in the alveolar parenchyma (pulmonary veins) and

the initial RNA sample. along the conducting airways (pulmonary arteries) exhib-
o ited a similar inflammatory response. Ovalbumin-sensitized
Statistics mice that received 2 intranasal challenges of ovalbumin had

The data obtained from each experimental group were exnore severe airway epithelial and inflammatory lesions than
pressed as a mean group valiehe standard error of the ovalbumin-sensitized mice that received only 1 intranasal
mean (SEM). The differences among groups were determineghallenge of ovalbumin. The inflammatory responses in all
by 1-way and 2-way analysis of variance (ANOVA) and anof these mice were principally present in the pulmonary air-
All Pairwise Comparison Test (Tukey), using SigmaStat softways and large vessels of the lung. No significant ovalbumin-
ware from Jandel Scientific Co. (San Rafael, CA). induced inflammatory responses were evident in the alveolar
parenchyma.

Treatment-associated changes were absent in the lungs of
i the control mice that received intranasal sensitization and
Pulmonary Histopathology challenges of saline. The only histologic change in the air-

The exposure regimen used to sensitize and challengeays of mice that were sensitized with ovalbumin and re-
mice with ovalbumin resulted in distinct pulmonary lesionsceived saline during the challenge phase was a minimal MCM
that were restricted to mice that were intranasally sensiimited to the proximal axial airways. This airway epithe-
tized and challenged with ovalbumin. The principal mor-lial change was more conspicuous in mice that received two
phologic alterations in the lungs of these mice were markedaline challenges rather than one saline challenge. No air-
MCM in the surface epithelium lining the conducting air- way inflammation was associated with this minimal epithelial
ways and an associated mixed inflammatory cell influxchange.
consisting of eosinophils and mononuclear cells (mainly The effect of the sensitization phase was examined by sac-
lymphocytes and plasma cells) in the interstitial tissue surrificing mice after the sensitization phase alone. Five con-
rounding the airways (Figure 3). Airway lesions were moresecutive one-day instillations of ovalbumin caused a small
severe in the main axial airways and pre-terminal bronchiincrease in IM with no accompanying airway inflammation
oles, but were also present to a lesser degree in the termirat assessed on Day 6, indicating that the animals developed
bronchioles. The interstitial tissue surrounding large bloodhe described changes only after challenge.

RESULTS

FIGURE 3.—Light photomicrographs of conducting airways of the left lung from mice intranasally sensitized and challenged twice with saline (A, B) or 0.5%
ovalbumin (C, D) and sacrificed 96 hours after challenge. Tissues were stained with hematoxylin and eosin (A, C) for morphological assessmantBind Alci
(pH = 2.5)/Periodic Acid Schiff's Sequence (AB/PAS) for mucosubstances in the airway epithelium (B, D). Numerous mucous cells (arrow) with AB/@AS-stain
mucosubstances are present only in the airway epithelium (e) of the ovalbumin-sensitized and -challenged mouse (C, D). A marked inflammatocpasikiiiig
primarily of lymphocytes, plasma cells and eosinophils is also present in the interstitial tissue surrounding the airway of this mousal¢G). vesselL = airway
lumen; Bars= 50 u.
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FIGURE 4.—Morphometric quantification of AB/PAS-stained material in the surface epithelium lining mouse pulmonary airways (generations 5 (proxithal) and
(distal)) 48 hours after single challenge or 96 hours after double challenge with ovalbumin. Mice were sensitized with 5 consecutive dailyinstibatésas of
30l of 0.5% ovalbumin in saline or saline alone. Mice were then challenged 2 weeks later with a similar volume and sacrificed 48 hours after challerggedr cha
a second time 10 days later followed by sacrifice 96 hours after double challenge. Bars represent the Volume Density (Vs) of intraepitheliabmzesisubst
standard error of the mean € 5/group).« = significantly greater than groups challenged similagy< 0.05). # = significantly greater than groups instilled with
saline at same airway generatigm £ 0.05).@ = significantly greater than similar group challenged onze<(0.05).

Stored Intraepithelial Mucosubstances Numeric Cell Densities of Epithelial
in Pulmonary Airways Cells in Pulmonary Airways

The amount of AB/PAS-stained IM in the epithelium lin- A morphometric analysis of the surface epithelium lin-
ing the main axial airway at the fifth (proximal airway) and ing the proximal axial airway was performed in mice that
eleventh generations (distal airway) increased most in miceere sensitized and challenged twice to estimate the meta-
that were intranasally sensitized and challenged with ovalplastic transformation of epithelial cells from nonsecretory to
bumin (Figure 4). Mice that were instilled with saline dur- mucus-secreting goblet cells (Figure 5). A 28-fold increase
ing the sensitization phase and for the first challenge anth mucous cell density was observed in mice that received
with ovalbumin for the second challenge exhibited a 10-foldovalbumin during both sensitization and challenge phases as
increase in IM at the fifth generation. This increase, how-compared to the saline-only control group. No effect was
ever, was markedly lower than that exhibited by the lungobserved in mice that received ovalbumin only during the
of mice that were sensitized and challenged with ovalbusensitization phase or only as the second challenge. It is also
min. The mice had a 42-fold increase in the amount of IMnotable that there was no evidence of hyperplasia in the main
compared to the saline-instilled controls. It is notable thatxial airway ofthe leftlung lobe in any of the treatment groups
although a single ovalbumin challenge was sufficient to in-as evidenced by the absence of changes in total epithelial cell
duce a significant increase in IM in ovalbumin-sensitizeddensity between the various treatment groups.
mice, two ovalbumin challenges resulted in a doubling of ) , .
the amount of IM as compared to the lungs of mice thaf’ulmonary Airway Eosinophilia
received a single challenge (Figure 4). Also, the increase As described above, recruitment of inflammatory cells,
in IM was greater in the axial airway at the fifth genera-specifically eosinophils, into and around subepithelial airway
tion (proximal airway) than at the eleventh generation (distatissues is a hallmark of the allergen-induced airway response.
airway). Eosinophils per mm basal lamina were enumerated in the
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FIGurRe 5.—Quantification of mucous and epithelial (total) cell density in the surface epithelium lining mouse pulmonary airways (generation 5) 9@hours aft
double challenge with ovalbumin. Mice were sensitized with 5 consecutive daily intranasal instillationg ladf3@ 5% ovalbumin in saline or saline alone. Mice
were then challenged 2 weeks later with a similar volume and challenged a second time 10 days later followed by sacrifice 96 hours after doublBafsallenge
represent the number of cells per mm basal laminstandard error of the mean £ 5/group).x = significantly greater than all other groups of this cell type
(p < 0.05).

interstitium of the 5th (proximal) and 11th generation (distal)Serum IgE

axial airway of mice that were sensitized and then challenged None of the treatment groups resulted in a significant in-
tW|Ce W|th EItheI‘ Sa“ne or 0Va|bum|n M|Ce that were Sensi'crease |n serum |evels of tota' |gE (F|gure 9) Converse|y,
tized and challenged with ovalbumin showed a 27-fold angpjce sensitized and challenged with ovalbumin exhibited a
24-fold increase in the number of eosinophils present in thenarked increase, ie, a 10-fold increase in ovalbumin-specific
proximal (generation 5) and distal (generation 11) axial airserym IgE as compared to saline only controls (Figure 9).
ways of the lung lobe, respectively, as compared to the salingice that received only ovalbumin sensitizations or only an

controls (Figure 6). ovalbumin challenge did not exhibit significant increases in

Nasal Histopathology ovalbumin-specific serum IgE.

The exposure regimen used to sensitize and challenge . )
mice with ovalbumin resulted in distinct nasal lesions thatCytokine Gene Expression
were restricted to mice that were intranasally sensitized and RNase Protection Assay:Mice that were intranasally
challenged with ovalbumin. The principal morphologic al- sensitized and challenged twice with ovalbumin exhibited
terations in the nasal airways of these mice were MCM iran increase in the expression of the Th2 cytokine mRNAs
the surface epithelium lining the nasal pharyngeal meatuli_-4, IL-5, and IL-13, and the cytokine mRNA of IL-10 in
and an associated mild inflammatory cell influx consisting ofthe lung that, with time after challenge, decreased in magni-
eosinophils, lymphocytes and plasma cells in the interstitialude as evidenced by less intense bands (Figure 10, lanes 6,
tissue surrounding the airways (Figure 7). 10, and 14). The saline controls exhibited no such increase in

o i i Th2 cytokine mRNA expression (Figure 10, lanes 3-5, 7-9,

Stored Intraepithelial Mucosubstances in Nasal Airways  gnq 11-13). Itis notable that IL-15 and IL-9 mRNA and the

The amount of IM in the airway epithelium lining the na- Thl cytokine mRNA IFNy were constitutively expressed
sopharyngeal meatus was also estimated using image analyaisd that neither ovalbumin nor saline treatments influenced
and standard morphometric techniques. Ovalbumin sensitthe expression of these cytokine mRNAs in the lung tissue.
zation and challenge resulted in an increase in the amount of There were no differences in cytokine mRNA expression
IM in the respiratory epithelium that lines the nasopharyngeain RNA from the TB lymph node as detected using the RPA
meatus as compared to the saline controls (Figure 8). (data not shown).
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FIGURE 6.—Morphometric quantification of eosinophils immunohistochemically stained for major basic protein in mouse airway interstitium (genenadions 5
11) 96 hours after double challenge with ovalbumin. Mice were sensitized with 5 consecutive daily intranasal instillationsaif(88% ovalbumin in saline or
saline alone. Mice were then challenged two weeks later with a similar volume and challenged a second time 10 days later followed by sacrificés9@lbobls af
challenge. Bars represent the number of eosinophils per mm basal lansitadard error of the mean £a4/ group).» = significantly greater than all groups at
similar airway region p < 0.05).

RT-PCR: After establishing the profile of Th2 cytokine  IL-4 RT-PCR was also performed on RNA isolated from
MRNAs that were expressed using the RPA, RT-PCR wathe TB lymph node from mice that were sensitized and then
performed on right lung lobe RNA from mice that were sensi-challenged twice with ovalbumin. Ovalbumin-sensitized and
tized and then challenged once or twice with either ovalbumirchallenged mice exhibited a 4-fold increase in IL-4 mRNA
or saline. This was done to determine the quantitative differexpression at 24 hours after challenge compared to saline
ences in the expression of the critical Th2 cytokine mRNAcontrols that persisted at that level at least until 96 hours
IL-4. Mice that were sensitized and then challenged oncéFigure 13).
with ovalbumin exhibited an approximate 5-fold increase in
IL-4 mRNA expression 24 hours after challenge as compared DisCussIoN
to the saline-instilled controls (Figure 11). The magnitude of The primary objective of this study was to determine if the
this increase persisted at that level for at least 48 hours apathologic and immunologic features of IgE-mediated aller-
ter single challenge. Ovalbumin-sensitized mice that receivegic airway disease could be induced in mice by intranasal sen-
2 ovalbumin challenges exhibited an approximate 40-fold insitization and challenge with adjuvant-free ovalbumin. Mor-
crease in IL-4 mRNA expression 24 hours after the seconghologic changes in the pulmonary airways were correlated
challenge as compared to controls (Figure 12). IL-4 mRNAwith changes in cytokine gene expression in the lung and the
levels after double challenge were similar 48 hours after exTB lymph node after ovalbumin treatment to determine if lo-
posure but waned in magnitude by 96 hours postexposureal cytokine gene expression may be used as a biomarker for
ie, IL-4 mRNA levels decreased to approximately 16-timeghe respiratory allergenicity of selected proteins. Intranasal
those of the saline controls. Mice that received only ovalbusensitization and challenge with ovalbumin in the absence
min sensitizations or only an ovalbumin challenge did notof an adjuvant elicited the characteristic histopathologic and
exhibit significant increases in IL-4 mMRNA expression in theimmunologic features of IgE-mediated allergic airway dis-
lung. ease in murine lung. Our results suggest that cytokine gene



440 FARRAJ ET AL TOXICOLOGIC PATHOLOGY

FIGURE 7.—Light photomicrographs of the distal region of the nasal cavity at the level of the second palatal ridge of mice 96 hours after sensitization and 2
challenges to saline (left panels) or ovalbumin (right panels). Tissue sections were histochemically stained with AB/PAS for identificagomefistsubstances
(arrows) in the epithelium lining the nasopharyngeal meatus. The lower panels are enlargements of the boxed regions in the panels shown albhsept@n-nasa
HP—hard palate, LW—Ilateral wall, e—respiratory epithelium.
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FIGURE 8.—Morphometric quantification of AB/PAS-stained material in the surface epithelium lining the nasopharyngeal meatus of mice 96 hours after double
challenge to ovalbumin or saline. Mice were sensitized and then challenged twice with ovalbumin or saline. Bars represent the volumetric)aéirsitggpishelial
mucosubstances/— the standard error of the mean#£n5/group).x—significantly greater than all other groupgs & 0.05).
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FIGURE 9.—Ovalbumin-specific (upper panel) and Total IgE (lower panel) levels in mouse serum isolated 96 hours after double challenge with ovalbumin. Mice
were sensitized with five consecutive daily intranasal instillations g&I36f 0.5% ovalbumin in saline or saline alone. Mice were then challenged 2 weeks later
with a similar volume and challenged a second time 10 days later followed by sacrifice 96 hours after double challenge. Bars represent averegsityptical d
standard error of the mean £a5/group).» = significantly greater than all other groups.
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Ficure 10.—Autoradiograph of electrophoretic gel depicting cytokine mRNA expression from RNase Protection Assay performed using RNA isolated from the
cranial and medial right lung lobes of mice 24, 48, or 96 hours after double challenge with ovalbumin. Mice were sensitized with 5 consecutivardesff int
instillations of 30ul of 0.5% ovalbumin in saline (O) or saline alone (S). Mice were then challenged 2 weeks later with a similar volume and challenged a second
time 10 days later followed by sacrifice 24, 48, or 96 hours after double challenge. Lanendigested probes for IL-4, IL-5, IL-10, IL-13, IL-15, IL-9, IL-2,

IL-6, INF-y, and the housekeeping genes L32 and GAPDH. Laaen2ouse control RNA IL-4, IL-10, IL-2, IFNy, L32, and GAPDH that each hybridized with

their corresponding probe followed by digestion with RNase thus resulting in the small shift in migration. Lare&B#6from animals sacrificed 24 hours after
double challenge. Lanes 7-30RNA from animals sacrificed 48 hours after double challenge. Lanes :-RMA from animals sacrificed 96 hours after double
challenge. The last lane of each time-point (6, 10, and 14) depicts RNA from animals that were sensitized and challenged to ovalbumin.

expression in lung tissue and in a locally draining lymph The mostcommon methods typically usedto sensitize mice
node of the lung may be a sensitive biomarker for identify-to protein allergens in murine models of IgE-mediated aller-
ing respiratory allergens. In addition, similar histopathologicgic airway disease include intraperitoneal and intra-airway
changes were detected in the nasal airway suggesting thatministration. After sensitization, the animals are then chal-
this intranasal exposure method may be used to study allelenged via the airways to induce features of IgE-mediated
gic rhinitis. allergic airway disease such as airway hyperresponsiveness
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FIGURE 11.—Quantification of IL-4 mMRNA in cranial and medial right lung lobes 24 or 48 hours after single challenge with ovalbumin using RT-PCR. Mice were
sensitized with 5 consecutive daily intranasal instillations of8@f 0.5% ovalbumin in saline or saline alone. Mice were then challenged 2 weeks later with a
similar volume and sacrificed 24 or 48 hours after challenge. Bars represent molecules of IL-4 mRNA per 100 ng of total RNAHstéetddrd error of the mean
(n = 5/group).» = significantly greater than all other groups at similar time-pomt{( 0.05).

and airway inflammation. The intraperitoneal administrationstrong immunologic and pathologic response characteristic
of protein allergens is an unnatural route of exposure t@f IgE-mediated allergic airway disease in the pulmonary
aeroallergens. Also, when antigens are intraperitoneally agirways can be induced by intranasal sensitization (and chal-
ministered in experimental models, they are often coupletenge) to ovalbumin. The intranasal instillation of allergens
with an adjuvant. An adjuvant, used to potentiate an im{ie, Schistosoma mansorgg antigenAspergillus fumiga-
mune response, can influence the Th1/Th2 cytokine profileus) has been used to successfully induce features of allergic
and therefore may artificially alter downstream immunologicrhinitis (18, 24). In addition, the intranasal instillation of al-
responses (eg, immunoglobulin isotypes secreted by B cell$rgens has been used to elicit antibody responses for the
(29). identification of the respiratory sensitization potential of de-
Mice may also be sensitized to allergens via intra-airwayergent enzymes in the mouse intranasal test (MINT) (3, 20).
administration. One method of intra-airway administrationOur exposure regimen differed from the MINT protocol in
used to sensitize mice to protein allergens is intratracheahe schedule and duration of allergen dosing. The MINT pro-
instillation. Intratracheal sensitization of various protein al-tocol includes instillations on days 1, 3, and 10 followed by
lergens including keyhole limpet hemocyanin (21) and latexsacrifice on day 15 (3, 20). Our study consisted of 5 intranasal
proteins (28) has been shown to successfully induce IgEnstillations during a distinct sensitization phase followed by
mediated allergic airway disease. In addition to intratracheahe first challenge (single intranasal instillation) 2 weeks later
instillation, some models of IgE-mediated allergic airway dis-and a second challenge 10 days after the first challenge fol-
ease use aerosolized antigen to sensitize mice to a speciftved by sacrifice from 24 to 96 hours after final instillation.
antigen. There are conflicting reports regarding the effec- We found that the intranasal instillation of ovalbumin was
tiveness of aerosolized antigen as a method of sensitizatioa.simple, inexpensive, and noninvasive method of inducing
While successful sensitization has been demonstrated willgE-mediated allergic airway disease in the upper and lower
some experimental models (10), in others, the developmeméspiratory tract of the A/J mouse. Adjuvant was not neces-
of airway inflammation after challenge was not observed (22)sary to effectively sensitize the nasal or pulmonary airways to
Very few reported models, however, have used intranasahe allergen. Not all of the intranasally inhaled allergen was
instillation of antigen as a method of intra-airway adminis-delivered to the respiratory tract. Some of it was undoubtedly
tration to sensitize animals. It has been unclear whether delivered to the esophagus and upper gastrointestinal tract.
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FIGURE 12.—Quantification of IL-4 mRNA in cranial and medial right lung lobes 24, 48, or 96 hours after double challenge with ovalbumin using RT-PCR. Mice
were sensitized with 5 consecutive daily intranasal instillations fI3ff 0.5% ovalbumin in saline or saline alone. Mice were then challenged 2 weeks later with a
similar volume and challenged a second time 10 days later followed by sacrifice 24, 48, or 96 hours after double challenge. Bars represent nhelenuRiA0f |
per 100 ng of total RNA isolategt standard error of the mean £ 5/group).« = significantly greater than all other groups at same time-pgint (0.05). @=
significantly greater than similarly-challenged group sacrificed 96 hours after challerg®.05).

Our experimental design, however, did not allow us to deterMCM in the surface epithelium lining the conducting airways
mine the amount of instillate that was delivered to the gut. Irand an associated mixed inflammatory cell influx consisting
addition, our study was not designed to determine the contref eosinophils, lymphocytes, and plasma cells in the inter-
bution of the gastrointestinal tract to the overall sensitizatiorstitial tissue surrounding the airways. Two ovalbumin chal-
of the mouse to ovalbumin. lenges in sensitized mice induced a more substantial increase
Many animal models of IgE-mediated allergic airway dis-in the number of mucus-secreting cells than a single chal-
ease employ continuous administration of the allergen byenge indicating that the 2-challenge model elicited a more
various routes without any significant lag period betweenobust response.
initial sensitization and subsequent challenge to the allergen. There was also amodestincrease inthe amountof IMinthe
This may increase the risk of making the animal tolerant taabsence of a cellular or cytokine immune response observed
the antigen. The exposure regimen used in the present studymice that received ovalbumin only once before sacrifice.
included a distinct sensitization phase after which no signifiThese minimal changes in IM may have been due to some
cant immune effect was observed, and a challenge phase thattating properties of the ovalbumin solution rather than an
consisted of one or two intranasal instillations. This regimerimmune-mediated response. The effect of the sensitization
is somewhat similar to human exposures to many proteinghase was also examined by sacrificing mice after the sensi-
and low molecular weight chemicals in the workplace thatization phase alone. Five consecutive 1-day instillations of
ultimately result in occupational asthma. Sensitization to avalbumin caused a similar minimal increase in IM with no
specific allergen in such cases of occupational asthma usuaccompanying airway inflammation. This minor increase in
takes place some time before re-exposure and the subsequé¥itwas also likely due to some irritating effect of the inhaled
elicitation phase (1). solution on the airway epithelium that resulted in a minimal
The airways of asthmatics are characterized by the presacrease in IM. This response was nowhere near the severity
ence of chronic inflammation with infiltration of lympho- of the MCM induced in the mice that were also challenged
cytes, plasma cells, eosinophils, and mast cells in thevith the ovalbumin solution. In addition, only the mice that
bronchial mucosa and epithelial changes that include MCMvere both sensitized and challenged with ovalbumin had an
(12, 26). The lung lesions resulting from intranasal sensitizainflammatory cell infiltrate accompanying the marked MCM
tion and challenge of mice with ovalbumin included markedindicating an immune-mediated response. These histologic
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FIGURE 13.—Quantification of IL-4 mRNA in tracheobronchial lymph node 24 or 96 hours after double challenge with ovalbumin using RT-PCR. Mice were
sensitized with 5 consecutive daily intranasal instillations of3@f 0.5% ovalbumin in saline or saline alone. Mice were then challenged 2 weeks later with a
similar volume and challenged a second time 10 days later followed by sacrifice 24 or 96 hours after double challenge. Bars represent molecufS/Apiér4 m
100 ng of total RNA isolated: standard error of the mean £a5/group).» = significantly greater than all other groups at same time-pgint (0.05).

features were not present in mice that received only ovalbuised for cytokine analysis with some focusing on changes
min sensitization or only ovalbumin challenge. in BALF-derived cytokine content while others analyze local
The single-most predisposing factor for the developmentiraining lymph node cells that have been re-stimulated with
of asthma in humans is atopy (14). Individuals with atopya mitogen in vitro. In the present study, we determined the
have a hereditary predisposition to produce an IgE-mediatekinetics of Th2 cytokine gene expression in RNA isolated
response against common environmental allergens (14). THeom the lung and the TB lymph node. Intranasal sensiti-
primary immunoglobulinisotype associated with immediatezation and challenge of mice to ovalbumin increased lung-
type hypersensitivity responses in mice is also IgE (15). Dederived mRNA expression of the Th2 cytokines IL-4, IL-5,
terminations of antigen-specific IgE in the serum of mice thatind IL-13. In addition, there was anincrease in IL-10 mRNA.
were intranasally sensitized and challenged with ovalbumiThe magnitude of the increases peaked at the earliest mea-
showed an increase in ovalbumin-specific IgE. In our studysured time, ie, 24 hours after double challenge, and quickly
there appeared to be a requirement for an elicitation phase @ecreased in magnitude by 96 hours after double challenge.
order to induce an increase in ovalbumin-specific IgE. The kinetics suggests that cytokine gene expression peaks
The Th2 subtype of the CD4T cell produces a unique soon after allergen reexposure and wanes in a short period
profile of cytokines that has been linked to the pathogenesisf time thereafter. The magnitude of IL-4 mRNA expression
of IgE-mediated allergic airway disease. Th2 cells producevas several-fold greater after 2 ovalbumin challenges than
IL-4,IL-5,and IL-13 (31). This Th2 cytokine profile has been after a single challenge. Thus, two ovalbumin challenges pro-
consistently found in both bronchoalveolar lavage fluid andduce a more robust cytokine mRNA response than a single
biopsies of allergic asthmatics (26). There are many models ahallenge. Also, once IL-4 mRNA expression was elevated,
IgE-mediated allergic airway disease that vary in the method remained elevated for at least 48 hours after challenge.
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IL-4 24 hours after challenge and persisted at that level and Dr. James Wagner for their technical assistance. This re-
least until 96 hours. Interestingly, the RNase Protection Assearch was supported in part by American Chemistry Council
say was not sufficiently sensitive to detect this difference irGrant 0051.

IL-4 mRNA expression in the TB lymph node. The lack of
sensitivity in detecting the increase in IL-4 mRNA is likely
due to the high background expression of IL-4 mRNA in the ;
lymph node that may have prevented the detection of an in-
crease in expression in the treated groups. In addition, the
fold-increase in IL-4 mMRNA expression in the lymph node as
determined by PCR was much smaller than that exhibited byz.
the lungs of these animals and suggests that this assay may
be unable to detect small increases in expression.

The increase in IL-10 mRNA in this model coincides with 3
the development of the airway pathology suggesting that it
may play a role in the induction of the pathologic changes as,
some murine models suggest (16, 17, 29). However, the role
of IL-10 induction has been somewhat controversial leading
some to speculate thatits primary role is inhibitory, serving to s,
mitigate the severity of the immune response (2). The exact
role of IL-10 in this model is unclear.

Individuals afflicted with asthma often suffer from concur-
rent IgE-mediated allergic airway diseases of the upper air-5-
ways such as IgE-mediated allergic rhinitis. The main symp-
toms of IgE-mediated allergic rhinitis are itching, sneezing,
watery discharge and obstructed nose (4). The pathologic,
features of this nasal airway disease include plasma exuda-
tion, hypersecretion of mucus, and cellular infiltrates con-
sisting of T- and B-lymphocytes, mast cells, eosinophils, ands.
plasma cells in the nasal airway (4). The mechanism of IgE-
mediated allergic rhinitis, such as asthma, is dependent on.
Th2 cytokines (4). In the present study, we found that in-
tranasal sensitization and challenge with ovalbumin induced
in A/J mice features similar to that of IgE-mediated allergict®
rhinitis in people. A histopathologic assessment of the nasal
cavity of our A/J mice revealed that intranasal sensitization
and challenge to ovalbumin caused an increase in the numy
ber of mucus-secreting cells in the respiratory epithelium that
lines the nasal cavity. This epithelial change was associated
with an inflammatory influx consisting of eosinophils and 12.
lymphocytes similar to that observed in the lung. Therefore,
our exposure regimen elicited some of the characteristic fed3.
tures of IgE-mediated allergic rhinitis and may be useful in
the study of allergic rhinitis.

The present study illustrated that intranasal sensitizati0|i14
and challenge of mice to ovalbumin in the absence of a
adjuvant successfully induced many of the histopathologic,
morphologic and immunologic features associated with IgE-
mediated allergic airway disease. In addition, the assessment
of local cytokine changes in the lung and its draining lymphzs.
node is an effective method for determining changes in cy-
tokine gene expression after intranasal sensitization and chal-
lenge to an allergen. The analysis of local cytokine gene ex-
pression after intranasal exposure may prove useful in the
identification of other allergenic proteins and low molecular
weight chemicals.
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