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ABSTRACT. Since certain characters of alergic asthma are common with other allergic disorders like atopic dermatitis, the possible rela-
tionship in etiology is expected. Herein, we investigated whether NC/Nga mice, an inherent anima model for human atopic dermatitis,
areinclined to alergic asthma. A single intranasal challenge of NC/Nga mice immunized with ovalbumin (OVA) resulted in an increase
in plasma levels of OV A-specific IgE, and typical pathological aspects of allergic asthma characterized by infiltration of humerous eosi-
nophils, mucus hyper production of bronchial epithelial cells. Moreover, airway hyperresponsiveness to inhaled acetylcholine and
marked enhancement of airway resistance after the challenge were observed as compared to control BALB/c mice. Delayed expression
of MRNA of eosinophil active chemokines, interleukin-5, eotaxin, macrophage inflammatory protein-1o in concert with eosinophilia was
determined in the lung of NC/Ngamice. These results suggest that asthmatic responses developed in NC/Nga mice challenged with OVA
are very similar to human alergic asthma, and that NC/Nga mice are a useful model to elucidate various aspects of alergic asthma
KEY worps: allergy, cytokine, eosinophil, in vivo anima model, lung.

Allergic asthma is a chronic obstructive disease of the
lower airways in children and young adults with an individ-
ual or family history of alergic or atopic diseases, and is
characterized by severe eosinophilic inflammation, revers-
ible airflow limitation, airway hyperresponsiveness, relaps-
ing paraxysms of wheezing, cough, and dyspenia [3, 9].
Investigations of the cytohistological aspects of the lung in
patients and experimentally-induced asthma models indi-
cate that a chain of immunological reactions based on a
complicated interaction between various kinds of inflamma-
tory cells, chemical mediators, and cytokines, lead to dys-
function of the lower airways with marked pathological
changes such as occlusion with mucus, edema, leukocyte
infiltration with eosinophils predominating, epithelial dam-
age, exposure of sensory nerve endings, and hypertrophy of
the smooth muscle [2, 12]. Many researchers accept that
there is a strong association between eosinophil numbersin
the tissue or their state of activation and the severity of
asthma [4, 25]. Eosinophils are a major population in
inflammatory cellsinfiltrated into the lung tissue, and eosi-
nophil granule proteins such as major basic protein and eosi-
nophil cationic protein, damage the tissue structure and
functions [7, 16]. Such inflammatory reactions are driven
by networks of several factors categorized as Th2 cytokines,
such asinterleukin (IL)-4, and IL-5[13, 19]: especialy IL-5
isakey potentiator for growth, differentiation, and functions
of eosinophils[6]. In addition to IL-5, certain chemoattrac-
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tants for eosinophils such as eotaxin, RANTES (regul ated
on activation, normal T-cell expressed and secreted), and
macrophage inflammatory protein-1lo. (MIP-1c) which
were detected in bronchoalveolar lavage (BAL) fluid from
patients with asthma and from experimentally-induced
alergic asthmamodels, are considered to be involved in the
pathogenesis of allergic asthma[1, 20].

Recently, we have demonstrated that inbred NC/Nga
mice are useful asan animal model for human atopic derma-
titis [14, 15, 27]. Skin lesions with increased numbers of
eosinophils, mast cells, CD4* T cells, and macrophages,
which were clinically and histologically very similar to
human atopic dermatitis, spontaneously developed in NC/
Nga mice with a marked elevation in plasma levels of total
IgE when raised in air-uncontrolled conventional circum-
stances, but not when raised in air-controlled specific patho-
gen-free conditions. Epidemiological analysis showsahigh
incidence of asthma and/or alergic rhinitis in the magjority
of infants and children with a history of atopic dermatitis
[21]. Therefore, there is a possibility that NC/Nga mice
have some inherited character(s) which predispose to aler-
gic asthmaaswell as atopic dermatitis. Inthe present study,
we demonstrated that single intranasal challenge with oval-
bumin (OVA) toimmunized NC/Nga mice led to severe and
prolonged eosinophilic inflammation in the lung with asth-
matic aspects including increased plasma levels of antigen
(Ag) -specific IgE. In addition, these mice revealed airway
hyperresponsiveness to inhaled acetylcholine and marked
enhancement of airway resistance after the Ag challenge.
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MATERIALSAND METHODS

Mice: Specific pathogen-free NC/NgaTnd mice, BALB/c
mice, and Wistar rats were obtained from Charles River
Japan Inc. (Kanagawa, Japan). Animal experiments com-
plied with the standards in the guidelines of the University
Animal Care and Use Committee in Tokyo University of
Agriculture and Technology.

Immunization and challenge: Mice wereinjected i.p. with
200 ul of saline containing 100 ug of OVA (Sigma Chemi-
cal Co., St. Louis, MO) absorbed in 1.6 mg of alum. This
immunization with OV A/alum was conducted in mice by
two injections, 1 and 2 weeks before challenge. OVA-
immunized and nonimmunized control mice were chal-
lenged by an intranasal administration of 50 ul of saline
containing 10 ug of OVA under pentobarbital sodium anes-
thesia. At various hours following the antigen challenge,
most of whole blood in mice anesthetized with pentobarbital
sodium was taken off by heart puncture, and a cannula was
immediately inserted into the trachea. The collected blood
was heparinized, and plasma samples were stored at -80°C
until quantitative analysis for a passive cutaneous anaphy-
laxis (PCA) reaction. BAL fluid was collected by gently
washing with 500 ul of phosphate-buffered saline (PBS)
four times. The supernatants were snap frozen in liquid
nitrogen and stored at —80°C for various analyses. Cells
separated from the BAL fluid were counted for total cell
numbers, and Diff Quick-stained cytospin preparationswere
made for cell differentiation.

Assessment of airway responsiveness: Airway reactivity
to acetylcholine was measured according to the method
reported previously [17]. Briefly, under pentobarbital
sodium anesthesia, the mice wereintubated, ventilated at the
rate of 120 breaths/min with a constant tidal volume of air
(0.5 ml) using a Harvard Instruments ventilator, and para-
lyzed with pancuronium bromide. The mice were then
placed into whole-body plethysmographs (Buxo Electron-
ics, Troy, NY) to measure airway resistance. Increasing
doses of acetylcholine and 20 mg/ml OVA were adminis-
tered by ultranebulization for 3 min and 10 min, respec-
tively. Changes in airway resistance induced by
acetylcholine and OV A are expressed as the percent change
from the airway resistance observed prior to the inhalation
of acetylcholine and OVA.

PCA reaction: OV A-specific IgE levels were determined
by a PCA reaction [28]. Intradermal injection of 100 ul of
2-fold diluted plasma samples was carried out into the
shaved skin of the trunk in Wistar rats. One day later the
rats were challenged with an i.v. injection of 1.0 ml of a
saline solution containing 1 mg/ml OVA and 1% Evans
blue. After 30 min, a positive reaction with dye infiltration
was evaluated, and PCA titerswere expressed aslog; titer of
the reciprocal of the highest dilution of plasma samples pro-
viding a PCA reaction.

Measurement of tissue eosinophil-peroxidase (EPO)
activity: To quantitative inflammatory cells infiltrated into
the lung, we estimated tissue levels of EPO reflecting the

presence of eosinophils [26]. At various hours after the
challenge, alobe of the lung was cut off and homogenized in
2 ml of 50 mM potassium phosphate containing 0.5% hexa
decyl-trimethylammonium bromide. The specimens were
centrifuged and 50 ul of supernatants were mixed with 100
ul of substrate solution [50 mM Tris-HCI (pH 8.0), 0.1%
Triton X-100, 1 mM o-phenylenediamine, and 0.5 mM
H,O,]. After incubation for 30 min at room temperature, 50
ul of 2N H,SO, was added to stop reaction. An EPO activ-
ity was measured as an absorbance at 490 nm wave length.

Histological examination: At 24 hr after the challenge,
the lungs were excised and flushed and fixed with 10% buff-
ered formalin (pH 7.2). Lung tissueswere embedded in par-
affin and cut at 5 um; and the sections were deparaffinized,
rehydrated, and stained with hematoxylin and eosin for
evaluating airway inflammation and stained with 0.1%
alcian blue (pH 2.5) and periodic acid-Schiff for acidic
mucin and sulfated mucosubstances.

RNase protection assay (RPA): Total RNA from lung tis-
sueswas extracted at different timeintervalsusing ISOGEN
(Nippon Gene, Tokyo, Japan). Chemokine mRNA expres-
sion was determined by a multiprobe RPA using a Ribo-
Quant RPA kit (PharMingen, San Diego, CA). Theidentity
and quantity of each mRNA species in the original RNA
sampleswere determined based on the intensity of protected
probe fragment bands. The loaded samples were normal-
ized by a housekeeping gene, L32, included in each tem-
plate set.

Statistical analysis: Statistical significance was deter-
mined using Student’ st test.

RESULTS

Airway resistance: To estimate the inclination to asthma
in NC/Nga mice and BALB/c mice, airway responsiveness
to inhaled acetylcholine, which is one of the most important
risk factors of the disease [10, 11], was assessed. When two
concentrations of acetylcholine (250 and 500 ug/ml) were
inhaled, hyperreactivity to acetylcholine was noted in NC/
Ngaand BALB/c mice immunized with OV A; the bronchial
response of NC/Nga mice was approximately 5-fold higher
than that of BALB/c mice at the individual doses (Fig. 1A).
Next, we evaluated airway resistance at 6 and 24 hr after the
challenge with OVA. Asshownin Fig. 1B, bronchial resis-
tance was increased at 6 hr in both strains of mice. Twenty
four hours later, the bronchia resistance of NC/Nga mice
retained high levels, whereas the resistance level in BALB/
¢ mice was decreased by about 50% as compared that at 6
hr.

Anti-OVA IgE levels: Plasmalevels of OV A-specific IgE,
which is another risk factor for asthma and reported to cor-
relate with airway susceptibility in human subjects [18, 22],
were assayed one week after the second immunization. The
immunization with OV A resulted in asignificant increasein
OV A-gpecific IgE levelsin NC/Ngamice, as compared with
thosein BALB/c mice (log, value, 5.56 + 0.26 versus 2.40 +
0.06 respectively; p<0.01).
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Fig. 1. Airway reactivity to acetylcholine (A) and airway resistance (B) after the challenge with OVA.
Change in airway resistance after application of two concentrations (250, 500 ug/ml) of acetylcho-
line was measured 1 week after the second immunization. Airway resistance was measured at 24 hr
after the intranasal challenge. Closed (NC/Nga mice) and open (BALB/c mice) bars represent the
mean + SE of three separate experiments. * p<0.01, when compared with BALB/c mice.
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Fig. 2. Numbers of macrophages, neutrophils, and eosinophilsin BAL fluid col-
lected from BALB/c mice and NC/Nga mice after the challenge. Each point
represents the mean value of five separate experiments.

Cell populationsin BAL fluid: To characterize the airway
inflammation, at various hours after the challenge with
OVA inflammatory cells in the BAL fluid were differenti-
ated and enumerated (Figs. 2 and 3). In both strains of mice,
a dight increase in the number of cells, mainly neutrophils
and macrophages, was detected at 6 hr; and at 12 hr numer-
ous eosinophils were detected, but their number in NC/Nga
mice was 3-fold higher than that in BALB/c mice. InBALB/
¢ mice, the number of eosinophils reached a maximal level
at 24 hr and their number was dightly decreased at 48 hr;
and macrophages were also predominant at 24 hr and their
number peaked at 48 hr. On the other hand, in NC/Ngamice
their infiltration into the alveolar bronchi extremely pro-
gressed even until 48 hr, whereas the number of macroph-

ages was slightly increased during the period of 48 hr.
Eosinophil numbers in the peripheral blood: Since the
increased eosinophil progenitors in the bone marrow con-
tribute to the subsequent development of blood and tissue
eosinophilia after the provocation with Ag [23], we counted
the number of eosinophils in the peripheral blood after the
intranasal application with OVA. Theimmunization of NC/
Nga mice with OVA resulted in an increase in eosinophil
numbers more than 3.5 times as compared with nonimmu-
nized control NC/Nga mice (Fig. 4). A drastic increase in
eosinophil numbers was observed following a rapid and
temporary decline at 6 hr after the challenge. In BALB/c
mice, until 12 hr after the challenge the change in the num-
ber of eosinophils showed roughly comparable to that in
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Fig. 3. Cytospin preparations of BAL cells at 12 and 24 hr after the challenge
of BALB/c mice and NC/Nga mice with OVA. In NC/Nga mice numerous
degranulated eosinophils are obvious at 12 and 24 hr later. In BALB/c mice,
at 12 hr eosinophils, neutrophils, and macrophages are observed and at 24 hr
macrophages are predominant. Cytospin preparations were stained with Diff

Quick. Original magnification: 320.
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Fig. 4. Number of eosinophilsin the peripheral blood at various hours after the challenge of BALB/c
mice and NC/Nga mice with OVA. Immunized (closed) and nonimmunized (open) mice were
intranasally challenged with OVA. Each point represents the mean + SE of five separate experi-

ments.

NC/Ngamice, but their numbers returned to control levelsat
24 hr (Fig. 4).

Lung tissue damage after the OVA challenge: The infil-
tration of eosinophils and neutrophils into lung tissues was
estimated by enzymatic quantitative assessment and histo-
logical analysis. First, EPO was measured at various hours

after theintranasal challenge with OVA. Before the appear-
ance of eosinophils in the BAL fluid, an EPO activity in
lungs of both the strains of mice was detected at 6 hr; and the
levels were much higher in NC/Nga mice, and extremely
increased even until 48 hr, whereas in BALB/c mice the
EPO activity was decreased at 48 hr (Fig. 5). Next, histolog-
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Fig. 5. EPO activity in lungs after the challenge
with OVA. Lungs were removed from
BALB/c mice (open) and NC/Nga mice
(closed), and homogenized and centrifuged.
EPO activities in the supernatants were
determined as described in Materials and
Methods. Each point represents the mean +
SE of four to eight separate experiments.

ical examination was performed on the lung at 24 hr after
the challenge. Active immunization of NC/Nga mice with
OVA induced very intensive infiltration of eosinophils into
the lung parenchymaand alveoli with severe tissue damage,
and most of the bronchial epithelial cells contained mucus
glycoproteins which were stained with alcian blue and PAS
(Fig. 6). In contrast, BALB/c micerevealed faint accumula-
tion of eosinophils and macrophagesin the lung tissues, and
little positive reaction for mucus glycoproteins was
observed in the bronchial epithelium at 24 hr (Fig. 6),
whereas the bronchial epithelial cells were positive for
alcian blue/PAS at 12 hr. No or little pathological changes
were detected in the lung of nonimmunized control mice
after the challenge.

mMRNA expression of chemokines: To clarify the possible
production of chemokines and a cytokine involved in eosi-
nophil production and infiltration into the lung, we esti-
mated mMRNA levels of eotaxin, RANTES, MIP-1c., and IL-
5in lung tissues by a RPA. Tissue samples were collected
at various hours after the intranasal challenge with OVA.
Although there was no significant difference in mRNA
expression levels of eotaxin, RANTES, and MIP-1a
between NC/Ngaand BALB/c mice, peak levels were noted
6 hr and 24 hr after challenge in BALB/c and NC/Nga mice
respectively (data not shown). For cytokine IL-5, the maxi-
mum level was noted 24 hr after the challenge in both mice
strains (data not shown).

DISCUSSION

Much is known regarding how eosinophils markedly and
widely infiltrated in the lower airway play acrucial rolein

BALB/c

Nonimmunized

Immunized

Immunized

Fig. 6. Histological features of lungs at 24 hr after the challenge.
Immunized and nonimmunized mice were intranasally chal-
lenged with OVA. In NC/Nga mice, marked infiltration of eosi-
nophils into the lung parenchyma and alveoli with severe tissue
damage (d) and alcian blue/PAS-positive bronchiolar epithelial
cells (f) are marked. In contrast, faint accumulation of eosino-
phils and macrophages in the lung tissues (c) and little positive
reaction for mucus glycoproteins in the bronchiolar epithelium
(e) are observed. No or little pathological changes are detected in
the lung of nonimmunized control mice (aand b). Sections were
stained with Congo red and with alcian blue and PAS. Original
magnification: 160.

sophisticated pathogenesis of allergic asthma [24, 25]. In
experimentally-induced asthma models using standard
inbred strains of rodents, the eosinophil response and airway
hyperresponsiveness to acetylcholine or methacholine are
induced, but the grade of the phenomena is generally lim-
ited. In the present study, we clearly demonstrated that NC/
Ngamice exhibited higher susceptibility to the development
of OV A-induced airway inflammation: widely and pro-
longed eosinophilic inflammation accompanied by marked
and prolonged enhancement of airway resistance and hyper-
responsiveness to acetylcholine after the single intranasal
challengewith OVA. NC/Ngamice are an inbred strain that
manifests atopic dermatitis-like skin lesions including
marked infiltration of eosinophilsand CD4* T cells, numer-
ous degranulated mast cells and macrophages [14], and
overexpression of Th2 chemokines [27], which may be trig-
gered by some environmental factor(s). In addition to der-
matitis, IgE hyperproduction isinduced with progression of
the disease [14, 15]. These pathological aspects give rise to
a possibility that NC/Nga mice have some inherited risk
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character(s) for alergic asthmaincluding IgE hyperproduc-
tion, and are asuitable model for the human disease. In fact,
i.p. injections with antigen led to higher production of Ag-
specific IgE in NC/Nga mice, as compared with that in
BALB/c mice. In this study, we employed the one-week-
interval protocol, since in our preliminary experiment, two-
week-interval protocol induced much higher production of
Ag-specific IgE, resulting in anaphylactic death of NC/Nga
mice.

Eosinophilic inflammation which appeared in NC/Nga
mice was not only severe but also prolonged. This seemsto
be caused by two step mechanisms: increased number of
eosinophil progenitorsin the bone marrow pool and astrong
attraction signal for eosinophil infiltration from blood
stream into the affected tissue site. Increased number of
blood eosinophils in NC/Nga mice suggests a possible sup-
plement of eosinophil progenitors in the bone marrow pool
after the OVA challenge. In asthmatic patients with late
asthmatic response, remarked supply of eosinophil progeni-
tors after the challenge has been found [23]. Analysis for
MRNA expression of eosinophil active chemokinesin lungs
demonstrated another aspect of NC/Nga mice: delayed
expression of mRNA of eotaxin, and MIP-1oo mRNA, but
not RANTES. These chemokines are known as achemotac-
tic agent for eosinophils and reported to be increased in
BAL fluid of asthmatic patients [1]. Especially, eotaxin,
which is a specific chemotactic factor for eosinophils, has
some other functions: enhancement of adhesion to endothe-
lium [5] and activation of respiratory burst of the cells [8].
Thus, we consider that the prolonged expression of chemok-
ines which concerts with massive supply of eosinophils
from the bone marrow pool may be involved in severe eosi-
nophilic inflammation in NC/Nga mice.

Since bioactive materials including the major basic pro-
tein, EPO, eosinophil cationic protein, and eosinophil-
derived neurotoxin, released from eosinophils at the
affected site are recognized to serioudly affect airway func-
tions; promotion of bronchospasm, an increase in broncho-
reactivity to acetylcholine, and damage to the bronchial
epithelium [4, 7, 16], numerous eosinophils infiltrated into
the lung tissues may play akey cell population to induce the
asthmatic change observed in NC/Nga mice.

Taken together, the experiments presented here strongly
indicated that NC/Nga mice are a very suitable model for
allergic asthma characterized by allergic inflammatory
responses including massive and prolonged eosinophilic
infiltration, and Ag-specific IgE production. Importantly,
NC/Nga mice expressed higher airway hyperresponsiveness
to acetylcholine and marked enhancement of airway resis-
tance after the single Ag challenge, as compared with
BALB/c mice. Thus, we consider that NC/Nga mice are a
very useful tool to investigate the pathogenesis of alergic
asthma, and to develop new approaches to the therapy.
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