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Pulmonary mtlammation with cosinophil (EOs) infiltration is a prominent feature
of allergic respiratory diseases such as asthma. In drder to study the cellular re-
sponse during the disease development. an animal model of IgE-mediated pulmo-
nary inflammation with characteristic eosinophilia is needed. We developed a
method for inducing severe pulmonary eosinophilia in the mouse and also studied
the numbers of EOs in blood and bone marrow and the response to corticosteroid
treatment. Animals were sensitized with alum-precipitated ovalbumin (OVA ) and
challenged with aerosolized OVA 12 davs Tater when serum TgF levels were sig-
nificantly elevated. Four to eight hours after challenge there were moderate in-
creases in the number of EOs in the bone marrow and peripheral blood. butonly a
few EOs were observed in the lung tissue and in bronchoalveolar lavage (BAL)
fluid. Twenty-tour hours after challenge. there was a marked reduction of EOs in
bone marrow. while the number of EOs peaked in the perivascular and peribron-
chial regions of the lung. Fortv-cight hours atier chatlenge. the highestnumber of
EOs was found in the BAL tluid. making up >80 ot all cells in that comparnt-
ment. The high fevels of EOs m the lung tissue and BAL fluid fasted for 2 3 davs
and was followed by a more moderate but persistent eosinophilia for another
10 days. Nonsensitized animals showed no significant changes in the number of
EOs in BAL fluid. lungs. blood or bone marrow. Histopathological evaluation

R, cereeseesnnann. alsorevealed epithelial damage. excessive mucus in the lumen and edema in the
Key Words submucosa of the airways. The pulmonary eosinophilia and decrease in bone mar-
Eosinophils row EOs induced by OVA challenge responded well to treatment with several
Pulmonary inflammation standard corticosteroids. The rank order of steroid potency for inhibition of pul-
lgE monary eosinophilia was betamethasone > prednisolone > hvdrocortisone. Be-
Allergic mouse cause mice are extremely useful for immunological studies. this model can be
Glucocorticoids invaluable to study the effects of evtokines on pulmonary inflammation.
Introduction nophilopoiesis, cellular viability. adherence. migration. and

activation of the EOs. For example. several mediators of al-

Pulmonary inflammation with cosinophil (EOs) infiltra-  lergy and inflammation such as platelet-activating factor.
tion is a prominent feature of allergic respiratory diseases. leukotriene C. and cvtokines such as interleukin 3 (1L-3).
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cosinophil is dependent upon factors wiveh reguluic cosi- - sumuiating factor (GM-CSFL play important roles con-




trolling eosinophil function [8-17]. The precise mechanism
regulating the pulmonary eosinophilia in vivo are not clear,
but this information could provide a basis for the develop-
ment of novel and specific therapeutic approaches for the

treatment of allergic respiratory discases. To assistin study-
ing the mechanism underly ing pulmonary cosinophitizand
consequent inflammation. a relevant animal model 1s need-
¢d that exhibits a similar immunobiology and sensitivity to
drugs as found m human asthma.

Several animal models have been developed to study
pulmonary inflammation with characteristic manifestations
ofairwayvs eosinophilia. One of the often-used animal mod-
els is the ovalbumin sensitized and challenged guinea pig
[18-20]. but this model has the disadvantage that the aller-
gic inflammation is mediated predominantly by 1gG anti-
bodies. depending upon the sensitization regimen used [ 21
22]. Also. guinea pig-specific immunological reagents in-
cluding various cytokines and cell markers are generally not
available which hinders the study of immunological mecha-
nisms that may be relevant to human diseases. Other tre-
quently used animal models include sensitized monkeyvs.
dogs and rabbits [23-26]. However the imited availabihiy
and genetic heterogenicity of these animals. and the un-
d\aih.bllm or requirement for large quantities of immun-

ological reagents largely himit the utilization of these model

SVstems.
Pulmonary inflammation has also been induced in the
mouse [27. 28]. This species 1s particularly usetul for mea-
suring inflammatory responses becaise the major homoecs -
totropic antibody class in murine pulmonary mflammaton
s el 27 “\“} whiel
matics [1. 2]. Furthermore.
vantage of having many of the immunological reagents and
cell markers necessary for studying the inflammatory cas-
cade. The purpose of this study was to develop and charac-
terize a model of pulmonary inflammation in the mouse.

1is stmilar o that seen in human asth-

the mouse has the additional ad-

Materials and Methods

Male BOD2FIT mice.
Jackson Laboratory (Bar Harbor, Me.,

were obtiined from

USA). They were housed ma

welghing 20 23 ¢,

room with a 12-hour light-dark cvele and were allowed tood and water

ad libitum.

Sensitization and Antigen Bronchoprovocation

Animals were sensitized by an intraperitoneal injection of 0.5 ml
;xlum—prccip? tated antigen containing S ug of ovalbumin (OVA) ad-
sorbed to 2 mug

wot alumimum hy drmuk mllnm eclinsalme vehicle, A

provocation. For the antigen challenge. the mice were placed i a plex-
iglas chamber (127> 147 107 and cxposed o acrosolized OVA (0.370)
for 1h both in the morning and atternoon of a single day. The acro-

solized OVA was produced by an ultrasonic nebuhzer (DeViibiss,

Somersel, Pac USAL Model Ultra-Neb 99y at a low rate of approni-
mately S itres min.

Cobleciion and Moaspecircnt o the Specimain

At various times atter antizen bronchoprovocution.
were sacrificed by CO. asphyniation then bronchoaheolar lavage
(BALY
lected.

For the collection of BAL tluid. the trachea was exposed and can-
ith o bail-uy The hungs wore lavaged
with 0.3 ml phﬂ\phdh buttered saline (PBS). v\wpm\xm.m.\ 0.2mior
the mstilled Tuid was consistenty retrieved. Total cell numbers were
{ BAL celis were

the ammuals

fTuid. blood. bone marrow aspirate and Tung tissue were col-
aped 24-cauge needle

nulated

counted with a standard hemocytometer. Smears of

made by evtocentrifuging 100 1 of BAL fluid iShandon Inc. Pits-
bureh. Pa. USAY at 230 mpm (~10.¢ for [0 mun The smears were

tined and staned with Leukostat stam tFisher buum(ic. Pittsburgh.
Pa.. USA) or Mayv-Griinwald-Giemsa stain Diagnostic System. Gibb-
stown. NG USAY Differential cell counts were determined from at
least 200 leukocvies. The blood samples were obuained by cardiac
rentiad cotnts were

puncture and the numbers of leukooytes and difh

t
hematological procedures {19]. Femoral

d termined using standard
N

ved aocording e the proce-

hene mumow cotlswere col

leored and et
dures of Alevander ctal (2]
For the histological evaluation of pu lmon i fssue, the fungs were
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rortused i st b pass o the pul-

Tt mxlnw;uu'}
iPBN). The lungs
were then rcmond and fined wih Hl o phu>phdi«.‘—« urtered tormaim.
The left lobe of the lung was embedded in mm*'t‘ Csoctioned at S um

thickness and ~tmed with hew [0 sewveral experi-

monary artery throuch the
aseulature with 2.5 miof r‘»’u sphate-

stonyhin und cosm

oot
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CPANY Hivologicad evatuanon ot the brongh Larregions ot
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randomly selected areas. Thc numbcr of EOs surreunding the bronchi
(peribronchiah were counted at400 < magnification. Othet histopath-
aggrevation of EOs around blood
mucus for-

Hammatony

ological features studied were the
vessels (perivasculary. damage w the airway cpinchivm,

mation in the lumen of the airways and infiltrauon of

cells into the alveolt.

Vcasuromeni of Scrany FaE and ol

Isotope specific reagents cantibodies and standardsy were obtamed
from Dr. R. Coffman (DNAN. Palo Alto. Calif. USA). The antibodies
and procedures have been described previousts [30]. Briefly, polyvi-
nvl 9e-well plates (Dynatech. Adexandra. Vo LSA) were coated
overmightat47°C with the appropriate firsi-step antibody m PBS. Plates
were washed with PBS plus(i.ﬁ-}“ o Tween 20, Nonspecific binding was
blocked with PBS plus 107 fetal calf serum (FCS) for Th at room
temperature. Serum samples and standards were added and incubated
for 2 h at room temperature. Atter washing. appropriate conjugated
second-step antibodies were added and plates were incubated for hat
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added. One hour later. the plates were washed and substrate solution
containing 1 mg'ml azinobis 3-ethylbenz-thiazoline sulfonic acid
(ABTS), 0.003° H.0: in 0.1 M Na.HPO, and 0.05 M citric acid was
added. The plates were read on a VMAX plate reader (Molecular De-
vices, Palo Alto. Calif. USA). Serum immunoglobulin levels were
quantified by comparison to purified isotype standards. Specificities
and sensitivities of these ELISAs have been deseribed eisewhere [30].

Compounds

Betamethasone. prednisolone and hydrocortisone were synthe-
sized at the Schering-Plough Research Institute (Kenilworth, N.J..
USA). They were prepared in 0.4% methylcellulose in isotonic saline
and administered orally 2 h before OVA challenge. Contro! animals
received vehicle only.

Statistical Analvsis

All data are presented as the mean=SEM. The significance of dif-
ferences between experimental groups was analyzed with the unpaired
Student’s t test or Dunnett’s multiple range analysis.

Animal Care and Use

This study was done in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and the
Animal Welfare Act in a program approved by the American Associ-
ation for the Accreditation of Laboratory Animal Care.

Results

The Course for Development of Pulmonary

Eosinophilia after Sensitization

Animals were sensitized with OVA and challenged with
OVA acrosol at various times after the sensitization to assess
the appearance of EOs in the BAL fluid. Aerosolized OVA
{0.5%) was given for | h both in the morning and afternoon
of a single day and BAL fluid was obtained 24 h after the
morning exposure. This concentration and exposure time
for OVA was found to induce a consistent level of pulmo-
nary cosinophilia (see below). A lower concentration of
OVA or shorter exposure gave inconsistent levels of pulmo-
nary eosinophilia.

OVA challenge produced little change in BAL EOs up to
8 days after sensitization. However, at 10 days after sensiti-
zation. there was a statistically significant increase in BAL
EOs after OVA challenge (fig.1). The eosinophil response in
BAL peaked after 12 days and then gradually returned to-
ward baseline between days 17 and 20. The increase in total
cell numbers in the BAL correlated with the increase in
BAL eosinophils and on day 12 the EOs constituted greater
than 50% of the total cells in the BAL. Nonsensitized mice
challenged with OVA or sensitized, unchallenged mice
showed only slight and insignificant changes in the number
of EOs i the BAL fluid (data not shown). There was also no
significant change in the number of eosinophils in the BAL
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Fig.1. Total cells and EOs in the BAL from allergic mice chai-
lenged with aerosolized OVA (0.5%) at various days after sensitiza-
tion. BAL samples were collected 24 h after OVA challenge. Data rep-
resents the mean=SEM (n = S per group). *p<<0.05 compared to day 0
after sensitization.

fluid of sensitized mice challenged with aerosolized bovine
serum albumin (data not shown). At the peak of eosinophi-
lia in the BAL. 12 days after sensitization. total serum IgE
levels were significantly elevated with no significant
change in IgG. (fig. 2). In subsequent experiments, we chal-
lenged the animals with OVA 12 davs after sensitization.

Developmenr of Pulmonary Eosinophilia und

Inflummarion after Anrigen Challenge

In sensitized mice exposed to OVA on day 12, only small
numbers of EOs (5-6% of total cells) were found in the
BAL 4-8h after OVA challenge (tablel). However. after
24 h there was a large increase in total cells and EOs (29%
oftotal) inthe BAL. The peak increase in total cells and EOs
in BAL occurred 2-3 days after OVA challenge when more
than 80% of the total cells were EOs. By 4 days after OVA,
the number of total cells and EOs in BAL were reduced
from peak values. There was still an elevated number of
EOs in the BAL (44% of total cells) 8 days after OVA chal-
lenge but by 14 days after OVA challenge, the total cells and
EOs in BAL had substantially returned toward control val-
ues (table !). In nonsensitized mice exposed to OVA aerosol,
there was no significant increase in total cells or EOs in the
BAL up to 14 days after OVA challenge.

There were also sporadic increases in the number of neu-
trophils m the BAL of sensitized animals after OVA chal-
lenge (table ). However. in nonsensitized animals exposed
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Fig. 2. Serum levels of I¢E and 1gG in nonsensitized and sensi-
sod mice 12 dayvs atter sensitization with OVAL Data represent the
wan=SEN (n =3 per group). *p<0.05 compared to nonsensitized

smals

Table 1. Bronchoalveolar lavage cell count at various time inter-
2isatter acrosolized OVA challenge i mice
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~{mean = SEND
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)\7; o miy cosinephils neutrophils monoevies-
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*p<<0.03 compared to nonsensitized control animals at the same
me point.
Animals were challenged with werosolized OVA (0.53%) for Th
oth in the morning and aticrnoon on day 12 afier sensitization. BAL
amples were collected at the time intervals indicated.

o OVA. there were the same sporadic increases in the num-
rer of neutrophils in the BAL. There were minimal changes
1 the number of fymphocytes of sensitized mice in the BAL
fter OVA challenge (data not shown).

As with the BAL. lung biopsies of sensitized mice
howed that onlyv a few EOs were found in the lungs 4-8 h
fior OV chalienge, However by 245 atter OVAL there

ere large numpers of EOs surrounding the bronchial air-

Fig. 3. Changes in EO numbers in the peribronchial region of the
lung after challenging nonsensitized and sensitized mice with acro-
solized OVA (0.3%0). Biopsies were collected 4. 8 and 24 hand up to 14
davs atter OVA challenge. Data represent the mean=SEM (n = 3 por
group). *p<<0.05 compared to nonsensitized animals.

way (fig. 3). This high level of peribronchial eosinophilia
persisted for 3 davs. The EO infiltration into the peribronchi
was still elevated after 8 davs and subsided to normal levels
14 days after OVA challenge. There was no evidence ot EO
migration into the bronchial region of nonsensitized mice
atter OVA (fig. 3).

Histological evaluation of the lungs of sensitized mice
revealed that EOs had infiltrated the tissues surrounding the
bronchial airways and blood vessels 248 h after OVA
challenge (fig. 4a. by In some sections. the blood vessels
were encased by lavers of EOs up to 3-10 cells deep.
Around the bronchi. the EOs appeared as patchy cutts, Only
a small number of EOs were observed in the mucosal laver
or the lumen of the airwavs. There was also evidence of a
damaged airway epithelium and interstitial airway edema in
the bronchi 48 h atter OVA challenge (fig. 4b). Increased
PAS-positive mucus secretions were also found in the bron-
chi 48 h after OVA challenge in sensitized mice (fig. 4c). A
few EOs were occasionally observed in the alveoli. In non-
sensitized mice challenged with OVA. there was no evi-
dence of EO infiltration into the tissues surrounding the
bronchi or blood vessels (fig. 4d). Furthermore. there was
no indication of a damaged airway epithelium. airway ede-
ma or PAS-positive mucus secretion (fig. 4¢) after OVA
challenge to nonsensitized mice.

Changes in Eosinophil Numbers in Bone Muarrow and

Blood after Antigen Challenge

In sensitized mice exposed to OVA onday 12, there wasa
moderate increase in the number of EOs in bone marrow 4 h
atter OVA challeng

o (fig. Sa). Thiswas followed by areduc-
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Fig. 4. Licht photomicrographs of paraffin sections of lung tissues
from sensitized and nonsensitized mice challenged with aerosolized
OVA (0.3%4). a Sensitized mouse 24 h after challenge with aerosolized
OVA. There is marked margination and aggregation of EOs around the

blood vessels. HE. <123 b Sensitized mouse 48 h after acrosolized

HE.x250. ¢ Sensitized mouse 48 h after acrosolized OVA challenge.
There is excessive PAS-positive material {mucus) and debris i the
Jumen. PAS stain.x125. d Nonsensitized mouse 48 h after chatlenge
with aerosolized OVA . No EO infiltration in the peribroachial area is
tound. HE. > 230, e Nonsensitized mouse 48 h after chalienge with
OVAL There s no FO infinaon wed o : PN e

malvriaiimn
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Fig. 5. Changes in EO numbers in the bone marrow (a) and blood
{b) after challenging nonsensitized and sensitized mice with aerosol-
ized OVA (0.370) Samples were collected 4. 8 and 24h and up to 14
days after OVA challenge. Data represent the mean+SEM (n =5 per
group). *p<0.05 compared to nonsensitized animals.
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Table 2. Etfect of betamethasone. prednisolone and hvdrocorti-
sone on the cosinophii numbers in the BAL of ailergic nuce

Compounds* Oral dose  °¢ inhibition®  EDs:.mg kg
mg’kg EOs (confidence limits
at 95%)
Betamethasone 0.123 31=11
0.23 TEE2* 0.2(0.1-0.3)
0.5 33=9*
1 96+ 1*
Prednisolone 1 28=11
S 32=10* 13(0.9-18.0)
25 83142%
Hydrocortisone 6.25 42=15
12.5 62+14*
25 TRET* 8.5(1.9-20.4)
S0 98+4*

*p<0.03 compared to vehicle.
Corticosteroids were administered 2 hbefore OVA challense. BAL
flurd was obuiined 24 hatier OVA chalionae

Meann = SENtn

Nl

aoper dosed

tion of EOs in bone marrow for 3 days. The number of bone
marrow EOs gradually returned to normal levels on day 14.
There was no change in bone marrow EOs of nonsensitized
mice after OVA challenge.

In the blood. there was an increase in EOs that peaked 4-
8 h after OVA challenge in sensitized mice (fig. 3b). Blood
EOs in sensitized challenged mice returned to normal levels
6 days after challenge. There was no change in blood EOs of
nonsensitized mice after OVA challenge.

Effect of Corticosteroids on Eosinophils in BAL and

lissues

Betamethasone was compared to prednisolone and hy-
drocortisone for their ability to inhibit the accumulation of
EOs in the BAL after OVA challenge. Treatment of sensi-
tized mice with betamethasone, prednisolone or hydrocorti-
sone dose-dependently inhibited the infiltration of EOs into
the BAL 24 hafter OVA challenge (table 2). Betamethasone
(EDy,=0.2mg’kg) was more potent than prednisolone
(ED:,=4.3 mg’kg) and hydrocortisone (EDs, = 8.5 mg'kg)
for inhibiting the BAL eosinophilia after OVA challenge (ta-
ble 2). Treatment of sensitized mice with betamethasone
(0.5 mg kg p.o.) also reduced the accumulation of EOs in
the peribronchial region of the lung.

Treatment of sensitized mice with betamethasone also
prevented the decrease in bone marrow EOs 24 h after OVA
challenge. In these studies, bone marrow EOs averaged 26+
15x10" EOs femur in sensitized. challenged animals. When
sensitized. challenged animals were treated with betameth-
asone (0.5 mg kg p.o. bone marrow EOs averaged 149+
29107 EOs femur. This was not significantly different
from values (131=31x10° EOs femur) seen in OVA-chal-
lenged nonsensitized mice. Betamethasone (0.5 mg kg p.o.)
had no significant effect on the increase in blood EOs 24 h
after OVA challenge (data not shown).

Discussion

The mouse is a particularly useful model for studving
allergic responses in the lungs, because the major antibody
class in murine pulmonary inflammation is IgE [27, 28] and
because many of the immunological reagents and cell mark-
ers for inflammation are available for studies in mice. The
results of this study show that sensitized mice challenged
with aerosolized OVA can mount a pulmonary inflamma-
tion with a predominance of eosinophils. The eosinophil re-
sponse is specific to antigen challenge because exposure 1o
acrosolized bovine serum albumin had no effect. The time
hotween sensitization and challenge and the duration of
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challenge with OVA aerosol are important for inducing the
maximal lung cosinophilia. The optimum challenge time
was 12 days after sensitization. At this time. the serum IgE
level was significantly elevated indicating that this inflam-
matory i~ IgE-related. We also found that a prolonges expo-
sure to OVA aerosol was necessary to ensure the develop-
ment ot consistent and severe pulmonary cosinophilia.

Eosinophils tirst appear in large numbers in the pulmo-
nary interstitium and BAL fluid 24 h after OVA challenge.
By 48 h. there was a larger increase in BAL EOs. Further-
more. antigen challenge produced damage to the bronchial
epithelium. interstitial airway edema and increased mucus
secretion. The accumulation of EOs in the lung after antigen
challenge was localized to regions surrounding pulmonary
blood vessels and bronchial airway. although very few EOs
were found in the airway mucosa. This is quite different to
the findings in guinea pigs where large numbers of EOs are
tfound in the airway mucosa after antigen challenge [18. 19.
3t]. It is noteworthy that murine airways have a very thin
mucosal laver that may fail to entrap large numbers of EOs
during thetr migration into the airways. Interestingly. bron-
chial biopsies taken from human asthmatics also show laree
numbers of EOs 10 clusters around blood vessels and very
few EOs are distributed in the airway submucosa [32].
Theretore. the distribution of EOs in murine airways after
antigen challenge is similar to the EO distribution observed
in human asthmatic airways.

Antigen provocation to sensitized mice produced an
carly and transient increase of EOs in the bone marrow and
blood. These changes probably reflect eosinophilopoiesis at
the fevel of the bone marrow and migration of bone marron
EOs into blood. The early increase in blood EOs may also
reflect the release of a resident marginated population into
the circulation. The apparent rapid drop in blood EOs 24 h
after OVA occurred at a time when EOs in the lung were
increasing. This may represent the migration of EOs from
the blood into the lungs. By 48 h after OVAL there was a
second peak of EOs in the blood. This may reflect the con-
tinued output ot EOs from bone marrow.

Corticosteroids are effective drugs for the treatment of
the inflanunatory component of asthma [1] and are known
to reduce pulmonary eosinophilia associated with inflam-
mation [1. 19]. In this study, the increase in BAL EOs 24 h
after OVA challenge was reduced by treatment with beta-
methasone, prednisolone and hydrocortisone. The rank or-
der potency of these corticosteroids is similar to that report-
ed for their anti-inflammatory activity in humans [33]. Be-
tamethasone. which was the most potent of the three
carticosieroids used. also prevented the reduction of EOs in

Pone marrow 24 hatter OVA challenge. Therefore. corticos-

teroids may reduce pulmonary inflammation by blocking
the migration of EOs from bone marrow into blood or by
inhibiting the activity of inflammatory mediators that
recruit EOs into the lung [34, 41].

In conclusion. the pulmonary inflammation model in the
allergic mouse reported here is characterized by elevated
levels of Igk in the serum and an intense pulmonary cosi-
nophiha. The temporal profile for EO migration into the
lungs and the histological changes seen in the airways after
antigen challenge are characteristic of a late-phase intlam-
matory response. The pulmonary inflammation responds to
treatment with corticosteroids. This model should be very
useful to study the effect of specific antibodies to IL-4. IL-3
and GM-CSF on pulmonary eosinophilia and to evaluate
the role of these cytokines on the inflammatory cascade.
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