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1 The antigen-induced in¯ammatory response in the Brown Norway rat is a model commonly used
to assess the impact of novel compounds on airway eosinophilia. A detailed functional, cellular and
molecular characterization of this model has not yet been performed within a single study. This
information together with the temporal changes in this phenomenon should be known before this
model can be used, with con®dence, to elucidate the mechanisms of action of novel anti-
in¯ammatory drugs.

2 Antigen challenge caused an accumulation of eosinophils in lung tissue 24 h after challenge.
Accumulation of CD2+ T cells was not apparent until after 72 h.

3 Interestingly, mRNA for the Th2 type cytokines interleukin (IL)-4, IL-5 and IL-13 and eotaxin
were elevated in lung tissue after challenge and the expression of IL-13 and eotaxin protein increased
at around 8 ± 12 h. The temporal changes in both the biomarker production and the functional
responses are important factors to consider in protocol design prior to initiating a compound
screening program.

4 A neutralising antibody (R73) against ab-TCR caused a signi®cant reduction in T cell numbers
accompanied by a signi®cant suppression of eosinophil accumulation.

5 Airway hyperreactivity (AHR) was not apparent in this speci®c Brown Norway model in
sensitized animals after a single or multiple challenges although eosinophil in¯ux was seen in the
same animals.

6 In conclusion, this is a convenient pre-clinical model (incorporating the measurement of
biomarkers and functional responses) for screening novel small molecule inhibitors and/or
biotherapeutics targeted against T cell/eosinophil in®ltration/activation.
British Journal of Pharmacology (2002) 137, 263 ± 275. doi:10.1038/sj.bjp.0704865

Keywords: Lung; T lymphocytes; eosinophils; cytokines

Abbreviations: AHR, airway hyperreactivity; AMV, avian myeloblastosis virus; BAL, bronchoalveolar lavage; ELISA, enzyme
linked immuno sorbent assay; FBS, foetal bovine serum; FITC, ¯uorescein isothiocyanate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; ICAM-1, intercellular adhesion molecule-1; RANTES, regulated-
upon-activation normal T-cell expressed and secreted PE-¯uorescence, phycoerythrin; RPMI, Roswell Park
Memoral Institute; RT ±PCR, reverse transcription±polymerase chain reaction; Tc, cytotoxic T-cells; Th1/2, T
helper 1/2 cell; TNF-a, tumour necrosis factor a; VCAM-1, vascular cell adhesion molecule-1

Introduction

It is now a widely accepted paradigm that a subset of allergen-
sensitized and activated CD4+T helper 2 (Th2) cells play a key

role in orchestrating asthmatic airways in¯ammation (Kon &
Kay, 1999). These cells secrete type 2 cytokines such as
interleukin (IL)-4, IL-5 and IL-13 that promote airways
eosinophilia and immunoglobulin isotype class switching to

IgE (Kay, 1997; Wardlaw, 1999). Studies of asthmatics have
revealed increased gene expression for type 2 cytokines in
bronchial mucosa and a positive association between expres-

sion of these cytokines, especially IL-5, and the severity of
disease symptoms (Kay, 1997). However, these cytokines

cannot be considered to act in isolation. There is good evidence
that other mediators such as the C-C chemokines eotaxin and
RANTES act in synergy with type 2 cytokines to recruit
eosinophils into asthmatic airways (Bertrand & Ponath, 2000).

Furthermore, macrophage-derived cytokines such as tumour
necrosis factor alpha (TNFa) and IL-1b might facilitate
extravasation of eosinophils and other leukocytes in part by

upregulating cellular adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) (Bjornsdottir & Cypcar, 1999).
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Small animal models are used to investigate further the
mechanisms that lead to the development of airways
in¯ammation and airway hyper reactivity (AHR) in asthma,

and to identify targets for novel asthma therapies. Models of
allergic airways in¯ammation in the rat and mouse have been
widely used, since eosinophilia in these species is accom-
panied by increased expression of genes for type 2 cytokines

in lung tissue and by AHR, key hallmarks of human allergic
asthma (Garlisi et al., 1997; Underwood et al., 1997). These
animal studies have yielded valuable insights into the

complex relationships between the many in¯ammatory
mediators and cell types involved in allergic airways
in¯ammation and AHR. To understand more about the

temporal relationships between these parameters, we have
now carried out a study to determine the time-course of
antigen-induced accumulation of eosinophils and T cells, and

expression of key proin¯ammatory mediators including type
2 cytokines and eotaxin, in the Brown Norway rat lung. Cells
were counted after recovery from lung tissue by enzymatic
disaggregation. Cytokine and chemokine expression in lung

tissue was measured either by reverse-transcription polymer-
ase chain reaction (RT±PCR) to assess mRNA expression,
or by enzyme-linked immunosorbant assay (ELISA) to

measure secreted protein. We also measured AHR to the
spasmogens acetylcholine (ACh) and bradykinin (BK)
following single or multiple antigen challenge. Brown Nor-

way rats have previously been demonstrated to exhibit an
early and a late response with AHR (Laberge et al., 2000) but
in this study we only assessed AHR and did not investigate

whether these animals exhibited an early and a late response
to allergen.
The data regarding the changes in eosinophil and T-cell

in®ltration and the increase in Th2 cytokine gene and protein

expression following allergen challenge in this model over
time provides important information regarding the use of this
model for investigating the e�ects of small molecule

inhibitors and biotherapeutics. With this information com-
pounds able to inhibit `Th2 relevant' biomarkers could be
selected in this model based on their e�cacy and

pharmacokinetic pro®le and then tested on the same
biomarker in man to ensure that an e�ective dose was being
used in clinical trials prior to assessment of the compound on
the functional asthma phenotype.

Methods

Animals

Male Brown Norway rats (BN/SsNOlaHsd) were purchased
from Harlan-Olac (Bicester, U.K.) at 7 ± 9 weeks of age and
housed for 5 days before being used for experimental

protocols. Food and water were supplied ad libitum. U.K.
Home O�ce guidelines for animal welfare based on the
Animals (Scienti®c Procedures) Act 1986 were strictly
observed.

Sensitization, treatment and challenge regimens

Rats were sensitized by injection on experimental days 0, 12
and 21 with antigen (ovalbumin, 100 mg) administered
together with aluminium hydroxide adjuvant (100 mg) in

saline (1 ml, intraperitoneal (i.p.). On either day 28 or 29,
rats were placed in a 72 l perspex chamber and challenged by
exposure for 30 min to an aerosol of ovalbumin generated

from a 10 mg ml71 solution by a nebulizer (deVilbiss
Ultraneb, deVilbiss Healthcare, London, U.K.). Sham-
challenged controls were similarly exposed to an aerosol of
saline. Further animals acted as naõÈ ves. Cell populations in

the airway lumen and lung tissue, gene and protein
expression in lung tissue were determined (as described
below) at increasing times (0.5, 2, 4, 6, 8, 12, 24, 48 and

72 h) after antigen or sham challenge. Parameters were also
measured in naõÈ ve animals at the same time points.

In a parallel group of sensitised animals, cell populations in

the airway lumen and airway hyperreactivity were measured
at 24 h after single or multiple (one challenge each day for 6
consecutive days) challenge. Twenty-four hour was chosen, as

this was the time point chosen for measuring cell in®ltration
and it has also been used by other workers to measure
eosinophilia and AHR (Chiba & Misawa, 1994). Group size
was 7 ± 12.

In a separate experiment sensitized BN rats received
antibody R73 (neutralizing antibody against ab-TCR), which
we have previously con®rmed depletes T cell numbers

(300 mg kg71, i.v., Yoshino et al., 1991; Haddad et al.,
2002), isotype-matched control antibody (mouse IgG1) or
remained untreated. Twenty-four hours later, rats were

challenged by exposure for 30 min to an aerosol of
ovalbumin generated from a 10 mg ml71 solution by a
nebuliser (deVilbiss Ultraneb, deVilbiss Healthcare, London,

U.K.). Untreated animals were similarly exposed to an
aerosol of saline. Further animals acted as naõÈ ves. Cell
populations in the lung tissue were measured. Group size was
eight.

Cell recovery from lung tissue

Rats were euthanized (sodium pentobarbitone, 200 mg kg71,
i.p.), the thorax was opened and the heart and lungs were
removed en bloc. A cannula was inserted through the right

ventricle to allow the pulmonary vasculature to be ¯ushed at
low pressure with cold phosphate-bu�ered saline to remove
the blood pool of cells. The lobes, together with their
associated main-stem bronchi, were chopped into 1 mm

pieces. A homogenous sample of tissue was immediately
frozen in liquid nitrogen and then stored at 7808C until
required for mRNA assay or protein concentration as

described below. To disaggregate cells, 300 mg of homo-
genous chopped lung tissue was incubated (378C) for 1 h with
gentle agitation in 10 ml of RPMI 1640 medium/10% foetal

bovine serum (FBS) containing collagenase (1 mg ml71) and
DNase (25 mg/ml71). The recovered cells were ®ltered (mesh
size 70 mm), washed and resuspended in 1 ml RPMI 1640

medium/10% FBS.

Cell counts

Counts of total number of cells recovered from lung tissue
were made using an automated cell counter (Cobas Argos,
Roche ABX Hematologie, Montpellier, France). Di�erential

cell counts on 200 cells per slide were carried out using
standard morphological criteria and the percentage of
eosinophils, neutrophils and lymphomononuclear cells were
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determined from lung tissue on cytocentrifuge preparations
stained with Wright ±Giemsa stain. Only viable cells were
counted.

T lymphocytes recovered from lung tissue were counted by
¯ow cytometry after labelling with ¯uorophore-labelled
monoclonal antibodies. 16105 cells were incubated (30 min,
48C) with saturating concentrations of an FITC-labelled

antibody against CD2 (MRC OX34), a pan-T cell marker
expressed on approximately 80% of T cells in the rat lung,
together with a PE-labelled antibody against either CD4 (W3/

25) or CD8 (MRC OX8).
Following incubation, erythrocytes were lysed and the

remaining cells were stabilized and ®xed with commercial

reagents (Immunoprep, Coulter, U.K.). Unlabelled cells and
¯uorophore-labelled IgG isotype control antibody were used
to control for auto¯uorescence and non-speci®c binding

respectively. Flow cytometry was performed using an EPICS
XL ¯ow cytometer and software (Coulter Electronics, U.K.).
Preliminary gating was achieved with forward- and side-
scatter characteristics to de®ne the total lymphocyte popula-

tion. The number of CD2+ cells that were CD4+ or CD8+

were calculated from two-colour plots of FITC-¯uorescence
against PE-¯uorescence.

RNA extraction from lung tissue

RNA was extracted from the lung tissue using a guanidium
thiocyanate-phenol-chloroform extraction technique. Fifty
milligram of tissue were homogenized in 800 ml denaturing

solution containing guanidine thiocyanate (16 mg), sodium
citrate (0.05 M), sarcosyl (80 ml) and b-mercaptoethanol (6 ml).
After addition of sodium acetate (2 M, 80 ml), water-saturated
phenol (800 ml) and chloroform/isoamylalcohol (49 : 1, 160 ml),
the mixture was centrifuged. The aqueous phase, containing
RNA, was removed and mixed with an excess volume of
isopropanol. The RNA was allowed to precipitate (overnight,

7208C), recovered by centrifugation, and resuspended in 75%
ethanol (500 ml). After recovery again by centrifugation, the
RNA was freeze-dried and dissolved in water (50 ml). The

RNA yield and purity was assessed by A260/A280 spectro-
photometric measurements on the Genequant RNA/DNA
quanti®er (Amersham Pharmacia Biotech, U.K.). RNA was
stored at 7808C until used for reverse transcription and

polymerase chain reaction (RT±PCR).

Reverse transcription and polymerase chain reaction

RNA (1 mg) was reverse transcribed to complementary
deoxyribonucleic acid (cDNA) in 25 ml reverse transcriptase

bu�er ((in mM): Tris-HCl pH 8.3 50, KCL 50, MgCl2 10,
spermidine 0.5 and dithiothreitol 10) containing oligo dT
(1 mg), deoxynucleoside triphosphate mix (dNTP, each

0.2 mM) and avian myeloblastosis virus (AMV) reverse
transcriptase (20 u). Tubes were incubated in a Perkin Elmer
480 thermal cycler (Boston, MA, U.S.A.) at 428C for 60 min.
Reverse transcriptase was then inactivated by incubation at

948C for 2 min. The reverse transcription mixture was diluted
with 25 ml of RNase-free water ready for use in polymerase
chain reaction (PCR).

PCR was carried out to amplify target fragments of cDNA
for the type 1 cytokine interferon gamma (IFNg), the type 2
cytokines IL-4, IL-5, IL-13, the C-C chemokines eotaxin and

RANTES and a control gene GAPDH. PCR was performed
with 4 ml of reverse transcription product using Ready-To-Go
PCR beads (Amersham Pharmacia Biotech, Herts, U.K.),

which contain Taq DNA polymerase, dNTP and bu�er.
Beads were reconstituted using RNase-free water and 0.5 mM
of each gene-speci®c forward and reverse primers (obtained
from Invitrogen, Paisley, U.K.) to make a ®nal volume of

25 ml. The PCR was carried out in a Perkin Elmer Geneamp
PCR system 9700 (PE Biosystems, Warrington, Cheshire,
U.K.). After an initial denaturation at 958C for 5 min,

amplication was carried out through 28 ± 40 cycles of
denaturation at 948C for 30 s, annealing at 558C (GAPDH),
608C (all other genes) for 30 s and extension at 728C for 45 s.

Final extension was at 728C for 7 min followed by a ®nal
hold at 48C. Preliminary PCR runs were carried out to
determine the numbers of cycles necessary to ensure linear

ampli®cation of each target fragment. The cycle numbers
used were 28 for GAPDH and 35 for all other fragments.
PCR products together with molecular size markers were

separated by electrophoresis through agarose gels (2% in

40 mM tris-acetate/1 mM EDTA bu�er) containing
5 mg ml71 of ethidium bromide to stain PCR products and
markers. Bands of each target transcript were visualized by

U.V. transillumination and the image photographed using a
UVP BioImaging and Analysis System (UVP, Cambridge,
U.K.). Optical densities of each band were calculated by

image analysis software (Phoretix, UVP, Cambridge, U.K.).
For each sample the level of gene expression of each
transcript were normalised to that of the housekeeping gene

GAPDH.

Measurement of cytokine and chemokine concentrations
by ELISA

Approximately 500 mg of the lung tissue was chopped and
¯ash frozen in liquid nitrogen and stored at 7808C until

needed. Approximately 250 mg of lung tissue was weighed
and homogenized with 1 ml of ice-cold saline. The homo-
genized sample was then spun at 8006g for 10 min. The

resulting supernatant was taken o� and stored at 7208C.
IL-13, RANTES, IL-4, IL-1b and IFNg levels in the lung

tissue supernatant were determined using a rat speci®c solid
phase sandwich ELISA kit (Biosource International, Camar-

illo, CA, U.S.A.). The minimum detectable concentration of
IL-13 was 1.5 pg ml71, RANTES was 520 pg ml71, IL-4
was 52 pg ml71, IL-1b was 53 pg ml71 and IFNg was

513 pg ml71 and there was no detectable cross-reactivity
with other known rat and mouse cytokines and chemokines.
TNFa levels were determined in the lung tissue using a rat

speci®c sandwich immunoassay kit obtained from R & D
Systems (R & D Systems Inc., Minneapolis, MN, U.S.A.).
The minimum detectable concentration was found to be

55 pg ml71 and there was no signi®cant cross-reactivity with
other known cytokines/chemokines. Because of the high
degree of similarity maintained in chemokines across species,
a mouse ELISA kit containing a polyclonal antibody which

recognises mouse eotaxin was used to detect the rat cognate.
Thus rat eotaxin levels were determined using a mouse
ELISA kit (R & D Systems Inc., Minneapolis, MN, U.S.A.).

No signi®cant cross-reactivity was detected with other
cytokines/chemokines and the minimum detectable concen-
tration of eotaxin was found to be 53 pg ml71.
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Measurement of airway reactivity

Rats were anaesthetized with sodium pentobarbitone

(80 mg kg71, i.p.) and mechanically ventilated with a tidal
volume of 1 ml 100 g71 set at 90 p.p.m. Airway resistance
(RL) was calculated using a Buxco LS20 respiratory
mechanics analyser from measurements of tracheal air¯ow

and intrapulmonary pressure.
Rats received aerosols of either acetylcholine chloride (40,

100, 200 and 400 mM for 5 s, 5 min intervals) or bradykinin

(1 mM, 30 s (Huang et al., 1999)). Aerosols were generated by
an ultrasonic nebulizer (de Vilbiss Pulmosonic) connected
into the inspiratory arm of the ventilation circuit. Airway

reactivity was recorded as peak changes in RL after
spasmogen administration.
In the same animals, cell in¯ux into the airway lumen was

quanti®ed by counting cells recovered in bronchoalveolar
lavage (BAL) ¯uid. Lavage was performed by ¯ushing the
airways with two aliquots (each 10 ml kg71) of RPMI 1640
medium containing 10% foetal bovine serum (FBS) delivered

through the tracheal cannula. The two recovered aliquots
were pooled. Approximately 4 ± 5 ml of the BAL ¯uid was
recovered. Total white cell counts and di�erential counts were

performed as described previously.

Materials

The following materials and reagents were used: sodium
pentobarbitone (Euthatal) (RhoÃ ne MeÂ rieux, U.K.); RPMI

1640 medium and foetal bovine serum (Gibco, U.K.);
collagenase and DNase (Boehringer, U.K.); Immunoprep
leukocyte preparation reagents (Coulter, U.K.); Ovalbumin,
aluminium hydroxide, Wright-Giemsa stain, reagents for

RNA extraction and ethidium bromide (Sigma, U.K.);
antibodies for ¯ow cytometry (Serotec, U.K.); reagents for
RT±PCR (Promega and Pharmacia Biotech, U.K.) except

tris-acetate/EDTA bu�er (Gibco, U.K.). Primers were
synthesized from published sequences (Table 1) by Gibco,
U.K.

Data analysis

Cell counts are expressed as cell number in each ml of BAL

or each mg of lung tissue and presented as group mean+

s.e.mean. For each PCR product, the optical density of the
target band was calculated as a percentage of that for
GAPDH obtained from the same animal. For each group,

data were normalized for the value obtained in unchallenged
animals at the same time point and is presented as a group
mean+s.e.mean. ELISA data were expressed as amount of
protein in each mg of lung tissue and presented as group

mean+s.e.mean. Airway reactivity was assessed by measur-
ing changes in airway resistance evoked by inhaled acetylcho-
line or bradykinin. Data were expressed as mean+s.e.mean.

In all analyses, the statistical signi®cance of the di�erences
between group results was determined using the Kruskal
Wallis multiple comparison test for non-parametric data with

Dunn's post-test. P50.05 was accepted as signi®cant. An
antigen-induced change in any parameter was de®ned as a
signi®cant di�erence between the results in challenged and

sham-challenged (saline exposed) groups at the same time
point.

Results

Time course for cell infiltration into the lung tissue

Compared with sham-challenged controls, eosinophil num-
bers were signi®cantly increased 24 h after challenge and

remained elevated after 72 h. Neutrophil numbers were
signi®cantly elevated 4 h after challenge and remained
elevated at 12 h. After 24 h the numbers had fallen and

were no longer signi®cantly di�erent to those in sham-
challenged animals (Figure 1A,B).

The majority of CD2+ cells were also CD4+, with lower
numbers expressing CD8 (Figure 1C,D). Interestingly the

number of CD2+/CD4+ and CD2+/CD8+ cells were
signi®cantly reduced after antigen challenge in the earlier
points (4 ± 8 h) of the time course when compared to saline

controls. This di�erence however was lost after 8 h with
CD2+/CD4+ being signi®cantly increased at 72 h.

Effect of antibody R73 on cell infiltration into the lung
tissue

When compared with the lungs of unchallenged rats, the

numbers of total T cells (CD2+) were higher in lungs of

Table 1 Sequences of PCR primers

PCR Product length
product Sequence (5' ± 3') (bp)

IL-4 Sense ACCTTGCTGTCACCCTGTTCTGC 352
Antisense GTTGTGAGCGTGGACTCATTCACG

IL-5 Sense TTCTCTTTTTGTCCGTCAATGTATTTC 298
Antisense TGCTTCTGTGCTTGAACGTTCTAAC

IL-13 Sense TCGCTTGCCTTGGTGGTCTT 311
Antisense GTTGTGAGCGTGGACTCATTCACG

IFNg Sense ATTCTTCTTATTGGCACACTCTCTACC 432
Antisense ACACTCATTGAAAGCCTAGAAAGTCTG

Eotaxin Sense AACTTCCTGCTGCTTTACCATGA 202
Antisense TTTTGGAGTTTGGAGTTTTTGGT

RANTES Sense TCACCGTCATCCTGCTTGA 279
Antisense ACACTTGGCGGTTCCGA

GAPDH Sense TGAAGGTCGGTGTGAACGGATTTGGC 983
Antisense CATGTAGGCCATGAGGTCCACCAC
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antigen-challenged rats but the di�erences did not achieve
signi®cance. However, in antigen-challenged rats the numbers

of these cells were signi®cantly reduced in animals pre-treated
with antibody R73 (Figure 2A).
Antigen challenge caused a signi®cant increase in eosino-

phil numbers in lung tissue. In R73 treated rats, the reduction

in T cell numbers was accompanied by a signi®cant inhibition
of eosinophil accumulation (Figure 2B).

Time course for gene expression for Th1 and Th2
dependent cytokines in the lung tissue

Compared with expression in sham-challenged controls, levels
of mRNA for the cytokines IL-4, IL-5, IL-13 and eotaxin
each became signi®cantly increased 2 h after challenge.
Expression of mRNA for IL-4, IL-13 and eotaxin had

returned to basal level after 8 h, but the level of mRNA for
IL-5 did not decline until after 24 h (Figure 3A,B,C,E). In

contrast, there was no signi®cant increase in expression of
mRNA for IFNg at any time point (Figure 3D). In contrast,
expression of mRNA for RANTES showed only a signi®cant
fall that was apparent after 12 h and maintained until at least

72 h after challenge (Figure 3F). Figure 4 shows an example
of each gene transcript at 8 h.

Time course for protein expression for Th1 and Th2
dependent cytokines and TNFa, IL-1b in the lung tissue

To con®rm the increase in mRNA expression translates
into changes in protein we measured lung homogenate
levels of IL-4, IL-13, IFNg, eotaxin and RANTES (as yet
there is no ELISA kit for rat IL-5). There was no

Figure 1 Time course of changes in the number of eosinophils (A), neutrophils (B), CD2+CD4+ (C) and CD2+CD8+ (D) cells
recovered from lung tissue after antigen challenge in the Brown Norway rat. Antigen (ovalbumin)-sensitized Brown Norway rats
were either unchallenged (open bars), exposed to inhaled saline (sham challenged, shaded bars) or challenged with inhaled antigen
aerosol (solid bars). At a range of times after challenge, cells were isolated from lung tissue by enzymatic disaggregation. Cells were
counted by light microscopy (a and b) or by ¯ow cytometry (c and d). Group size was 10 ± 12. Results represent mean+s.e.mean.
*P50.05 compared with unchallenged group; {P50.05 compared with sham challenged group.
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signi®cant increase in IL-4 protein in antigen challenged

compared to saline challenged rats (Figure 5A), IL-13 was
signi®cantly increased following antigen challenge starting
at 2 h and this was observed up to 12 h (Figure 5B).

IFNg remained below detection at all time points after
challenge (data not shown). The concentration of eotaxin
was signi®cantly elevated 4 h after challenge, and returned
to basal level after 48 h (Figure 5C). In agreement with

the gene expression data, there was no signi®cant decrease
in secretion of RANTES (Figure 5D). We also measured
two cytokines known to be involved in in¯ammation, TNFa
and IL-1b in lung tissue homogenates. These became
signi®cantly increased 0.5 and 2 h after challenge,

respectively. The signi®cant increase in IL-1b levels
seemed to be maintained longer than the levels of TNFa
(Figure 6).

Determination of AHR and cell infiltration into the BAL
fluid following single or multiple antigen challenge in
sensitized Brown Norway rats

There were no di�erences in baseline measurements between
challenged and control rats prior to spasmogen (data not

shown). There were no signi®cant di�erences in airway
reactivity to inhaled acetylcholine or bradykinin in either
the single or multiple challenged groups (Figure 7A ±C).

However, as expected, the number of eosinophils and
neutrophils in the BAL following either single or multiple
antigen challenge signi®cantly increased. Surprisingly there

was no greater number of cells after antigen challenge once
each day for six consecutive days compared to a single
challenge (Figure 8A,B). The number of mononuclear cells
did not increase after single challenge but there was a

signi®cant increase in number following multiple antigen
challenge (Figure 8C).

Discussion

The aim of this study was to characterize the antigen-induced
in¯ammatory response in the Brown Norway rat, a model
commonly used to assess the impact of novel compounds on

airway eosinophilia. In this study we have undertaken a
detailed functional, cellular and molecular characterization of
this model, something that has not yet been performed within
a single study. This information, together with the temporal

changes seen in these phenomenona, will provide invaluable
information in order that this model can be used, with
con®dence, to elucidate the mechanisms of action of novel

anti-in¯ammatory drugs.
Antigen challenge in the sensitized Brown Norway rat

elicited accumulations of eosinophils and neutrophils in lung

tissue. Eosinophilia was slow in onset, but persisted until at
least 72 h after challenge. It is well established that human
asthma is characterized by chronic airways eosinophilia
(Wardlaw, 1999), and the in¯ux of these cells into the rat

lung re¯ects the recruitment into the bronchial mucosa of
asthmatics after an allergen provocation (Bentley et al.,
1993). Eosinophils are implicated as key e�ector cells in

asthmatic airways since they secrete cytotoxic proteins and
lipid mediators that have the capacity to promote patholo-
gical changes believed to contribute to the decline in lung

function (Martin et al., 1996). This hypothesis is supported
by ®ndings that the degree of asthmatic airways eosinophilia
shows a positive correlation with the severity of clinical

symptoms (Bentley et al., 1993). In contrast to eosinophilia,
neutrophilia in the rat lung was rapid in onset but transient,
suggesting recruitment induced by performed mediators but a
short survival time in tissue or rapid clearance. However,

eosinophil-selective in¯ammatory mechanisms in asthma
normally result in a 50 ± 100 fold increase in the number of
eosinophils relative to neutrophils in the bronchial mucosa

(Wardlaw, 1999).
Antigen challenge caused an initial, transient fall in the

number of T cells (CD2+ or ab-TCR+ cells) in rat lung

Figure 2 E�ect of antibody R73 on total T cells (A) and eosinophils
(B) recovered from lung tissue after antigen challenge in the Brown
Norway rat. Antigen (ovalbumin)-sensitized Brown Norway rats were
either unchallenged and untreated (open bars), exposed to inhaled
saline and untreated (shaded bars) or challenged with inhaled antigen
aerosol (solid bars) and either untreated, given antibody R73
(300 mg kg71, i.v.) or control antibody (mouse IgG1). 24 h later,
cells were isolated from lung tissue by enzymatic disaggregation. Cells
were counted by ¯ow cytometry (a) or by light microscopy (b).
Group size was 8. Results represent mean+s.e.mean. {P50.05
compared with saline challenged group; *P50.05 compared with
challenged, control antibody treated group.
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Figure 3 Time-course of changes in expression of mRNA for IL-5 (A), IL-4 (B), IL-13 (C), IFN-g (D), eotaxin (E) and RANTES
(F) in lung tissue after antigen challenge in the Brown Norway rat. Antigen (ovalbumin)-sensitized Brown Norway rats were either
unchallenged (open bars), exposed to inhaled saline (sham challenged, shaded bars) or challenged with inhaled antigen aerosol (solid
bars). At a range of times after challenge, gene expression was determined by RT±PCR. For each animal, the optical density of the
target band was calculated as a percentage of that for GAPDH. For each group, data were normalised for the value obtained in
unchallenged animals at the same time-point. Group size was 10 ± 12. Results represent mean+s.e.mean. *P50.05 compared with
unchallenged group; {P50.05 compared with sham challenged group.
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Figure 4 Changes in expression of mRNA for cytokines and chemokines in lung tissue 8 h after antigen challenge in the Brown Norway rat.
Agarose gels of PCR-ampli®ed cDNA prepared by reverse transcription of RNA extracted from lung tissue. Antigen (ovalbumin)-sensitized
Brown Norway rats were either unchallenged, exposed to inhaled saline (sham challenged) or challenged with inhaled antigen aerosol.

Figure 5 Time-course of changes in concentrations of IL-4 (A), IL-13 (B), eotaxin (C) and RANTES (D) in lung tissue after
antigen challenge in the Brown Norway rat. Antigen (ovalbumin)-sensitised Brown Norway rats were either unchallenged (open
bars), exposed to inhaled saline (sham challenged, shaded bars) or challenged with inhaled antigen aerosol (solid bars). At a range of
times after challenge, chemokine concentrations in tissue were determined by ELISA. Group size was 10 ± 12. Results represent
mean+s.e.mean. *P50.05 compared with unchallenged group; {P50.05 compared with sham challenged group.
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tissue. The reason for this is unclear, but may have been due
to migration of these cells out of the lung tissue

compartment into the lymphatic system and then to draining
lymph nodes. Subsequently, there was a progressive
accumulation of T cells in the tissue. The accumulation of
CD2+ cells appeared to be non-speci®c in that numbers of

both CD4+ and CD8+ sub-populations followed very
similar kinetics. However, the population of CD4+ cells
outnumbered the CD8+ T cells by approximately 6 ± 7 fold

throughout. Our observation of T cell accumulation in the
antigen-challenged rat lung is important, since the number
of activated CD4+ T cells is increased in bronchial biopsies

from asthmatic patients (Bentley et al., 1993). Findings that
the number of these cells shows a positive correlation with
the number of eosinophils in asthmatic airways have

supported the hypothesis that type 2 cytokines secreted by
activated CD4+ T cells are key orchestrators of the
eosinophilia (Robinson et al., 1993a, b; Corrigan & Kay,

Figure 6 Time-course of changes in concentrations of TNF-a (A)
and IL-1b (B) in lung tissue after antigen challenge in the Brown
Norway rat. Antigen (ovalbumin)-sensitized Brown Norway rats were
either unchallenged (open bars), exposed to inhaled saline (sham
challenged, shaded bars) or challenged with inhaled antigen aerosol
(solid bars). At a range of times after challenge, chemokine
concentrations in tissue were determined by ELISA. Group size
was 10 ± 12. Results represent mean+s.e.mean. *P50.05 compared
with unchallenged group; {P50.05 compared with sham challenged
group.

Figure 7 Changes in airway reactivity to inhaled acetylcholine 24 h
after single (A) or multiple (B) antigen challenge and to inhaled
bradykinin (C) 24 h after both single and multiple challenge in the
Brown Norway rat. Antigen (ovalbumin)-sensitized Brown Norway
rats were either unchallenged (open bars), exposed to inhaled saline
(sham challenged, shaded bars) or challenged with inhaled antigen
aerosol (solid bars). Animals were challenged with saline or
ovalbumin once or once daily for six consecutive days. Group size
was 7 ± 8. Results are mean+s.e.mean.
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1996). Although a rigid adherence to the concept of Th1-
and Th2-type CD4+ cells may be overly simplistic, the
increased expression of IL-4, IL-5 and IL-13 genes in

bronchial mucosa of human asthmatics (Kay, 1997;
Humbert et al., 1997) is indeed consistent with a type 2
pro®le of cytokine gene expression by activated CD4+ T
cells. R73 antibody partially depleted T cell numbers and

was able to partially suppress antigen-induced airway
eosinophilia providing further evidence that T cells do play
a role in orchestrating eosinophilia in this model. This

hypothesis is supported by our ®ndings of increased gene
expression for IL-5 and other putative T cell-derived
cytokines in lung tissue of antigen-challenged rats.

We have previously demonstrated increased expression of
the genes for IL-4 and IL-5 in lung tissue 24 h after antigen
challenge in the Brown Norway rat (Underwood et al., 1997).

Our present study allowed us to examine the time-courses of
gene expression and determine whether early expression of
genes for type 2 cytokines could have orchestrated the
eosinophilia in our model, as hypothesized for human

asthma. In our study, antigen challenge caused increased
expression of genes for IL-4, IL-5 and IL-13 in rat lung
tissue, but not the gene for the type 1 cytokine IFNg. Levels
of IL-4, IL-5 and IL-13 gene expression were ®rst elevated
2 h and IL-13 protein expression 2 ± 12 h after antigen
challenge, preceding the onset of eosinophilia. Although

changes in gene and protein expression occurred before any
accumulation of CD4+ T cells in lung tissue, this does not
negate a role for T cells since the genes could have been

expressed by activated resident cells. Our data supports the
hypothesis of a selective secretion of type 2 cytokines in this
model, and provides evidence that early secretion of T cell-
derived cytokines might contribute to the initiation of

airways eosinophilia.
It should be emphasised that we have not yet con®rmed the

cellular source of the type 2 cytokine genes in the rat. There

is evidence that IL-4 and IL-5 mRNA in human asthmatic
airways are expressed predominantly by T cells. These are
mainly of the CD4+ phenotype, although smaller numbers of

CD8+ cytotoxic T (Tc) cells can also secrete type 2 cytokines
(Kay et al., 1997). However, eosinophils and mast cells can
also transcribe these genes and both these cell types show
immunoreactivity for the corresponding proteins in asthmatic

bronchial mucosa (Kay et al., 1997). Strong evidence to
support a role for T cell-derived cytokines as promoters of
airway eosinophilia also comes from animal models in which

adoptive transfer of CD4+ T cells allows antigen-induced
airways eosinophilia in otherwise antigen-naõÈ ve rats and mice
(Haczku et al., 1997; Hogan et al., 1998) while antigen-

induced eosinophilia is reduced in mice that are de®cient in
CD4+ T cells (Brusselle et al., 1994). Studies of IL-5 de®cient

Figure 8 Changes in the number of eosinophils (A), neutrophils (B)
and mononuclear cells (C) recovered by bronchoalveolar lavage

following single and multiple antigen challenge in the Brown Norway
rat. Antigen (ovalbumin)-sensitized Brown Norway rats were either
unchallenged (open bars), exposed to inhaled saline (sham
challenged, shaded bars) or challenged with inhaled antigen aerosol
(solid bars). Animals were challenged with saline or ovalbumin once
or once daily for 6 consecutive days. Group size was 7 ± 8. Results are
mean+s.e.mean. *P50.05 compared with relevant sham challenged
group.

British Journal of Pharmacology vol 137 (2)

Animal model of antigen-induced lung inflammationS.L. Underwood et al272



mice and the e�ects of neutralising antibodies against IL-5 in
rodent models have provided more evidence to support a key
role for this cytokine, in particular as a mediator of allergic

airways eosinophilia (Egan et al., 1999; Hamelmann &
Gelfand, 1999). The e�ects of a monoclonal antibody to
IL-5 in human asthmatics have now con®rmed the pro-
eosinophilic role of this cytokine in the human disease. A

single intravenous dose of the antibody provided long-term
suppression of allergen-induced sputum eosinophilia,
although interestingly this protocol was not able to protect

against the late asthmatic response or airway hyperreactivity
(Leckie et al., 2000). Other mediators that promote
eosinophil adhesion to the endothelium, chemotaxis and

activation undoubtedly interact with IL-5 to promote
eosinophil recruitment into human asthmatic airways and in
animal models of allergic airway in¯ammation. Of particular

interest are C-C chemokines such as eotaxin and RANTES
that act on the CCR3 receptor on eosinophils and exhibit
potent chemotactic activity for these cells (Bertrand &
Ponath, 2000).

Our ®nding of rapid eotaxin gene expression in rat lung
tissue and an elevated concentration of the secreted protein
6 h after antigen challenge suggests that this chemokine could

also have contributed to eosinophilia in our model. In
allergen-provoked human asthmatics, eotaxin expression
similarly declines before eosinophil accumulation (Brown et

al., 1998) while eotaxin secretion is associated with an early
(6 h) recruitment of eosinophils in an allergen-induced
cutaneous reaction in human atopic subjects (Ying et al.,

1999). Together, these ®ndings suggest that in the Brown
Norway rat model, as in human asthma, eotaxin may
contribute to early eosinophil accumulation, but other factors
are implicated in the persistence of eosinophilia. Others have

provided evidence that eotaxin might act synergistically with
IL-5 to promote tissue eosinophilia in animal models (Collins
et al., 1995). Both IL-4 and IL-13 induce eotaxin in mouse

lungs (Li et al., 1999), suggesting that secretion of this protein
in our study may have occurred as a secondary event to the
earlier induction of IL-4 and IL-13 gene expression.

There is no doubt that allergic airway in¯ammation in
both human asthma and animal models are regulated by
numerous mutually interacting cytokines and other media-
tors. Other cytokines implicated in asthma pathogenesis

include macrophage-derived TNFa and IL-1b, which both
show elevated expression in clinical studies (Kips & Pauwels,
1996). We found that the concentrations of both mediators

were similarly increased in rat lung following allergen
challenge. TNFa and IL-1b demonstrate a range of activities
that could potentially contribute to tissue eosinophilia,

including the increased expression of adhesion molecules
such as ICAM-1 and VCAM-1 that facilitate the extravasa-
tion of eosinophils and other leukocyte (Bjornsdottir &

Cypcar, 1999). In addition, they stimulate eotaxin secretion
by other in¯ammatory cell types (Chung et al., 1999).
However, there is no consistent evidence for a role for these
cytokines in animal models of allergic airways in¯ammation.

For example, the in¯ammatory response is not impacted in
mice de®cient in TNF receptors or mice treated with a
neutralizing antibody against TNF (Rudmann et al., 2000).

When this model was ®rst described it was suggested that it
provided a model of airway in¯ammation with profound
eosinophilia that was associated with AHR (Elwood et al.,

1991). However, on reviewing the relevant literature it would
appear that the sensitivity to spasmogens (in this case ACh),
is often small and variable between studies and not indicative
of that in man (Haczku et al., 1995). In contrast, we found

no evidence of AHR in response to two inhaled spasmogens
in sensitized Brown Norway rats, after a single or multiple
challenge, although a signi®cant eosinophilia was observed in

the BAL ¯uid of the same animals. The lack of AHR
observed in this model may indicate why many workers are
investigating the e�ects of novel therapeutics in murine

models of AHR and may explain the reduced references to
models of AHR in the Brown Norway rat found in the
literature. Alternatively, methodological issues could have

explained the results obtained such as di�erences in
sensitisation protocols (e.g. whether an adjuvant has been
used in addition to the ovalbumin solution), variation in the
challenge protocol and the method of measurement of

hyperresponsiveness (e.g. conscious versus anaesthetized
animals). Furthermore, the hyperresponsiveness observed to
bradykinin and acetylcholine may not be as great as to other

spasmogens such as the leukotrienes. In fact, a recent paper
has described a very impressive AHR to LTD4 after
ovalbumin challenge (Allakhverdi et al., 2002).

We have demonstrated that antigen-induced eosinophilia in
the Brown Norway rat is preceded by expression of genes for
the type 2 cytokines IL-4, IL-5 and IL-13, but not the gene

for the type 1 cytokine IFNg. Our data is consistent with
rapid expression of type 2 cytokines by resident cells
including Th2-type cells and so provides evidence that early
secretion of T cell-derived cytokines might contribute to the

initiation of airways eosinophilia in this model. The eotaxin
gene was also rapidly expressed suggesting that it may act
synergistically with cytokines such as IL-5 to promote lung

tissue eosinophilia. Gene expression for type 2 cytokines and
eotaxin had returned to basal levels by 48 h after challenge,
although eosinophil accumulation was maintained until after

at least 72 h, suggesting that other mediators may drive the
chronic phase of eosinophilia in this model. The lack of AHR
demonstrated in this model is consistent with the theory that
there is no direct association between the Th2 phenotype

dependent eosinophilia and AHR. However, the authors
would like to introduce a note of caution in that the absence
of AHR may only relate speci®cally to the model employed

in this manuscript and not the BN rat as a whole.
In conclusion, our increasing understanding of the Brown

Norway rat model of allergic airways in¯ammation will allow

us to investigate further the roles and interactions of T cells
and eosinophils and the mediators that they secrete.
Furthermore, if T cells and eosinophils are key players

involved in the asthma phenotype this model may be used to
evaluate novel approaches to asthma therapy.

M.A. Birrell, K. McCluskie and M.G. Belvisi are supported by the
Hare®eld Research Foundation.
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