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Asthma is the leading serious pediatric chronic illness in the United
States, affecting 7.1 million children. The prevalence of asthma in
children under 4 years of age has increased dramatically in the last 2
decades. Existing evidence suggests that this increase in prevalence
derives from early environmental exposures acting on a pre-existing
asthma-susceptible genotype. We studied the origins of asthma
susceptibility in developing lungin rat strains that model the distinct
phenotypes of airway hyperresponsiveness (Fisher rats) and atopy
(brown Norway [BN] rats). Postnatal BN rat lungs showed increased
epithelial proliferation and tracheal goblet cell hyperplasia. Fisher
pups showed increased lung resistance at age 2 weeks, with elevated
neutrophils throughout the postnatal period. Diverse transcriptomic
signatures characterized the distinct respiratory phenotypes of
developing lung in both rat models. Linear regression across age
and strain identified developmental variation in expression of 1,376
genes, and confirmed both strain and temporal regulation of lung
gene expression. Biological processes that were heavily represented
included growth and development (including the T Box 1 transcrip-
tion factor [Tbx5], the epidermal growth factor receptor [Egfr], the
transforming growth factor beta-1-induced transcript 1 [Tgfbr1i1]),
extracellular matrix and cell adhesion (including collagen and
integrin genes), and immune function (including lymphocyte anti-
gen 6 (Ly6) subunits, IL-17b, Toll-interacting protein, and Ficolin B).
Genes validated by quantitative RT-PCR and protein analysis in-
cluded collagen il alpha 1 Col3a1, Ly6b, glucocorticoid receptor and
Importin-13 (specific to the BN rat lung), and Serpinal and Ficolin B
(specific to the Fisher lung). Innate differences in patterns of gene
expression in developing lung that contribute to individual variation
inrespiratory phenotype are likely to contribute to the pathogenesis
of asthma.
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Asthma, the leading serious chronic illness of children in the
United States, affects an estimated 7.1 million children under
age 18 years (1). The prevalence of asthma in children under 4
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years of age has increased by 74% in the last 2 decades (2, 3).
Abnormalities of lung structure and function already exist in
infants who will subsequently develop asthma. A growing body
of evidence points to genes important in lung development as
determinants of asthma susceptibility.

A total of 90% of all asthma originates in childhood. A
number of observations suggest that early influences on lung
development contribute to asthma susceptibility: in utero expo-
sure to allergen increases risk of atopy in children (4, 5);
mechanical ventilation, chronic lung disease, and early glucocor-
ticoid (GC) therapy increase the risk for pediatric asthma (2);
boys (in whom lung development lags behind girls) have a higher
incidence of and more severe asthma; airway biopsies in children
show tissue restructuring up to 4 years before the onset of
asthmatic symptoms (6); and infants of smoking mothers have
reduced lung function (compliance/resistance of the respiratory
system) that tracks into later life (7, 8). Collectively, these
findings suggest that intrinsic and induced changes in the lung
in infancy (or earlier) are programmed into the long-term
respiratory phenotype, conferring susceptibility to asthma.

Lung development is determined by complex interactions
between epithelial and mesenchymal cells, mediated by multi-
ple growth and differentiation factors (9, 10). Beginning in
late gestation (36 wk) and continuing through early postnatal
life (2-3 yr), immature lung saccules are gradually remodeled
into mature alveoli. This “remodeling” process involves
reduction of the extracellular matrix (ECM), thinning of alve-
olar walls, and expansion of capillary networks. In the asthmatic
lung, repair of damaged epithelium is associated with reactiva-
tion of many of these same growth factors, which can, in turn,
induce ECM deposition (11), subepithelial fibroblast prolifera-
tion, myofibroblast activation, and, eventually, airway remod-
eling (12-14). It has been suggested that variation in the
expression of factors associated with subclinical changes in nor-
mal developmental remodeling could confer increased risk for
remodeling of damaged airways in asthma (6, 15-19).

Three commonly studied rat strains (Lewis, brown Norway
[BN], and Fisher) have long been used to model asthma (20).
These strains have distinct sets of characteristics comparable to
asthma in humans, each providing insight into distinct pheno-
types associated with human asthma and airway hyperrespon-
siveness (AHR). The normoresponsive Lewis rat serves as
a control (21). Although appearing normal at baseline, the
defining features of asthma, including airway constriction,
eosinophilic inflammation, and AHR, can be reproduced in
the Lewis rat after allergen sensitization and challenge (22). In
contrast, the BN rat is naturally atopic, and has long been
known to produce very high levels of IgE in response to allergen
(23, 24). In common with human allergic asthma, BN rats have
early and late allergic responses and T cell-mediated eosino-
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philic airway inflammation (22). With repeated allergen chal-
lenge, they develop AHR to methacholine (MCh) (25), and
have structural changes in the airways, including increased
airway smooth muscle (ASM) mass (26-28). The Fisher rat is
innately hyperresponsive, and has increased ASM mass (21),
though it is not atopic.

We hypothesized that innate differences in patterns of gene
expression in developing lung confer individual variation in
asthma susceptibility. We show that distinct developmental
respiratory phenotypes of rat animal models of atopy and
innate AHR are associated with highly diverse transcriptome
signatures.

MATERIALS AND METHODS

Animals

Lewis, Fisher, and BN male and female rats (Charles River Labora-
tories, Saint Constant, PQ, Canada) were housed in the Montreal
Children’s Hospital Animal Facility. All procedures involving animals
were conducted according to the criteria established by the Canadian
Council for Animal Care, and approved by the Animal Care Commit-
tee of the McGill University Health Centre (Montreal, PQ, Canada).

Airway Responsiveness

At 14 days of age airway responsiveness was measured with a
computer-controlled small animal ventilator (flexiVent; SCIREQ,
Montreal, PQ, Canada). Rats were deeply anesthetized by an
intraperitoneal injection of xylaine (8 mg/kg) intraperitoneally and
pentobarbital (70 mg/kg), tracheotomized and ventilated quasisinusoi-
dally at a frequency of 150 breaths/min, and tidal volume of 10 ml/kg at
positive end-expiratory pressure level of 3 cm H,O. Subsequently, they
were paralyzed by an intraperitoneal injection of pancuronium
bromide (0.8 mg/kg). Baseline respiratory system resistance was
measured at 150 breaths/min. Maximal resistance was recorded before
and after increasing doses of aerosolized MCh (6.25, 12.5, 25, and
50 mg/ml; n = 5 for each rat strain).

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed by instilling the lungs
four times with 0.4, 0.7, 0.7, and 1.0 ml of cold PBS for Postnatal Day
(PN) 1, 4, 7, and 14, respectively, through a tracheal cannula. Lavage
fluid was centrifuged and pellets were resuspended in 0.5 ml cold
saline. Animals used for BAL collection were not subjected to
flexiVent analysis. Total cell numbers were counted with a hemacy-
tometer. Cytospin slides (Cytospin 4; Shandon, Pittsburgh, PA),
prepared for differential cells counts, were stained with Diff-Quick
(Hema3 stainset; Fisher Scientific, Middletown, VA) and counted
(>200 cells/slide) to determine the percentage of each cell type (n =
5 for each rat strain).

Rat Lung Primary Cell Culture

Isolation and primary culture of Lewis, Fisher, and BN rat lung cells
was performed at PN1, 4, 7, and 14, as we previously described (29).
Rats were killed with pentobarbital, lungs were excised, and fibroblast
and epithelial cells were isolated. Briefly, lung tissue was digested
with 2.5% trypsin and filtered repeatedly through a membrane. After
incubating with 1% collagenase, cells were plated in 60 X 15-mm-well
plates, and, after 1 hour, nonadherent cells were removed and
replated to isolate epithelial cells from fibroblasts. Cells were grown
in Eagle’s minimum essential medium plus 10% FBS and counted
with a hemocytometer at 2, 4, and 6 days after initial plating by
removal with 0.25% trypsin plus EDTA (n = 4 cultures, all groups).
Each culture represented pooled lungs from at least four animals.
Viability and purity of the cultures were comparable to previously
published data (29). Epithelial cells express phenotypic features of
type II cells (30). Lung cell cultures are routinely tested for purity, as
assessed by positive staining for cytokeratin (mouse monoclonal
antibody; Santa Cruz Biotechnology, Santa Cruz, CA), and negative
staining for vimentin (monoclonal antibody; Sigma-Aldrich, Oakville,
ON, Canada).

Isolation of Total Lung and Lung Primary Cell RNA

RNA from whole lung tissue and primary lung cells was isolated with
Trizol reagent (Invitrogen, Burlington, ON, Canada) according to the
manufacturer’s instructions. RNA was resuspended in 1X RNASecure
(Ambion, Austin, TX) and treated with the Turbo DNase-free kit
(Ambion) to remove any traces of DNA.

Quantitative Real-Time RT-PCR

Quantitative real-time RT-PCR (qRT-PCR) was performed on the
Mx4000 QPCR system (Stratagene, La Jolla, CA) with the QuantiTect
One-Step Probe RT-PCR Kit or the QuantiTect SYBR green RT-PCR
kit (Qiagen, Mississauga, ON, Canada). Gene-specific primers and 6-
carboxy-fluorescein (FAM)-labeled probes for rat collagen III alpha 1
(Col3al), glucocorticoid receptor (GR), Importin (IPO)-13, prolifer-
ating cell nuclear antigen (PCNA), and 18 s were created with Qiagen’s
QuantiProbe Custom Design Software. Gene-specific primers for
SYBR green detection of Serpinal, Ficolin B (Fcnb), lymphocyte
antigen 6-B (Ly6b), and glyceraldehyde 3-phosphate dehydrogenase
were predesigned (Qiagen QuantiTect primer assays). One-step real-
time RT-PCR reactions were performed in 25 wl volumes for 40 cycles,
with 10 ng of total or cellular RNA for the genes analyzed, and 50 pg
for 18 seconds, which was used to normalize for the input of RNA.
Synthesis of ¢cDNA for the SYBR green RT-PCR protocol was
prepared from an initial 250 ng/pnl of RNA. RNA was incubated at
65°C for 5 minutes with 1 pg/pl of random primers and 10 mM
deoxynucleotide triphosphates (ANTPs). To this, 5X first-strand buffer,
1 mM DTT, 1 pl of RNase OUT (Invitrogen) and 1 pl of Superscript I1
(Invitrogen) was added and incubated at 42°C for 1 hour and at 70°C
for 15 minutes. RT-PCR was performed in 25 pl reactions for 40 cycles
with 1 pl of cDNA. Relative mRNA expression levels for Col3al, GR,
IPO13, and PCNA were analyzed according to the standard curve
method. Typically, our experiments yield RNA amounts in the range of
5-50 ng. Results for Serpinal, Fenb, and Ly6b, which were optimized
for the SYBR green detection system, were analyzed using the delta-
delta cycle threshold method (n = 4 for all assays).

Antibodies

Antibodies used for these experiments were as follows: Fenb, 1:200
(Santa Cruz Biotechnology); oy-antitrypsin (al-AT; Serpinal), 1:200
(Abbiotec, San Diego, CA); collagen III, 1:200 (Abcam, Cambridge,
MA); TIPO13, 1:100; GR, 1:50 (Santa Cruz Biotechnology); B-actin,
1:5000 (Sigma-Aldrich); anti-rabbit IgG-horseradish peroxidase
(HRP) conjugated, 1:10000 (Amersham, Little Chalfont, Buckinham-
shire, UK); bovine anti-goat IgG-HRP conjugated, 1:10,000 (Santa
Cruz Biotechnology); goat anti-rabbit biotinylated, 1:300 (Sigma-
Aldrich); monoclonal vimentin, 1:200 (Sigma-Aldrich); and monoclo-
nal cytokeratin, 1:200 (Santa Cruz Biotechnology).

Western Blotting

Total protein (15 pg) isolated from rat lung with KPO, buffer was
boiled for 5 minutes in SDS loading buffer before being electro-
phoresed on 10% SDS-polyacrylamide gels and transferred to poly-
vinylidene fluoride membranes (Bio-Rad Laboratories, Hercules,
CA). Membranes were blocked overnight at 4°C with 10% milk/
PBS-Tween and incubated with primary antibody for 1 hour. The
blots were washed in PBS-Tween buffer, incubated with HRP-
conjugated secondary antibodies, developed with the ECL Plus
Western Blotting Detection System (GE Healthcare, Little Chalfont,
Buckinghamshire, UK), and exposed to Bioflex film (Clonex Corp.,
Markham, Ontario, Canada).

Lung Fixation

Lungs were inflated in 4% paraformaldehyde at a pressure of 20 cm
H,O and fixed overnight. Samples were dehydrated through a series of
ethanol washes before being embedded in paraffin. Slices (5 pm thick)
of whole lung were sectioned onto slides.

Immunohistochemistry

Slides were rehydrated through decreasing ethanol washes, rinsed with
PBS-0.03% Triton, boiled in 10 mM sodium citrate for antigen
retrieval, and then incubated in H,O, with methanol for 20 minutes
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to block endogenous peroxidase activity. Slides were blocked with
PBS-0.03% Triton containing 5% normal goat serum and 1% BSA.
Primary antibodies were incubated overnight at 4°C, and secondary
biotinylated antibodies were incubated for 2 hours at room temperature.
Slides were washed with PBS-0.03% Triton and then stained according
to the avidin-biotin peroxide complex method with the Vecstatin kit
(Vector Laboratories, Burlingame, CA). Finally, they were exposed to
3,3’-diaminobenzidine (Sigma-Aldrich), and then counterstained with
hematoxylin. Immunohistochemistry (IHC) for PCNA, which was used
as a marker of cell proliferation, was performed with the Zymed PCNA
staining kit (Zymed Laboratories, San Diego, CA). Slide preparation
was performed as outlined previously here, and the staining and
visualization were followed according to the manufacturer’s specifica-
tions (n = 4 for all IHC).

Goblet Cells

Slides were rehydrated through a series of decreasing ethanol washes
and stained with the periodic acid-Schiff kit (Sigma-Aldrich) to
visualize goblet cells. Images in figures are representative of sections
from at least four animals.

lllumina Microarrays

Global gene expression analysis was performed at the McGill Univer-
sity and Genome Quebec Innovation Centre with the Illumina RatRef-
12 array. The raw microarray data were standard background corrected
and quantile normalized with the Bioconductor package, lumi (http://
www.bioconductor.org/packages/2.0/bioc/html/lumi.html). The data set
contains 22,523 features (probes for gene expression). These micro-
array data are available at the National Center for Biotechnology
Information Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE19666).

Statistical and Bioinformatics Analyses

All results for respiratory phenotypes are presented as means (=SEM).
Statistical significance of differences between group averages was
determined by one-way or two-way ANOVA, except where noted.
Pair-wise comparisons for respiratory phenotypes were assessed by the
two-tailed Student’s ¢ test, with significance defined as a P value of 0.05
or less. Initial analysis of microaarray data was performed with
FlexArray, a software package that was designed at the McGill
University and Genome Quebec Innovation Centre (Montreal, PQ,
Canada; http://genomequebec.mcgill.ca/FlexArray/). To find probes
(genes) that were significantly differentially expressed between any
two sample groups in the microarray dataset, we used the randomized
variance model (RVM) ¢ test in FlexArray with a fold magnitude cutoff
of two and a P value of 0.05 or less (31). RVM is a linear model for
microarray-reported gene expression that takes into account the differ-
ent sample-wise variance of residuals of individual genes. These in-

dividual gene variances are modeled as random selections from an
inverse gamma distribution, the parameters of which are estimated with
the residual sum of squares per gene. The difference between two
sample means is then assessed with the standard ¢ statistic with its
modified variance term from RVM. Principal component analysis
(PCA), a statistical tool for feature reduction, was used to investigate
the dissimilarities between global gene expression (transcriptome)
sample profiles. PCA assesses the relative impact of factors such as an
experimental treatment, biological variation between individual animals,
date of microarray hybridization, et cetera, to sample variation in an
unsupervised fashion. Each point in a PCA plot corresponds to a sample
transcriptome profile. After PCA analysis, we considered the effects of
strain and age, as well as the interaction of age and strain, by performing
linear regression analysis with the Bioconductor package, limma (32).

RESULTS
Fisher Rat Pups Display Impaired Lung Function

In rodents, alveolarization is exclusively postnatal. We initially
asked whether naive rat models of atopy and innate hyper-
responsiveness would exhibit differences in lung function in the
newborn period. Airway responsiveness was measured in BN,
Fisher, and Lewis rat pups at PN14 (the earliest time at which lung
function can be reliably assessed; n = 5 all groups) with a small
animal ventilator. Fisher rat pups displayed significantly elevated
baseline lung resistance when compared with Lewis pups. Ad-
ministration of increasing doses of MCh, a smooth muscle agonist,
dramatically enhanced this effect (Figure 1, P < 0.05). BN rats
had a limited increase in baseline lung resistance when compared
with Lewis rats, which was not affected by increasing doses of
MCh (Figure 1, P < 0.05). These findings confirm that changes in
lung function that associate with asthma susceptibility and AHR
in these models are present very early in life.

BN Rats Display Increased Cell Proliferation

We next assessed whether the differences in lung function
observed during the newborn period would reflect changes in
lung growth and structure. Lung and body weight and lung to
body weight ratios were normal. No obvious interstrain differ-
ences in gross morphology of the lung were seen during the first
2 weeks of life. Restructuring of asthmatic lungs is associated
with epithelial proliferation. We asked whether developmental
patterns of respiratory epithelial proliferation distinguished the
three rat strains. PCNA expression in whole lung tissue (n = 4,
all groups) was assessed by immunohistochemistry (Figure 2A)

* *

Figure 1. Fisher rat pups display increased lung resistance
at age 2 weeks. Airway responsiveness was measured at
Postnatal Day (PN) 14 with a small animal ventilator.
Fisher rat pups displayed significantly elevated baseline
lung resistance, an effect that was enhanced by meth-
acholine (MCh; n=5; P < 0.05). Brown Norway (BN) rats
had a limited increase in baseline lung resistance.
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Figure 2. BN rats display increased cell
proliferation. (A) Immunostaining for proliferat-
ing cell nuclear antigen (PCNA) shows an in-
crease in proliferation in BN rat lungs when
compared with Lewis and Fisher rat lungs at
PN7 (n = 4, all groups). (B) PCNA expression in
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and qRT-PCR (Figure 2B). At PN7, BN rat lungs displayed
increased epithelial proliferation when compared with Lewis
and Fisher rat lungs, as assessed by PCNA immunostaining
(Figure 2A). This was associated with elevated expression of
PCNA mRNA (Figure 2B, P > 0.05).

As an additional assessment of cellular proliferation, we
cultured primary airway epithelial cells isolated from rat lungs
at PN1, 4, 7, and 14. Cultures were grown for 2, 4, and 6 days,
after which the cells were collected and counted to determine
the relative rate of cell proliferation. At PN4 and 7, when the
normal rat airway epithelium undergoes a shift from an
essentially proliferating to a differentiating state, the BN rat
lung epithelial cells continued to show significantly elevated cell
proliferation (n = 4 cultures each pooled from = 4 lungs; P <
0.05; Figure 2C).

Neutrophils Are Elevated in BAL from Fisher Pups

Inflammation in asthma is associated with the recruitment of
inflammatory cells, mainly eosinophils, activated mast cells, and
T helper type 2 cells into the airways. We assessed inflammatory
cell infiltrates in BAL fluid isolated from rat pups at PN1, 4, 7,
and 14 (n = 9, PN1, 7, and 14; n = 6, PN4). There were no
marked differences in total cell counts between the strains.
Fisher pups had significantly elevated neutrophils when com-
pared with Lewis pups at PN1, 7, and 14. Compared with BN
pups, neutrophils in Fisher pups were significantly elevated at
PN1, 4, and 14 (Figure 3A, P < 0.05).

Newborn BN Pups Display Goblet Cell Hyperplasia

Substantial increases in the number of goblet cells lining the
airway epithelium is a characteristic feature of inflammation in
asthmatic airways and neonatal lung injury. We used periodic
acid—-Schiff staining to assess goblet cells in trachea and bronchi
of developing BN, Fisher, and Lewis rats (n = 4 all groups). Few
goblet cells were present in postnatal lung of Lewis and Fisher
rat between PN1 and 14. By contrast, trachea of naive BN rats
displayed both accumulation and hypertrophy of goblet cells at
PN1 (Figure 3B).

Transcriptome Profiles of Developing Lungs in BN, Fisher,
and Lewis Rats Are Highly Distinct

Having established developmental differences in the respiratory
phenotype of these models, we next explored associated
changes in gene expression. Illumina genome-wide profiling
was performed with the RatRefl2 array on RNA isolated at
PN1, 7, and 14 from the three rat strains (n = 4, all strain—time
combinations, except for BN [n = 5] and Lewis [n = 3] at PN1).
PCA was used to assess patterns of global gene expression in all
strains over time. All three strains showed clustering of global
patterns of gene expression. The PCA plot at PN7 is illustrated
in Figure 4A. Considerably more overlap was noted between
the Fisher and Lewis strains (for example, similar values along
the Principal Component 1 axis in Figure 4A) than between
either strain compared with BN rats, suggesting greater genetic
differences between the naturally atopic BN and the Lewis and
Fisher strains.

PCA analysis provided evidence of distinct transcriptome
profiles across strains. The Venn diagrams (fold change > +2
or < —2; P < 0.05, all comparisons) in Figure 4B show over-
lapping patterns of gene expression at PN1, 7, and 14, and illus-
trate strain and temporal regulation of lung gene expression in
the neonatal period. For additional information on temporal
overlap of gene expression, see the Venn diagrams provided in
Figure E1 in the online supplement. Finally, we used linear
regression analysis to identify specific genes that are variably
expressed during postnatal lung development in a strain-
dependent fashion. Linear regression accounting for age and
strain effects identified developmental variation in expression of
1,376 such genes. Biological processes heavily represented
among these variably expressed genes included growth and
development (including the T Box 1 transcription factor 5
[Tbx5], the epidermal growth factor receptor [EGFR], and
the transforming growth factor B-1-induced transcript 1
[Tefbrlll], ECM and cell adhesion (including multiple collagen
and integrin genes), and immune function (including Ly6 sub-
units, IL-17b, and the Toll-interacting protein) (Figure 4C). A
subset of nine genes with unique expression profiles in the lungs
of BN or Fisher rats were chosen for validation by qRT-PCR
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Figure 3. (A) Postnatal Fisher pups show increased
neutrophils in bronchoalveolar lavage (BAL) infil-
trates. Inflammatory cell infiltrates were assessed in
BAL fluid isolated from rat pups at PN1, 4, 7, and
14. Fisher pups had significantly elevated neutro-
phils when compared with Lewis pups at PN1, 7,
and 14. Compared with BN pups, neutrophils in
Fisher pups were significantly elevated at PN1, 4,
and 14 (n =9, PN1, 7, and 14; n = 6, PN4; *P <
0.05, TP < 0.01). (B) Newborn BN pups display
goblet cell hyperplasia. Periodic acid-Schiff staining
was used to assess goblet cells in trachea of BN,
Fisher, and Lewis rats. Few goblet cells were
present in normal lung between PN1 and 14. By
contrast, trachea of naive BN rats had significantly
elevated goblet cell numbers at PN1. By contrast,
trachea of naive BN rats displayed both accumula-
tion and hypertrophy of goblet cells at PN1.

and protein analysis. Five were clearly validated: Col3al, Egfr,
Fcnb, Ly6b Serpinal. Among these, validation of four is de-
scribed subsequently here. The role of Egfr, which is up-
regulated in BN rat lungs and down-regulated in Fisher rat
lungs, is currently the subject of a larger study.

Increased Expression of Collagen Ill a1, a Key Structural
Component of the Lung, Is Up-Regulated in Postnatal
Lungs of BN Rats

Collagen and elastin are key components of the architectural
framework of alveoli that are essential to the establishment of
normal mechanical properties of lung parenchyma. Increased
collagen deposition in the lung is a marker for airway remodel-
ing in asthma (33). Col3al encodes the a1 chain of collagen III.
Given the mesenchymal expression of Col3al, we assessed
Col3al mRNA by qRT-PCR in primary cultures of postnatal
lung fibroblasts. We observed a significant increase in Col3al in
BN rat as compared with Lewis and Fisher rat at PN7, but not at
PN1 or 14 (Figure 5A, n = 4, P < 0.05). Figure 5B illustrates the
interaction of age (PN1-PN14) and strain for Col3al mRNA, as
assessed by regression analysis. These data, demonstrating
strain- and time-specific variance in gene expression, suggest
that Col3al expression increases from PN1 to 14 in all three
strains. Moreover, at all time points, Col3al levels were
significantly higher in BN rat lungs. Representative images of
Collagen III ol immunostaining in lungs of BN rats at PN7
(Figure 5C, n = 4) demonstrate an associated increase in
protein expression.

The Ly6b Antigen Is Dramatically Elevated in Postnatal
Lungs of BN Rat

The Ly6 genetic locus controls expression of antigenic specific-
ities on multiple cell types, including lung, trachea, and immune
cells (34, 35). Expression of the secreted Ly6/PLAUR (plas-
minogen activator urokinase receptor) domain containing pro-
tein 1 (Slurpl) of the Ly6 family is regulated by epidermal
growth factor(EGF), retinoic acid, and IFN-y. Ly6 antigens
have been implicated in structural integrity of the skin and in
lymphocyte activation (34-36). Illumina array analysis identi-

fied the Ly6b, and Ly6 gbe antigens (see heatmap, Figure 4C,
“Immune Function”) as being elevated in BN rat lung at PN7.
A highly significant increase in Lyob mRNA in lungs of BN rats
was validated by qRT-PCR at PN1, 7, and 14 (n = 4, P < 0.005
[Figure 5DJ)). Figure SE illustrates the interaction of age (PN1-
PN14) and strain for Ly6b mRNA, as assessed by regression
analysis. Lybb expression showed a temporal increase in
expression from PN1 to 14 in the lungs of all three rat strains.
At all time points, Lyob mRNA levels were highest in BN rat
lungs. No antibody is currently available for rat Ly6b.

o 1-AT, the Major Inhibitor of Neutrophil Elastase,
Is Up-Regulated in Postnatal Lungs of Fisher Rats

The serine protease inhibitor, a1-AT, encoded by the Serpinal
gene, inhibits the activity of neutrophil elastase, a protease
secreted by neutrophils during inflammation to protect the host
from bacteria. Circulating a1-AT is taken up by the lung, where
it acts in tissue defense against elastolysis. Serum a1-AT levels
rise in situations of inflammation. Illumina array analysis
identified an increase in Serpinal mRNA in lungs of Fisher
rats compared with Lewis and BN rats at PN7 (see heatmap,
Figure 4C, “Growth and Development”). An increase in
Serpinal mRNA in lungs of Fisher rats at PN7 and 14 was
validated by qRT-PCR (n = 4, P < 0.006 [Figure 6A]). Figure
6B illustrates the interaction of age (PN1-PN14) and strain for
Serpinal mRNA, as assessed by regression analysis. Consistent
with array and qRT-PCR results, temporal changes in Serpinal
expression were limited, and elevated levels of Serpinal in lungs
of Fisher rats were observed at PN7 and 14 only. Figure 6C
illustrates a representative Western blot (n = 4) showing
elevated al-AT levels in the lung of Fisher rats at PN7.

Fcnb, a Pattern-Recognition Regulator of Innate Immunity,
Is Suppressed in Postnatal Lungs of Fisher Rats

Ficolins are a family of pattern-recognition proteins believed to
have a role in innate immune response (37). Fenb is absent in
plasma, and localizes to macrophages and neutrophils. Illumina
array analysis showed a highly significant reduction in Fenb in
lungs of neonatal Fisher rats at PN1 (not shown in heatmap,
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logoFC = —2.43; P = 4.6 X 10~8), which was confirmed by qRT-
PCR (n = 4, P < 0.02 [Figure 6D]). Figure 6E illustrates the
interaction of age and strain for Fcnb, as assessed by regression
analysis. Note that, although Fcnb expression in Fisher rat lung
was below that of Lewis and BN rat lung at PN1 and 7, the
reverse is true at PN14. Figure 6F illustrates a representative
Western blot (n = 3) of Fenb expression in the lungs of Fisher
rats at PN1. A trend toward reduced Fcnb did not reach
significance, likely due to the limited sample size.

Temporal Up-regulation of GR and Down-regulation of
its Nuclear Transport Carrier IPO13 in Postnatal Lungs
of BN Rats

The GR is a critical mediator of GC effects during lung
development. GR also mediates effects of exogenous GC in
the control of asthma exacerbations. We did not detect signif-
icant differences in GR expression in the lungs of rat models by
Illumina array analysis. Nevertheless, based on the importance
of steroids in lung development and asthma management, and
taking into account the evidence that children with asthma

Immune function

Figure 4.  Transcriptome profiles of
developing lungs in BN, Fisher, and Lewis
rats are highly distinct. (A) Principal com-
ponent analysis plot of lung global gene
expression profile at PN7 illustrating the
highly distinct transcriptome signatures
of the three rat models. Note that the
expression profiles of the BN rat lung are
more different from the Lewis rat lung
than the Fisher rat lung (n = 4, all strain—
time combinations, except for BN rat at
PN1 [n = 5] and Lewis at PN1 [n = 3]).
(B) The Venn diagrams show overlapping
patterns of gene expression at PN1, 7,
and 14, and illustrate strain and temporal
regulation of lung gene expression in
the neonatal period. Fold change limits
set at greater than +2 or less than —2
(P < 0.05, all comparisons). (C) Biologi-
g:::;-’“d cal processes heavily represented among
Ppbp variably expressed genes (from a linear
Mx2 regression analysis accounting for strain
mikh and age) are illustrated in the heat maps
C4bpa .
RY4-Db1 of samples at PN7. The processes high-
Lybc4+— lighted are growth and development,
g::: extracellular matrix (ECM) and cell adhe-
Syk sion, and immune function. Novel genes
RT1-Ba of interest identified here, including
::gh;— members of gene families previously im-
0“51'5 - plicated in asthma, are indicated by blue

Traf6_pred arrows. PC, principal component.
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117 «—
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express greater quantities of GR mRNA than do healthy
children, we elected to investigate expression of GR in the
lungs of the three rat models. Of particular interest was whether
the atopic BN rats would show increased GR expression in the
lung during respiratory development.

We assessed expression of GR mRNA and protein by qRT-
PCR and immunohistochemistry, as illustrated in Figure 7. A
significant increase in GR mRNA (Figure 7A, P < 0.006, n = 4)
was observed at PN7 and 14. Representative images of GR
immunostaining (Figure 6B, n = 4) show increased nuclear GR
in the lungs of BN rats at PN7 and 14, consistent with mRNA
findings. The developmentally regulated nuclear transport re-
ceptor, IPO13 (previously referred to as Lgl2), mediates nuclear
import of GR in airway epithelial cells (38). IPO13 genetic
variation is associated with improved airway responsiveness in
childhood asthma (39). A significant reduction in [PO13 mRNA
was observed in the lungs of BN compared with Lewis rats at
PN1 (n = 4, P < 0.05 [Figure 7A]). Note also the dramatic drop
in IPO13 expression in lungs of all rat models by PN7,
consistent with the reported developmental regulation of this
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transport receptor (40). Representative images of IPO13 immu-
nostaining (n = 4 [Figure 7C]) also show reduced nuclear IPO13
in the lungs of BN rats at PN1.

DISCUSSION

Although a growing body of epidemiologic evidence points to
aberrant lung development as a significant contributing factor to
chronic respiratory disease, including asthma, little information
is available on the molecular determinants of respiratory
susceptibility established during pulmonary maturation. One
factor that may contribute to asthma susceptibility is the long
maturation period of the lung that occurs postnatally, thus
limiting human studies. To our knowledge, this is the first study
reporting specific developmental differences in lung growth,
respiratory function, and gene expression associated with atopic
and AHR-specific phenotypes in the rat in the absence of
provoked allergen exposures. We report on the interaction of
temporal and strain-specific variance in expression of genes
important in respiratory growth and development, ECM remod-
eling, and immune function. Our studies allow us to begin to
assemble a genotype—-phenotype correlation linking the pro-
gram of postnatal lung development with specific asthma
susceptibility traits.

Mounting evidence suggests that aberrant signals in inflamed
airways influence epithelial cell proliferation (17). Aberrant
repair at the mucosal surface can, in turn, trigger abnormal
behavior of the underlying mesenchyme, leading to ECM

Ly6B

deposition and, eventually, airway remodeling. The develop-
mental program of the lung in BN and Fisher rats model distinct
asthma phenotypes that may antedate and relate to asthma
susceptibility. Earlier findings demonstrated increased airway
smooth muscle and innate AHR to MCh in adult Fisher rats
(41). We now show that newborn Fisher rats also display
significantly elevated baseline airway resistance in the absence
of allergen challenge. Notable also in the innately hyperrespon-
sive Fisher rat was an increase in neutrophils in BAL. These
findings are suggestive of the presence of an early, pre- or
perinatal inflammatory process associated with innate AHR.
Whether the early inflammation occurs coincident to or pre-
cedes the increased airway responsiveness is still unclear, and
will require further work. By contrast, the BN rat, with tracheal
goblet cell hyperplasia immediately after birth and increased
respiratory epithelial proliferation at a time when normal rat
lung epithelium has switched from a “proliferation” to a “dif-
ferentiation” mode, may represent another example of aberrant
pulmonary development associated with a proinflammatory
phenotype.

That gene expression profiles of developing lungs would help
distinguish these rat models was predictable. The highly distinct
patterns of gene expression showing interaction of strain with
age throughout the period of maximal alveolarization are of
great interest. Linear regression identified variant expression of
1,376 genes. The Venn diagrams in Figure 4 highlight the
temporal regulation of this variance. Analysis of gene-by-strain
interactions also allowed us to identify genes with variant
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expression restricted to either Fisher or BN rat lung at a given
time point. An important objective was to identify genes that
contribute to the unique features of the individual models of
AHR and atopy, and we therefore focused our validation
experiments on these genes.

Subepithelial airway fibrosis, a unique feature of asthma, is
a consequence of excessive deposition of collagen I, III, and V
in the lamina reticularis (42). The findings of increased Col3al
mRNA and collagen III protein in postnatal lung tissue of BN
rats is of particular interest in light of the findings of Fedorov
and colleagues (43), demonstrating significant increases in
immunoreactive collagen III in the lamina reticularis of bron-
chial biopsies of children with asthma. Moreover, consistent
with a role for mesenchymal epithelial signaling in determining
the “phenotype” of atopic risk, is the finding of a parallel
increase in Egfr (data not shown) in BN rat lungs.

Members of the Ly6 multigene family encode cell surface
antigens with multiple specificities that have not been well

characterized. Secreted Ly6/PLAUR (plasminogen activator
urokinase receptor) domain containing protein 1 (Slurpl),
a Ly6b family member, has been implicated in physiological
and structural integrity of the skin (36). Slurpl is regulated by
Egfr and retinoic acid—key modulators of lung development—as
well as by IFN-y. The dramatic increase in Lyob mRNA in the
BN rat is, to our knowledge, the first association of an Ly6
family member with the asthma-associated phenotype. We were
unable to confirm an excess of Ly6b protein, as no rat antibody
is currently available.

The combined findings of neutrophilia, increased al-AT
(encoded by Serpinal), and reduced Fenb in the lungs of Fisher
rats define a developmental respiratory phenotype distinct from
that of the BN rat. Airway remodeling in asthma involves
degradation of the ECM. Critical to the dynamic structure of
the normal ECM is the equilibrium between synthesis and
degradation of elastin, which is, in turn, dependent on the
appropriate balance of elastase and its primary inhibitor,
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Figure 7.  Expression of the glucocorticoid
receptor (GR) and importin 13 (IPO13, medi-
ates nuclear import of GR) are temporarily up-
regulated in postnatal lungs of the BN rat. (A)
GR and IPO13 expression in whole lung tissue
was assessed by quantitative real-time PCR. At
PN7 and 14, a significant increase in GR mRNA
was seen in BN rat (n = 4; P < 0.006). At PN1
only, a significant decrease in IPO13 mRNA was
seen in BN rat (n = 4; P < 0.05). (B) Represen-
tative images of GR immunostaining showing
increased nuclear GR in the lungs of BN rats at
PN7 and 14. (C) Representative images of
IPO13 immunostaining show decreased nuclear
IPO13 in the lungs of BN rats at PNT.

PN7 PN14

al-AT. Neutrophils provide the major source of elastase in
the lung. In sputum from subjects with asthma, significantly
elevated levels of elastase and «al-AT correlate with the
percentage of neutrophils (44). Increased levels of al-AT
appear, however, insufficient to counterbalance the increased
levels of elastase in these patients. An imbalance of al-AT/
elastase in the lung has been proposed to contribute to airway
inflammation, thereby increasing AHR and impaired lung
function in children with asthma (45). The Fisher rat is innately
hyperresponsive, and has increased ASM mass (21). We suggest
that neutrophilia in this model may be associated with an
imbalance of al-AT/elastase that is likely to contribute to
AHR in Fisher rats in association with pre-/perinatal inflam-
mation of unknown origin.

This is, to our knowledge, the first report of altered Fcnb
expression, a molecule associated with innate immunity, in the
developing lung in an animal model of innate airway hyper-
responsiveness. The ficolins are pattern-recognition molecules
that trigger the innate immune system upon binding to micro-
bial surfaces (37). Human M-ficolin, the homolog of rodent
Fenb, is exclusively expressed in phagocytic cells. M-ficolin,
found in lung and spleen (46), has been localized to secretory
granules in the cytoplasm of peripheral neutrophils and mono-
cytes, and in type II alveolar epithelial cells (47). Mouse Fcenb is
up-regulated in the lysozomes of activated macrophages (48).
Different developmental spatial-temporal expression patterns
of Ficolin A (Fcna) and Fcnb suggest that these molecules are
likely to play distinct roles in the pre- and postnatal stages (46).
Fcna and Fenb also appear to have two distinct routes to
eliminate the pathogens: one through the lectin pathway

(human L-ficolin, Fcna), the other, a more primitive form of
opsonophagocytosis performed by Fenb (46). Our demonstration
of reduced Fcnb in the postnatal lung of Fisher rats suggests that
innate AHR in this model may be attributed, at least in part, to
deficiency of essential pattern-recognition molecules that serve
as a protective interface, protecting the developing lung from
pathogenesis and local inflammation.

The GR is the critical mediator of GC effects during lung
development. GR also mediates effects of exogenous GC in the
control of asthma exacerbations. At PN7, the BN rat lungs had
increased GR mRNA and protein. High levels of immunoreac-
tive nuclear GR were observed at PN7 and 14 by immunohis-
tochemistry. These findings are interesting in light of studies
showing that steroid-insensitive subjects with asthma have high
GR numbers (49-51), and that children with asthma express
greater quantities of GR mRNA than do healthy children (52).
Increased expression of GR may improve the ability to regulate
cytokine responses. Augmented GR may be one mechanism to
improve GC responsiveness in a lung that is more vulnerable
to inflammation. Notably, we also observed up-regulation of
Tgfbr1ll in the BN rat throughout postnatal development.
Tgfblll (also known as hydrogen peroxide-inducible clone 5
protein [Hic-5]) is an important coactivator of several nuclear
proteins, including GR in lung epithelium (53).

Our data suggest that inflammatory, immune, structural, and
physiological (AHR) changes in the lung of the developing rat
can be identified and differentiated by using the differing
phenotypic susceptibilities of the inbred strains of rat, in
conjunction with genomic approaches, in the developing animal.
The very early identification of these abnormalities suggests
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that environmental and genetic processes, operating in utero
and in early postnatal life, have a major influence on disease
development later in life. Further dissection of these genomic
signatures should give important clues that can then be tested in
humans. For example, it would be of great interest to relate
polymorphism in the genes identified in this investigation to the
relevant asthma phenotypes in humans. Such work is currently
underway.

We have used both direct assessment of specific genes
previously implicated in asthma (GR, IPO13) and global gene
expression analysis to identify genes associated with asthma
susceptibility phenotypes in our rat models. Our findings affirm
the importance of both approaches, and highlight both the
power and the limitations of microarray analyses.

In conclusion, through the use of rat models of distinct
asthma susceptibility phenotypes, we show unique respiratory
gene expression profiles in the perinatal lung. The delineation
of specific molecular determinants of respiratory susceptibility
has implications for both pediatric and adult pulmonary health.
The ultimate goal is to identify how in utero and early life
exposures interact with pre-existing respiratory genotypes to
initiate asthma pathogenesis to enable the development of early
preventive strategies and novel therapeutic protocols targeted
to effectively and safely reverse immune dysfunction.
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