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Carpe N, Mandeville I, Kho AT, Qiu W, Martin JG, Tanti-
sira KG, Raby BA, Weiss ST, Kaplan F. Maternal allergen
exposure reprograms the developmental lung transcriptome in
atopic and normoresponsive rat pups. Am J Physiol Lung Cell Mol
Physiol 303: L899 –L911, 2012. First published September 14,
2012; doi:10.1152/ajplung.00179.2012.—The “fetal origins hy-
pothesis” argued that physiological changes consequent to in utero
exposures ultimately contribute to disease susceptibility in later
life. The dramatic increase in asthma prevalence is attributed to
early exposures acting on preexisting asthma-susceptible geno-
types. We showed previously that distinct transcriptome signatures
distinguish the developmental respiratory phenotype of atopic
(Brown Norway, BN) and normoresponsive (Lewis) rats. We
aimed to determine whether maternal allergen exposure would
influence asthma pathogenesis by reprogramming primary patterns
of developmental lung gene expression. Postnatal offspring of
dams sensitized to ovalbumin before mating and challenged during
pregnancy were assessed for lung function, inflammatory biomark-
ers, and respiratory gene expression. Although maternal ovalbumin
exposure resulted in characteristic features of an allergic response
(bronchoalveolar lavage neutrophils, IgE, methacholine-induced
lung resistance) in offspring of both strains, substantial strain-
specific differences were observed in respiratory gene expression.
Of 799 probes representing the top 5% of transcriptomic variation,
only 112 (14%) were affected in both strains. Strain-specific gene
signatures also exhibited marked differences in enrichment for
gene ontologies, with immune regulation and cell proliferation
being prominent in the BN strain, cell cycle and microtubule
assembly gene sets in the Lewis strain. Multiple ovalbumin-
specific probes in both strains were also differentially expressed in
lymphoblastoid cell lines from human asthmatic vs. nonasthmatic
sibling pairs. Our data point to the existence of distinct, genetically
programmed responses to maternal exposures in developing lung.
These different response patterns, if recapitulated in human fetal
development, can contribute to long-term pulmonary health includ-
ing interindividual susceptibility to asthma.

animal models; asthma; gene-environment interactions; in utero ex-
posure; lung development

FIRST PROPOSED BY DAVID BARKER, the “fetal origins hypothesis”
argued that specific in utero exposures contribute to disease
susceptibility in later life (3). Barker’s hypothesis was based on
the idea that, during critical developmental windows, the or-

ganism is more “plastic” to its environment. Although over
time this “plasticity” is lost, the early developmental “program-
ming” can generate permanent changes to organs and systems
impacting life-long disease risk. A growing body of epidemi-
ological data support this hypothesis. However, very little is
known about the mechanisms whereby environmental insults
modify long-term disease susceptibility.

Whereas Barker’s original hypothesis focused on the
consequences of in utero nutrition, there is now evidence
that other exposures, including maternal cigarette smoke
and allergens, are strong risk factors for development of
asthma. More than 500 articles examining the relationship
of maternal and postnatal cigarette smoke exposure to
asthma and lung function outcomes consistently show a
30 – 40% increase in the odds of asthma or persistent wheez-
ing in early life (33). Similarly, maternal allergen exposure
increases risk of atopy in children (21, 47).

Little is known about how maternal exposure impacts the
developing airways. However, there are clear links between
airway remodeling early in childhood and increased asthma
susceptibility. Wide interindividual variability in normal
airway development (16, 43) and responsiveness (34, 43) is
evident in the postnatal period, and reduced neonatal lung
function has been associated with lower lung function in
childhood, increased airway responsiveness, wheezing, and
early asthma diagnosis (28, 45). A thickened subepithelial
lamina reticularis is apparent in bronchial biopsies of chil-
dren several years before asthma diagnosis (36, 39). Bron-
chial epithelium of children with asthma is less differenti-
ated, has a greater rate of proliferation, and dysregulated
repair, all of which may contribute to initiation of lung
remodeling (10, 20).

The Brown Norway (BN) rat is used as an experimental
model of asthma (27). The normoresponsive Lewis rat serves
as a control. Although appearing normal at baseline, the de-
fining features of asthma can be reproduced in Lewis rat
following allergen exposure (9). The BN rat is naturally atopic
(31). In common with human allergic asthma, BN rats have
early and late allergic responses and eosinophilic airway in-
flammation (9). With repeated allergen challenge, they develop
airway hyperresponsiveness to methacholine (MCh) (4) and
structural changes in the airways (40).

We showed previously that distinct transcriptome signa-
tures distinguish the developmental respiratory phenotypes
of BN and Lewis rat (7). We hypothesized that maternal
allergen exposure would influence asthma pathogenesis in
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offspring by reprogramming these primary patterns of lung
gene expression. We show that prenatal allergen exposure
alters the developmental trajectory of lung gene expression
in a strain-specific fashion and influences postnatal res-
piratory phenotype in both atopic BN and normoresponsive
Lewis rat.

MATERIALS AND METHODS

Animals. Lewis and BN male and female rats (Charles River
Laboratories, Saint Constant, QC, Canada) were housed in the Mon-
treal Children’s Hospital Animal Facility. Animal procedures were
approved by the Canadian Council for Animal Care and the Animal
Care Committee of the McGill University Health Centre.

Allergen sensitization and challenge. Ovalbumin (OVA) sensitiza-
tion was performed on 8–10-wk-old female rats by simultaneous
injections of 1 mg of OVA (Sigma-Aldrich, Oakville, ON) absorbed
to 100 mg of aluminum hydroxide in 1 ml of saline (SAL) subcuta-
neously (s.c.) and 2 � 109 heat-killed Bordetella pertussis in 0.5 ml
SAL by intraperitoneal injection (provided by T. Issekutz, Dalhousie
University, Halifax, NS, Canada). Control rats received SAL injec-
tions. Animals were bred 14 days later. Pregnant dams were chal-
lenged for 30 min at embryonic days (E)1, E7, E13, and E19 with 1%
aerosolized OVA in SAL or SAL alone, using the InExpose system
(SCIREQ, Montreal, QC, Canada). Pups were collected at postnatal
days (PN)1, 7, or 14 (Fig. 1).

Airway responsiveness. Airway responsiveness was measured in
14-day-old pups using a computer-controlled small animal venti-
lator (flexiVent, SCIREQ) as we described (7). Pups were deeply
anaesthetized by an intraperitoneal (ip) injection of xylazine (8
mg/kg) and pentobarbital (70 mg/kg), tracheotomized, and venti-
lated quasisinusoidally at a frequency of 150 breaths/min and a
tidal volume of 10 ml/kg at positive end-expiratory pressure level
of 3 cm of H2O. Subsequently, they were paralyzed by injection of
pancuronium bromide (0.8 mg/kg ip). Baseline respiratory resis-
tance was measured at 150 breaths/min. Maximal resistance was
recorded before and after increasing doses of aerosolized MCh
(6.25, 12.5, 25.0, and 50.0 mg/ml).

Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was per-
formed by instilling the lungs four times with 0.4, 0.7, and 1.0 ml of
cold PBS for PN1, 7, and 14, respectively, through a tracheal cannula.
Lavage fluid was centrifuged, and pellets were resuspended in 0.5 ml
cold saline. Total cell numbers were counted with a hemacytometer.
Cytospin slides (Cytospin4; Shandon, Pittsburgh, PA) prepared for
differential cells counts were stained with Diff-Quick (Hema3 stain-
set; Fisher Scientific, Middletown, VA) and counted (�200 cells/
slide) to determine the percentage of each cell type.

Serum IgE. At PN14 blood was collected from killed pups. Plasma
was isolated by centrifuging the blood samples at 12,000 rpm for 10
min. Total IgE levels were measured using the Rat IgE ELISA
Quantitation Set according to the manufacturer’s procedure (Bethyl
Laboratories, Montgomery, TX). Briefly, 96-well plates were coated
with sheep anti-rat IgE antibody and blocked for 30 min. Rat IgE
added to the wells was detected with horseradish peroxidase-conju-

gated sheep anti-rat IgE antibody and tetramethyl benzidine peroxi-
dase substrate. After the reaction was stopped, absorbance was mea-
sured using an ELISA plate reader set at 450 nm.

Inflammatory cytokines. The MESO multi-spot immunoassay sys-
tem (Meso Scale Diagnostics, Gaithersburg, MD) was used for de-
tection of rat IL-1�, KC/GRO (CXCL1), IL-4, IL-5, TNF-�, IFN-�,
and IL-13 according to the supplier.

RNA isolation. RNA from whole lung tissue was isolated using
Trizol (Invitrogen, Burlington, ON, Canada) according to the manu-
facturer. RNA was resuspended in 1� RNASecure (Ambion, Austin,
TX) and treated with the Turbo DNase-free kit (Ambion) to remove
traces of DNA.

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR
was performed on the Mx4000 QPCR system (Stratagene, La Jolla,
CA) using the QuantiTect SYBR green RT-PCR kit (Qiagen, Missis-
sauga, ON, Canada). Gene-specific primers for SYBR green detection
of Edg4, Sftpd, Orm1, Tagln, Lgals, Timp1, Myl9, and Gapdh were
predesigned (Qiagen QuantiTect primer assays). cDNA was prepared
from an initial 250 ng/�l of RNA. RNA was incubated at 65°C for 5
min with 1 �g/�l of random primers and 10 mM dNTPs. To this, 5�
first strand buffer, 1 mM DTT, 1 �l of RNase OUT (Invitrogen), and
1 �l of Superscript II (Invitrogen) was added and incubated at 42°C
for 1 h and 70°C for 15 min. RT-PCR was performed in 25-�l
reactions for 40 cycles using 1 �l of cDNA. Relative mRNA expres-
sion levels were analyzed using the �� cycle threshold method (n �
4 for all assays).

Statistical analyses. All results for respiratory phenotypes are
presented as means � SEM. Statistical significance of difference of
group averages was determined by one-way or two-way ANOVA.
Pair-wise comparisons for respiratory phenotypes were assessed
using the two-tailed Student’s t-test with significance defined as
P � 0.05.

Microarray data analysis. Global gene expression analysis was
carried out at the McGill University and Genome Quebec Innova-
tion Centre on the Illumina RatRef 12 microarray, which contains
22,523 gene probes that interrogate 11,631 unique rat genes. Raw
data were quantile normalized using the R Bioconductor package,
lumi. (http://www.bioconductor.org). Principal component analy-
sis (PCA) and linear correlation analysis were used to assess
patterns of global gene expression in whole lung. Microarray data
are available at the National Center for Biotechnology Information
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/
geo/) GSE32622.

Four biological replicate samples were microarray profiled for
each condition (strain-age-exposure). There are 12 (2 rat strains � 3
ages � 2 exposures) unique conditions. PCA was used to investigate
the sample variation in 22,523 gene probe expression space and to
select two replicate samples per condition for subsequent gene ex-
pression profile reproducibility and differential analyses. Firstly for
each gene probe, we computed the linear correlation across the 12
unique conditions between the first and second replicate sample
profiles to quantify the reproducibility of the gene probe expression
(measurement) profile. Depending on the context, a gene probe was
considered reproducible if this correlation value was �0.7 or 0.8.

Pregnancy
Days    -14 -7 0

OVA Mating

E1 E7 E13 E19 E22

Birth

E0 PN7

SENSITIZATION: OVA* 
+ Heat killed Bordetella pertussis

CHALLENGE: InExpose
OVA 1% for 30 min**

Collect at 
PN1,7,14

PN14

* Control animals received saline (SAL) injections.
** Control animals were exposed to SAL.

Fig. 1. Ovalbumin (OVA) exposure protocol.
Adult female rats were sensitized to OVA 14
days before mating. Control rats received saline
(SAL). Pregnant rats sensitized to OVA were
challenged with OVA for 30 min, 4 times
during the pregnancy. Control rats received SAL.
Pups were collected at postnatal day 1 (PN1), 7,
or 14. E1, embryonic day 1.
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Secondly for the differential analysis (SAL vs. OVA), we considered
both the PCA contribution of the gene probe and its correlation value
between OVA vs. SAL conditions for each rat strain. The earlier PCA
returned a graphical representation of the sample variation in principal
components 1–3 (PC1–3) space, where each principal component
(PC) is a linear combination of 22,253 gene probe features. For
example, PC1 	 a1*g1 
 a2*g2 
 . . . 
 aj*gj 
 . . . 
 a22,253*g22,253,
where aj is a real-valued loading coefficient whose magnitude repre-
sents the contribution of the gene probe gj to sample variation along
PC1 (18, 19). Depending on the context, the top 5% or 10% highest
loading magnitude gene probes in any one of PC1–3 were selected
for further differential analysis: SAL vs. OVA. For each rat strain
and each gene probe, the OVA vs. SAL linear correlation value
across three ages � two replicates was used to quantify the change
in the developmental time profile of the gene between the two
conditions. We considered a gene to be differentially expressed if
it is 1) reproducible, i.e., with correlation between first and second
replicate profiles �0.7 or 0.8, 2) a top 5% or 10% PC1–3 gene
described earlier, and 3) its OVA vs. SAL correlation value was
�0.0 or �0.1.

RESULTS

Maternal allergen exposure enhances effects of MCh pro-
voked airway resistance. We measured airway resistance at
PN14 at baseline and after exposure to increasing doses of
aerosolized MCh using the Flexivent small animal ventilator
(Scireq). Maternal OVA exposure was associated with in-
creased airway resistance in BN pups at higher doses of MCh
(Fig. 2). A modest but significant induction of lung resistance
was also observed in OVA-exposed Lewis rat at lower MCh
dose.

Maternal allergen exposure increases inflammatory cells
in BAL. Inflammatory cell infiltrates were assessed in BAL
fluid isolated from rat pups at PN1, 7, and 14. Figure 3A
illustrates the percent increase in BAL neutrophils and
eosinophils in each of the rat strains. Maternal OVA expo-
sure was associated with increase in percentage of neutro-
phils in both strains at all time points with the exception of
BN pups at PN14. OVA-exposed BN pups also had a
significantly higher number of neutrophils than OVA-
exposed Lewis pups at PN1. OVA-exposed BN pups had
elevated eosinophils at PN7 and 14. At all time points,
OVA-exposed BN pups had significantly higher eosinophil
levels than OVA-exposed Lewis pups.

A significant increase in the total number of neutrophils
following OVA exposure was observed in Lewis pups at PN14
and in BN pups at PN1 and PN7. At PN1 and PN7, total
neutrophils in OVA-exposed BN pups were significantly
higher than in OVA-exposed Lewis pups. Total BAL eosino-
phils were elevated in BN pups at PN1 and PN7.

Increased serum OVA-specific IgE and inflammatory cytokines
in pups of dams exposed to allergen. We assessed whether
elevated BAL eosinophil levels observed in BN pups would
be associated with increased OVA-specific IgE (Fig. 4A).
We noted significantly elevated OVA-specific IgE in both
BN and Lewis pups at PN14. Levels of IgE in OVA-exposed
BN pups were significantly higher than corresponding val-
ues in OVA-exposed Lewis pups at all time points. We
further assessed BAL levels of a panel of inflammatory
serum cytokines including IFN-�, IL-1�, IL-4, IL-13, KC/
GRO (also known as CXCL1, GRO�), and TNF-�. Maternal

OVA-exposed BN but not Lewis pups had elevated levels of
IL-1�, TNF-�, and KC/GRO (Fig. 4B).

Maternal allergen exposure reprograms the developmental
trajectory of lung gene expression. Having demonstrated de-
velopmental differences in the respiratory phenotype of mater-
nal OVA-exposed pups, we next examined the impact of this
exposure on global gene expression. In this study, our primary
objective was to examine the intrastrain differences in the
transcriptome following maternal exposures. Total RNA iso-
lated from whole lung at PN1, 7, and 14 from OVA- and
SAL-exposed pups was profiled using Illumina RatRef12 mi-
croarrays. Quadruplicate microarray measurements were made
for each of the 12 conditions: two strains � three ages � two
exposures.

PCA was used to qualitatively assess the sample variation
in the postnatal developing lung transcriptome (18, 19). To
visualize lung developmental trajectories for the rat strains
and exposures in 22,523-probe transcriptome space, repli-
cate sample points were coclustered (data not shown);
therefore, we selected two of four replicate samples to
represent each strain-age-exposure for subsequent analyses.
Figure 5 illustrates the principal component coordinate
centroids of each strain-age-exposure with connecting lines
between centroids to mark developmental trajectories. Vi-
sually, PC1 appeared to correspond to developmental age,
PC2 to strain, and PC3 to a combination of age and strain.
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Fig. 2. Lung resistance is elevated in Brown Norway (BN) and Lewis pups
following maternal allergen exposure. Airway resistance is significantly in-
creased after OVA exposure in Lewis pups (top) after 12.5 mg of methacholine
(MCh) (*P � 0.05, n 	 4 SAL, n 	 15 OVA), in BN (bottom) after 50 mg/ml
of MCh (*P � 0.05, n 	 5 SAL, n 	 16 OVA). All measurements were taken
at PN14.
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Therefore, we considered the top 5% of probes contributing
to any one of PC1–3 as potentially important contributors to
age and strain variation. The greatest distances between
OVA and SAL trajectories were seen at PN1 for BN pups
and at PN7 for Lewis pups.

We next investigated genes that were affected by OVA
exposures. We identified 3,693 probes with reproducible
profiles, i.e., linear correlation �0.8 between replicate pro-
files across strain-age-exposure. To assess the change in the
expression time series between OVA and SAL for each
strain and each probe, we computed the linear correlation
between the OVA vs. SAL profiles across three ages � two
replicates. If the expression time series of a gene is different
in OVA vs. SAL, its correlation value will be low. An
example for two hypothetical profiles of genes A and B is
illustrated in Fig. 6A. The expression time series for gene A
is well correlated in SAL vs. OVA and poorly correlated for
gene B. The expression of gene B during lung development
is potentially affected by OVA exposure. Note that, if OVA
exposure causes a uniform basal shift in gene expression
from SAL exposure as in gene A, the OVA-SAL correlation
is 1, and therefore gene A is not considered to be affected by
OVA exposure when correlation is used to measure simi-
larity. Figure 6B shows the histograms of OVA-SAL time
series correlations for the 3,693 reproducible probes for
each strain. Overall, the Lewis pups have more poorly
correlated genes than BN pups.

Among the 3,693 reproducible probes, 1,889 were among
the top 5% contributors to PC1–3 age and strain variation.
For each of these 1,889 probes in each strain, we computed
the OVA-SAL correlation and consider probes with corre-

lation ��0.1 as representing genes whose developmental
expression profile is affected by OVA exposure, Fig. 6C.
There were 799 such OVA-affected probes: 112 were af-
fected in both strains, 176 in BN only, and 511 in Lewis
only. Table 1 summarizes a subset of probes whose devel-
opmental time series is affected by maternal OVA exposure.
Many of these represent genes previously identified to have
a role in lung development. Some have been associated with
asthma based on a comprehensive literature search. The
expression time series of genes identified by microarray
analysis are illustrated in Fig. 7 including Edg4, Orm1
(negative OVA-SAL correlation for BN and Lewis pups, see
Table 2) Sfpd, Tgln (negative OVA-SAL correlation for BN
pups only), Lgals1, Timp1, and My19 (negative OVA-SAL
correlation for Lewis pups only). Figure 8 illustrates qRT-
PCR validation for a subset of significantly affected genes.

Multiple OVA-specific probes are differentially expressed
in lymphoblastoid cell lines from human asthmatic vs. non-
asthmatic sibling pairs. We compared genes affected by
OVA exposure in the developing lungs of our rat strains to
those differentially expressed in lymphoblastoid cells from
asthmatic vs. nonasthmatic human sibling pairs (Fig. 9,
Table 1) (29). Of the 148 human homologs corresponding to
the 288 OVA-affected probes in BN rat, 36 (24.3%) were
differentially expressed in asthma. Of the 326 human ho-
mologs corresponding to the 623 OVA-affected probes in
Lewis rats, 61 (18.7%) were differentially expressed in
asthma. Both gene sets were enriched for asthmatic vs.
nonasthmatic differential expression, 2.1-fold for BN, 1.5-
fold for Lewis-Fisher exact test P � 0.0033. There was
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PN1 and 7 and was significantly higher than that
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vs. SAL; #P � 0.05 vs. Lewis rat).
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greater overlap between the OVA-affected probes in the
atopic BN than in the Lewis rat.

Gene ontology enrichment analysis highlights strain-specific
biological processes affected by maternal OVA exposure. We
performed gene ontology (GO) enrichment analysis on the
human gene homologs of rat genes affected by OVA exposure
in each strain. Here we relaxed the above criteria for determin-
ing whether a gene is affected by OVA exposure to enlarge the
set of genes for GO analysis (Fig. 6D). The reproducibility
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criterion was relaxed to correlation �0.7 (compared to �0.8
above) between replicate sample expression profiles across all
12 strain-age-exposure conditions resulting in 5,724 reproduc-
ible probes. Next, we restricted to 3,669 probes in the top 10%
highest contributors (compared to top 5% above) to transcrip-
tomic variance along PC1–3. Finally, 771 and 1,344 probes
were found to be affected by OVA exposure with correlation

�0.0 (compared to ��0.1 above) between OVA vs. SAL
profiles across age in BN and Lewis strains, respectively.
Strain-specific biological processes enriched in these probe sets
include lipid metabolism, oxidative stress, immune regulation
and function, cell death and cell proliferation in BN pups, lipid
metabolism, angiogenesis, cell cycle, and microtubules in
Lewis pups (Table 2).
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DISCUSSION

Alveolar development begins at 28 wk of gestation, and
alveoli increase in number, size, and complexity until 3–4 yr
(8). In rodents, alveogenesis is exclusively postnatal. Respira-
tory function tracks from the first year of life into adulthood,
and poor lung development is a risk factor for asthma (2).
Multiple studies on the association between exposures and
subsequent asthma risk (reviewed in Ref. 32) have confirmed
that timing of exposure is a critical variable in determining
asthma risk. The maternal environment is the first exposure
that contributes to this risk. Although epidemiological studies
have revealed many environmental risk factors for asthma,
how individual genotypes modulate responses to these factors
is poorly understood.

We reported on the impact of asthma susceptibility traits
on respiratory development (7). A rat strain that modeled the
trait of atopy (BN) had a distinct developmental respiratory
phenotype associated with a unique transcriptome signature.
We hypothesized that these transcriptomic differences
would be exaggerated in pups exposed to allergen in utero.
However, we did not predict the extent to which maternal
OVA exposure would impact developmental pulmonary
gene expression and respiratory phenotype in the normore-
sponsive rat; nor did we expect that the gene sets that are
most profoundly influenced by allergen exposure would be
almost entirely different from those that confer innate ge-
netic susceptibility in the naturally atopic rat. The effect of
OVA on the BN and Lewis transcriptomes was distinct with
only 14% overlap in allergen-induced alterations in the
developmental trajectories of gene expression in the alveo-
larizing lung. Of note, human homologs of OVA-specific
probes in rat models were enriched in human lymphoblas-
toid cell lines prepared from asthmatic patients. Moreover
the atopic BN rat showed a greater percentage of overlap
and greater fold enrichment than the nonatopic Lewis rat.

The BN rat has long been considered the most suitable
animal model for the study of allergic inflammation (38).
Differences in the allergic response to antigen between adult
Lewis and BN rats are well documented. In BN rats,
injections of OVA induce a high IgE-specific antibody
response and high total serum IgE levels accompanied by T
cell-mediated airway eosinophilia and expression of Th2
cytokines. Lewis rats produce a significantly lower response
(1). The BN dam may be considered analogous to allergic
mothers who are at higher risk of having an asthmatic child.
Our findings support specific roles for environmental expo-

sures in influencing fetal respiratory development in off-
spring of atopic vs. nonatopic mothers. These distinct ef-
fects of maternal exposure on lung development in the two
strains may reflect both direct effects of OVA on in utero
development and indirect effects of maternal inflammation
in the atopic vs. nonatopic dams. To our knowledge, this is
the first report of the effects of maternal gene-environment
interactions on in utero lung development with relevance to
asthma risk. Our findings in the Lewis rat also underscore
the profound impact of maternal exposure on lung develop-
ment and allergic reaction even in the absence of preexisting
genetic predisposition. These findings also have implica-
tions for human asthma studies and emphasize the need to
identify children born to mothers in settings of dramatically
increased exposures.

Maternal inflammatory mediators are also present in mother’s
milk, raising the question of whether effects on lung devel-
opment may be accounted for by postnatal nutrition. How-
ever, our findings of profound neutrophilia and eosinophilia
and of the most pronounced effects on the lung transcrip-
tome at PN1 in the atopic BN rat underscore the effects of
prenatal exposure to OVA in this model. Moreover, we
show that a significant percentage of genes affected in Lewis
pups at PN7 are the very same as those affected in BN pups
at PN1, suggesting that there is a common effect that is
temporally distinct in the two strains and that this effect
occurs before postnatal nutrition.

MCh-induced lung resistance, BAL neutrophilia, and el-
evated serum OVA-specific IgE were observed in pups of
both strains. BN pups also exhibited BAL eosinophilia with
elevated levels of TNF-�, IL-1�, and KC/GRO, cytokines
more often associated with inflammatory lung injury at
birth, bronchopulmonary dysplasia (BPD) and chronic ob-
structive pulmonary disease (COPD). Increased risk for
asthma and COPD (2) in BPD survivors has been attributed
to developmental impairment of lung function. The distinct
phenotypes exhibited in the postnatal period were associated
with unique trajectories of global gene expression. Many of
the strain-specific genes whose trajectories of expression
were altered following OVA exposure have a documented
role in lung development. Some have also been implicated
in respiratory disease including asthma. Although individual
genes affected were unique to each of the strains, their
potential impact on critical biological processes in respira-
tory development may be similar. We briefly discuss how

Fig. 6. Gene expression trajectories perturbed by maternal OVA exposure. A: 2 hypothetical genes illustrating the use of linear correlation between developmental
time series expression profiles to identify developmental expression affected by maternal SAL vs. OVA exposures. The SAL vs. OVA correlation value is
inversely proportional to effect of OVA exposure. The expression time series for gene A is well correlated in SAL vs. OVA and poorly correlated for gene B.
The expression of gene B during lung development is potentially affected by OVA exposure. If OVA exposure causes a uniform basal shift in gene expression
from SAL exposure as in gene A, the OVA-SAL correlation is 1, and therefore gene A is not considered to be affected by OVA exposure when correlation is
used to measure similarity. B: 3,693 reproducible probes (correlation between 1st and 2nd replicate profiles � 0.8) and the histogram of their OVA vs. SAL
correlation values for each rat strain. The dashed vertical line marks the threshold for OVA effect (OVA vs. SAL correlation � �0.1), and we count the number
of probes below/above this threshold. The light gray solid vertical line marks the median of OVA vs. SAL correlation values for the strain. C: of the 3,693
reproducible probe from B, 1,889 probes have loading magnitudes that are in the top 5% in PC1–3, which correspond to age-strain variation, and 799 of these
are affected by OVA exposure, OVA vs. SAL correlation � �0.1 for either strain. D: for gene ontology enrichment analyses, we relaxed the criteria in C. For
determining whether a probe is affected by OVA exposure, we identified 5,724 reproducible probes correlation �0.7 between 1st and 2nd replicate profiles. Of
these, 3,669 probes have loading magnitudes that are in the top 10% in PC1–3, which correspond to age-strain variation, and 1,806 of these are affected by OVA
exposure, OVA vs. SAL correlation � 0.0 for either rat strain.
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these processes may be affected by perturbation of expres-
sion of several of these genes.

Cellular phospholipids serve multiple roles in respiratory
development and immune defense. Maternal exposures that
perturb expression of genes essential to normal phospho-
lipid functions may have subtle effects on the lung that
compromise its ability to respond to future environmental
insults. The trajectory of expression of Edg4 (Lpa2), a
lysophosphatidic acid (LPA) receptor and Orm1 (Human
ORMDL3), was affected by OVA in both strains. LPA acts
via Edg4 to transactivate factors with roles in developmental
remodeling and in remodeling in asthma (49, 42). Orm
proteins regulate sphingolipid homeostasis. Human

ORMDL3 variation confers increased asthma risk in chil-
dren estimated at up to 20% (29). Our observed effects on
Orm1 in developing lungs provide a unique link between
allergen exposure, sphingolipid homeostasis, and lung de-
velopment.

Surfactant deficiency in severe prematurity causes respi-
ratory distress syndrome and may lead to BPD. Surfactant
protein D (SP-D), encoded by Sftpd, produced by alveolar
cells in late gestation, functions in innate immune defense.
SP-D is induced in acute asthma and is believed to be
involved in allergen-induced airway changes. The interac-
tion between SP-D and allergen exposure in the developing
lung may have implications for long-term immune defense.

Table 1. Function and disease association with Brown Norway and Lewis rats

Accession Symbol Corr BN Corr L Function and Disease Association

Brown Norway Rat

XM_001069955.1 Edg4 (LPA2) �0.486 �0.556 LPA2, potent bioactive phospholipid, induces cell proliferation, migration, and
cytokine release. (52)

NM_019195.2 Cd47 �0.926 0.069 Antiangiogenic signaling: CD47 ligation to TSP1 inhibits Vegfr2 signaling. (17)
NM_001017445.1 Faf2 �0.836 0.278 Highly expressed in peripheral blood of patients with AD. (1)
NM_020308.1 Adam15 �0.830 0.569 Involved in cell adhesion and processing of cytokines. (1)
XM_001059464.1 Cdh11 �0.808 �0.937 Expression regulated by mediators of inflammation such as TNF-�. Plays a role

in cartilage destruction in arthritis. (46)
NM_053963.1 Mmp12 �0.803 0.947 Role in ECM remodeling. Degrades collagens I, III and elastin. Role in

emphysema. Mmp12 allele associated with positive effect on lung function in
children with asthma. (15, 44)

NM_031549.1 Tagln(SM22) �0.729 0.429 Transgelin. Actin cross-linking/gelling protein found in fibroblasts and smooth
muscle. Is a direct target of TGF-�/Smad3-dependent epithelial cell migration
in lung fibrosis. Increased expression in asthmatic lung. (24, 50)

NM_053288.1 Orm1 �0.596 �0.267 Mediator of sphingolipids homeostasis. Genetic variation in Ormdl3 identified as
risk factor in childhood asthma. (6, 48)

NM_080698.1 Fmod �0.576 �0.311 Enhanced deposition in the airway wall of atopic asthmatics. (14)
NM_012878.1 Sftpd �0.546 0.315 Surfactant associated protein with role in immune modulation. Sftpd expression

markedly increases in response to acute lung injury and inflammation. (11)
XM_001078237.1 Trim16 (EBBP) �0.531 0.257 Estrogen responsive B box protein (Ebbp). Role in innate immunity by enhancing

pathway of interleukin-1� secretion. (30)
XM_001066152.1 Egfl6 �0.511 0.456 Member of EGF family with key role in developmental processes in the lung. (1)
NM_139111.1 Cklf �0.510 0.938 Chemokine-like factor. Potent chemoattractant for neutrophils, monocytes, and

lymphocytes with role in inflammation. Stimulates antigen-presenting
capability of immature dendritic cells. (41)

NM_031775.2 Casp6 �0.403 0.401 Sequential activation of caspases regulate apoptosis. Neutrophils activate al-
veolar macrophages via Casp6-mediated cleavage of IL-1 Receptor-associ-
ated kinase-M. (22)

Lewis Rat

XM_001069955.1 Edg4 (LPA2) �0.486 �0.556 LPA2. Potent bioactive phospholipid, induces cell proliferation, migration, and
cytokine release. (52)

NM_053288.1 Orm1 �0.596 �0.267 Mediator of sphingolipid homeostasis. Genetic variation in Ormdl3 identified as
risk factor in childhood asthma. (6, 48)

XM_001067182.1 Myl9 0.063 �0.975 Myosin light chain, regulate muscle contraction by modulating the ATPase
activity of myosin heads. (1)

NM_019904.1 Lgals1 0.533 �0.963 Lectin, galactosidase-binding, soluble 1. Modulates cell-cell, cell-matrix
interactions and cell proliferation. Mediates dendritic cell energy. Modulates
release of cytokines involved in autoimmunity. (13, 23)

XM_001076104.1 Mgst3 0.229 �0.910 Microsomal glutathione S-transferase 3. Involved in the production of
leukotrienes and prostaglandin E, important mediators of inflammation. (1)

XM_342219.3 Cpa3 0.975 �0.907 Carboxypeptidase A. Mast cell Cpa3 has a role in regulating innate immune
responses. (35)

XM_579614.1 Ifi271 0.528 �0.898 Interferon, �-inducible protein 27 interacts with steroid hormone and IFN in
endometrium at implantation. (26)

XM_343604.3 Serpine2 0.712 �0.891 Proposed susceptibility gene for COPD and related phenotypes. May be a risk
factor for the development of emphysema. (12)

NM_053819.1 Timp1 0.505 �0.836 Inhibitor of the MMPs involved in extracellular matrix degradation. Regulates
proliferation/apoptosis Transcription induced by cytokines and hormones. (1)

BN, Brown Norway; L, Lewis; LPA2, lysophosphatidic acid receptor; TSP1, thrombospondin 1; AD, atopic dermatitis; ECM, extracellular matrix; MMP,
matrix metalloproteinase.
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Myoblastic differentiation of lung mesenchymal cells
depends on the timely stimulation of contractile proteins
including smooth muscle protein 22 (SM22, encoded by
Tagln) (37). SM22 also has a key role in pulmonary repair
(50, 51). Elevated Tgln expression observed in BN pups is
also a characteristic feature of endobronchial biopsies from
asthmatic patients (25). The newborn lung is likely to be
particularly sensitive to fluctuations in Tagln expression.

Our combined data suggest that inflammatory, immune,
structural, and physiological changes in the lung can be iden-
tified by analyzing phenotypic susceptibilities of inbred strains
in conjunction with investigation of gene-environment interac-
tions in the developing animal. The very early presence of

these abnormalities suggests that environmental processes,
operating in utero and in early postnatal life, may forecast the
extent and severity of chronic lung disease later in life. The
characterization of such risk in early life has practical, clinical,
and prognostic implications and could set the basis for preven-
tative strategies.

Our findings underscore the need to describe a set of “aller-
gen”-sensitive genes that may constitute a unique class of
genes as yet not identified by whole genome studies. Our
results also emphasize the need for studies in animal models,
where only retrospective analyses are feasible in humans. The
ultimate goal is to determine how maternal and early life
exposures interact with preexisting respiratory genotypes to
initiate asthma pathogenesis to enable the development of early
preventive strategies that effectively and safely reverse im-
mune dysfunction.
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Fig. 8. Validation of strain-specific perturbation of trajectories of respiratory gene expression in OVA-exposed pups by qRT-PCR. mRNA expression in whole
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all genes BN and Lewis).
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Fig. 9. Genes perturbed by OVA exposure are also differentially expressed in
lymphoblastoid cell lines from asthmatic patients. Maternal OVA exposure
affects genes in BN (n 	 36) and Lewis (n 	 61) rat strains that are also
differentially expressed in lymphoblastoid cell lines of asthmatic vs. nonasth-
matic human sibling pairs in Moffatt et al. 2007 (21). The contingency tables
show the number of overlapping genes between the rat and human data. The
significance of overlap was assessed using the Fisher exact test. The odds ratio
represents the fold enrichment or strength of the overlap.
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