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Extracellular signal-regulated kinase 3 (Erk3) is an atypical member
of the mitogen-activated protein (MAP) kinase family. No function
has yet been ascribed to this MAP kinase. Here we show that
targeted disruption of the Mapk6 gene (encoding Erk3) leads to
intrauterine growth restriction, associated with marked pulmo-
nary hypoplasia, and early neonatal death during the first day of
life. Around 40% of Erk3�/� neonates die within minutes after
birth from acute respiratory failure. Erk3-deficient mice have nor-
mal lung-branching morphogenesis, but show delayed lung mat-
uration characterized by decreased sacculation, atelectasis, and
defective type II pneumocyte differentiation. Interestingly, in utero
administration of glucocorticoid promoted fetal lung maturity and
rescued differentiation of type II cells, but failed to alter the
neonatal lethality. We observed that loss of Erk3 retards intrauter-
ine growth, as reflected by a marked reduction in fetal lung, heart,
and liver weights, and by low body weight at birth. Importantly,
we found that insulin-like growth factor (IGF)-2 levels are de-
creased in the serum of Erk3-deficient mice. Our findings reveal a
critical role for Erk3 in the establishment of fetal growth potential
and pulmonary function in the mouse.

gene targeting � MAP kinase � lung � IUGR

MAP kinases are a family of serine/threonine kinases that
play a key role in transducing environmental stimuli into

a wide range of intracellular responses (1). In mammals, 14 MAP
kinase genes have been identified that define seven distinct MAP
kinase signaling pathways (2). The classical MAP kinases are
phosphorylated and activated by members of the MAP kinase
kinase/Mek family and comprise the well-characterized Erk1/
Erk2, Jnk1/2/3, p38�/�/�/�, and Erk5 enzymes. Atypical MAP
kinases include Erk3/Erk4, NLK, and Erk7. Much less is known
about the mechanisms of regulation, substrate specificity, and
physiological functions of this latter group of MAP kinases.

The Erk3 gene was originally identified by homology-based
cloning using the Erk1 cDNA as probe (3). Erk3 exists as a
100-kDa protein consisting of a kinase domain at the N terminus
followed by a unique C-terminal extension of unknown function
(3–5). Despite the significant homology of their kinase domains,
several properties distinguish Erk3 from Erk1/Erk2 and other
classical MAP kinases. Erk3 contains a single phospho-acceptor
site in the activation loop instead of the canonical dual phos-
phorylation motif Thr-Xaa-Tyr. Unlike classical MAP kinases,
activation loop phosphorylation of Erk3 is detected in resting
cells and is minimally modulated by mitogenic or stress stimuli
(6). Functionally, Erk3 does not phosphorylate generic MAP
kinase substrates such as myelin basic protein [(7); unpublished
data], indicating that it has different or more restricted substrate
specificity. The only substrate of Erk3 that has been identified so
far is the MAP kinase-activated protein kinase MK5 (8, 9).

Structurally, Erk3 is most closely related to the MAP kinase
Erk4. The two proteins display 73% amino acid identity in the
kinase domain and share the same Ser-Glu-Gly sequence in their
activation loop. Furthermore, the structural organization of the
Erk3 gene (Mapk6) is similar to that of the Erk4 gene (Mapk4),
suggesting that the two genes arose by duplication of a common
ancestor (10). Of note, the Erk3 and Erk4 genes are the only
MAP kinase genes whose expression is restricted to vertebrates,
implying a role in more specialized vertebrate-specific physio-
logical processes.

The physiological function of Erk3 remains to be elucidated.
The expression of Erk3 is temporally regulated during embry-
onic development, increasing at the time of early organogen-
esis and then declining gradually toward birth (3, 11, 12). In
adult animals, Erk3 mRNA is detected in most tissues, with the
highest levels found in the central nervous system and skeletal
muscle (3, 12). In vitro studies have shown that Erk3 expres-
sion is up-regulated during terminal differentiation of model
cell lines into neurons or myotubes (3, 13). Prolactin treatment
also increases Erk3 expression in isolated rat pancreatic islets
(14). Altogether, these studies suggest a putative role for Erk3
in regulating cellular differentiation. To characterize the
function of Erk3 in vivo, we generated Erk3-deficient mice by
targeted replacement of the Mapk6 coding region with the
LacZ reporter gene. We show that loss of Erk3 leads to
respiratory distress and early neonatal lethality, associated
with intrauterine growth restriction (IUGR), pulmonary hy-
poplasia and impairment of type II pneumocyte differentia-
tion. Of clinical interest, in utero administration of glucocor-
ticoids promoted fetal lung maturity and rescued pneumocyte
differentiation but did not alter the neonatal course. Our
findings identify a critical role for Erk3 in fetal growth and
lung maturation.

Results
Generation of Erk3-Deficient Mice. To inactivate the Mapk6 gene,
we inserted a LacZ reporter gene in frame with the ATG
initiation codon located in exon 2 of Mapk6 (10), resulting in
deletion of the sequences encoded by exons 2, 3, and 4. The
LacZ gene provides a stop codon and a polyadenylation signal
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and is predicted to generate a null allele (Fig. 1A). Chimeric
mice were derived from two independently targeted R1 em-
bryonic stem (ES) cell clones, which both transmitted the
mutant Mapk6 allele to the germ line as determined by
Southern blot analysis (Fig. 1B). The same phenotype was
observed in mutant animals generated from the two clones. To
confirm that the targeted Mapk6 allele was null, the expression
of Erk3 was analyzed in tissues isolated from litters of het-
erozygous intercrosses. Quantitative RT-PCR analysis of
E18.5 embryonic lung RNA documented the complete absence
of Erk3 transcript in homozygous Mapk6 mutants (Fig. 1C).
Accordingly, no Erk3 protein was detected in cell extracts from
embryonic fibroblasts isolated from these mutants (Fig. 1D).

The insertion of LacZ at the locus of Mapk6 allowed us to
examine the pattern of Erk3 gene expression during mouse
development. Histochemical staining of �-galactosidase activity
in E15.5 embryos showed that Erk3 is differentially expressed in
a wide range of developing tissues (Fig. S1 and Table S1).

Loss of Erk3 Leads to Neonatal Death. Genotype analysis of litters
from Mapk6�/� intercrosses failed to identify any homozygous
mutant offspring at weaning. Careful analysis of timed preg-
nancies revealed that Erk3�/� mice are born with normal
Mendelian frequency, but that no homozygous mutant can be
found between postnatal days 2–5, indicating that loss of Erk3
results in neonatal lethality within a 24-h interval after birth
(Table S2). To determine the precise onset of mortality and get
insight into the underlying cause of death, we closely moni-
tored the fate of newborn mice during delivery and in the
following hours. Around 40% (12/31 mice) of Erk3�/� neo-
nates showed severe respiratory distress and died within 15 min
of delivery. These mutant mice made visible efforts to breathe,
but remained cyanotic and died of acute respiratory failure
(Fig. 2A). The lungs dissected from compromised neonates
were not inf lated with air (Fig. 2B) and sank with saline
immersion (data not shown). Histological analysis of serial
sections of Erk3�/� embryos and neonates by two independent
pathologists did not reveal any gross morphological anomaly of

internal organs (data not shown) or structural defect in the
diaphragm and intercostal muscles (Fig. S2). Importantly, the
heart did not exhibit any morphological abnormality (Fig. S3).
Moreover, no skeletal defect was observed in the thorax of
Erk3 mutants (Fig. S4). The approximately 60% (19/31 mice)
of Erk3�/� newborns that survived the immediate neonatal
interval displayed uncoordinated movements, lack of ref lex on
pinching, infirm vocalization, and diminished suckling ref lex
compared to wild-type littermates. The inability to suckle was
confirmed by the absence of milk in the stomach on necropsy
(Fig. 2C). This second group of mutant animals subsequently
died within 24 h of delivery, and is not the subject of further
characterization in this report.

Regardless of the interval of neonatal demise, Erk3�/� mice
exhibited kyphosis and carpoptosis, and diminished fetal growth
(Fig. 2 C and D and Fig. S4). At birth, the body weight of Erk3
null mutants was reduced by 10–15% as compared to wild-type
littermates: Erk3�/�, 1.34 � 0.07 g versus Erk3�/�, 1.18 � 0.08 g,
P � 0.01 (Fig. 2D). Notably, Erk3�/� heterozygous mice were
also significantly lighter than wild type mice (1.27 � 0.09 g, P �
0.05), indicating that the loss of a single allele of Mapk6 is
sufficient to restrict fetal growth.

Histological Analysis of Erk3-Deficient Lungs. Given the well-
recognized contribution of diminished functional respiratory
capacity to neonatal mortality, we sought to closely inspect the
architecture and histology of the lungs in Mapk6 null mice.
Overall organogenesis of the lungs was preserved in mutant
mice with four right lobes and a single left lobe f lanking the
heart (Fig. 2B). Blinded evaluation of hematoxylin/eosin-
stained lung sections at E12.5, E14.5, and E16.5 failed to reveal
any observable difference in branching morphogenesis be-
tween Erk3�/� mice and wild-type littermates (Fig. 3A).
However, at E18.5, both subjective observation (Fig. 3A) and
quantitative morphometric measurement (Fig. 3B) demon-
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Fig. 1. Targeted disruption of the Mapk6 gene. (A) Schematic representa-
tion of the Mapk6 locus, targeting vector and recombinant allele. The target-
ing vector carries a neomycin resistance gene (Neor) and the LacZ gene fused
in frame with the Mapk6 coding sequence 12 amino acids downstream of the
initiation codon. Exons 2 to 6 and restriction sites are shown (E, EcoR1; K, KpnI;
S, SpeI; A, ApaI). Open boxes correspond to UTRs and dark boxes indicate
coding regions. Introns are shown as bars. (B) Southern blot analysis of
EcoRI-digested genomic DNA from two correctly targeted ES clones indicating
the wild-type (9.1 kb) and mutant (7.5 kb) alleles. (C) Quantitative RT-PCR
analysis of Erk3 mRNA isolated from the lungs of wild-type and Mapk6 null
embryos at E18.5. Results are expressed relative to WT1. (D) Immunoblot
analysis of Erk3 protein expression in cellular extracts prepared from wild type
and Mapk6�/� mouse embryonic fibroblasts.
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Fig. 2. Deletion of Mapk6 leads to neonatal lethality. (A) Representative
photograph of a cyanotic Erk3�/� pup and wild-type littermate immediately
after birth. (B) Lungs isolated from a wild-type newborn are well inflated as
compared to those of a dead Erk3�/� mouse. (C) Erk3�/� newborns surviving
acute respiratory failure lack milk (*) in their stomach. Note the carpoptosis
(arrow) in the Erk3�/� mouse. (D) Body weight distribution of Erk3�/�, Erk3�/�,
and Erk3�/� newborns after birth. The mean body weight is indicated for each
genotype: Erk3�/�, 1.34 � 0.07 g (n � 18); Erk3�/�, 1.27 � 0.09 g (n � 31);
Erk3�/�, 1.18 � 0.08 g (n � 21). *, P � 0.05; **, P � 0.01.
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strated diminished saccular space with concomitant increased
mesenchymal tissue in the lungs of Erk3�/� embryos (32%
decrease, P � 0.01). As anticipated, the lungs of Erk3 mutant
neonates found in distress displayed extensive and severe
atelectasis (Fig. 3A). The observation of normal branching
morphogenesis with impaired saccular development is sugges-
tive of a lung maturation defect in Erk3-deficient mice.

Loss of Erk3 Results in Abnormal Maturation of Distal Lung Epithelium.
In light of the above findings, we next sought to determine
whether Erk3�/� lungs manifest developmental defects of the
saccular structures. The distal epithelium is comprised of two
specialized cell populations: squamous type I pneumocytes,
which are responsible for gas exchange, and cuboidal type II
pneumocytes, which produce surfactant for maintenance of
alveolar surface tension. We first tested the distensibility of the
lungs by instilling fixative into the trachea of E18.5 embryos.
There was no major difference in the histology of the lungs of
control and mutant littermates, indicating that type I pneu-
mocytes form functional respiratory saccules (Fig. 4A). The

differentiation of type I pneumocytes was further assessed by
immunohistochemistry analysis. Immunostaining for T1� (po-
doplanin), a membrane protein marker of type 1 cells, on
E18.5 lung sections similarly failed to reveal any significant
difference in T1� expression between mutant and wild type
mice (Fig. 4B), suggesting normal cell differentiation. The
differentiation of type II pneumocytes was assessed by ana-
lyzing the expression of pulmonary surfactant-associated pro-
tein (SP)-C and the content of cytoplasmic glycogen, which
serves as a substrate for surfactant phospholipids (15), in lungs
from E18.5 embryos. Staining of SP-C was not altered in
Erk3�/� mice (Fig. 4C). However, ultrastructure analysis by
electron microscopy revealed that type II pneumocytes from
Erk3 mutant mice contain abundant glycogen granules and
present attenuated villi when compared to controls, a symptom
of pulmonary immaturity (Fig. 4D). To further substantiate
this idea, we also measured the intracellular glycogen content
by staining lung sections with periodic acid-Schiff (PAS). A
major increase in the number of cells containing cytoplasmic
glycogen was observed in Erk3 mutant embryos (Fig. 4 E and
F). These results indicate that type II pneumocytes of Erk3�/�

mice differentiate to the stage of being able to synthesize
surfactant-associated proteins, but they cannot complete their
differentiation program, as demonstrated by their inability to
properly use intracellular glycogen for the synthesis of surfac-
tant lipids.

In Utero Glucocorticoid Administration Rescues Type II Pneumocyte
Differentiation but Fails to Abrogate Neonatal Lethality. Since the
initial observation that dexamethasone induces inf lation of
fetal lungs in premature lambs, antenatal glucocorticoids have
come to serve as the mainstay of clinical management of
pregnancies complicated by IUGR and risk of preterm birth
for the promotion of fetal lung maturity (16). To determine if
the neonatal mortality of Erk3�/� mice was attributable to
pulmonary immaturity, we asked whether transplacental ad-
ministration of dexamethasone improves the neonatal out-
come. Dexamethasone treatment of pregnant mice for 48 h
before delivery significantly improved the immature saccular
architecture of Erk3�/� lungs, as demonstrated by complete
restoration of the saccular airspace (Fig. 5A) and reduction of
the number of immature glycogen-containing cells to normal
values (Fig. 5B). However, antenatal dexamethasone did not
ameliorate the survival of Erk3�/� mice, which remained
cyanotic and died in the neonatal interval.

Erk3�/� Mice Display Intrauterine Growth Restriction and Pulmonary
Hypoplasia. Respiratory distress syndrome is a serious compli-
cation of premature and intrauterine growth-restricted infants
and represents the primary contributor to neonatal morbidity
and mortality (17). It affects up to 20% of low birth weight
infants (classically defined as �2,500 grams) and as great as
70% of growth restricted fetuses (�10th % adjusted for
gestational age). Respiratory failure in these infants presump-
tively occurs as a result of surfactant deficiency and pulmonary
hypoplasia. Given our initial observations of fetal growth
discrepancy and pulmonary immaturity in Erk3-null fetuses,
we sought to establish growth velocity curves and assess the
proliferation rate of lung cells in our genetic mouse model.

Erk3�/� embryos and wild-type littermates were collected at
different gestational stages, starting at E13.5, and their body
weights were compared. No significant difference was ob-
served between mutant and control animals at early gestation,
although a trend toward a decrease was already noticeable at
E14.5 (Fig. 6A). However, from E14.5 onwards, adjusted fetal
weights of Erk3�/� embryos were significantly reduced by
11–18% (Fig. 6A). To discern relative skeletal versus visceral
abnormalities, we further analyzed the individual weights of
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Fig. 3. Histological analysis of the developing lung in wild-type and Erk3�/�

mice. (A) Lung sections from littermate Erk3�/� and Erk3�/� embryos were
prepared at the indicated developmental stages and stained with hematox-
ylin and eosin. Magnification, 20�. (B) Morphometric analysis of lung saccular
airspace in E18.5 wild-type and Erk3�/� embryos (n � 5–6). *, P � 0.01.
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the lung, heart and liver in E18.5 embryos. We found that the
absolute organ weights of Erk3�/� animals were reduced by
25–40% as compared to their wild type littermates (Fig. 6B
and Fig. S5), in the absence of any apparent morphological
defect. Likewise, the ratio of organ to body weight was
significantly decreased in Erk3-null mutants, the lung and the
heart showing the greatest reduction (Fig. 6C).

To further characterize the pulmonary hypoplasia phenotype
of Erk3 mutant mice, we analyzed the proliferation rate of lung
cells by Ki67 immunostaining. At E18.5, the number of prolif-
erating cells in Erk3�/� lungs was reduced by 60% as compared
to wild-type lungs (Fig. 6D). Analysis of cell proliferation
throughout lung development showed that the decrease in
Ki67-positive cells is already apparent at E12.5 and reaches
significance at E16.5 (Fig. 6D). Thus, loss of Erk3 results in
impairment of lung cell proliferation from the early stages of
pulmonary development, in parallel to restriction of fetal
growth.

Earlier studies have demonstrated the importance of the IGF
signaling axis for embryonic and postnatal body growth (18, 19).
To elucidate the molecular basis of the IUGR phenotype, we
measured the fetal levels of IGF-1 and IGF-2. We found similar
IGF-1 levels in the serum of Erk3�/� and control embryos at
E18.5 (Fig. 6E). However, IGF-2 levels were significantly lower
(27% decrease, P � 0.01) in Erk3�/� mutants as compared to
wild type littermates, suggesting a defect in the production
and/or secretion of IGF-2 in Erk3-deficient mice (Fig. 6E).

Discussion
Little is known about the physiological roles of the atypical MAP
kinases Erk3 and Erk4. Contrary to other MAP kinases, no
ortholog of Erk3 or Erk4 is found in yeast, worms or flies, which
precludes the use of these genetically tractable organisms to
study their in vivo functions. In vitro studies of Erk3 and Erk4

biology have been hampered by a lack of knowledge of the
upstream signals and regulatory inputs that control the expres-
sion and/or activity of the kinases. Only a few interacting proteins
have been identified for Erk3/Erk4 (20, 21), and MK5 is their
only known downstream target (8, 9, 22, 23). In this study, we
have used a classical gene targeting approach to explore the
physiological function of Erk3. We show that Erk3-deficient
mice experience neonatal respiratory morbidity and mortality,
and display altered fetal growth potential. Of interest, antenatal
glucocorticoid administration rescues the type II pneumocyte
maturation defect of Erk3�/� mice but does not impact on
neonatal mortality or morbidity. Our results demonstrate that
Erk3 is indispensable for neonatal survival and uncover a role of
the kinase in fetal growth regulation and pulmonary maturation
and function.

A large proportion of Mapk6-null mice die immediately after
birth from respiratory failure. No cardiac, skeletal or muscular
defects were observed in these animals, raising the possibility
that the defect was pulmonary in origin. In the mouse, lung
development is divided into four stages (24). During the pseu-
doglandular stage (E9.5–E16.5), branching morphogenesis gen-
erates the respiratory tree and the pulmonary vasculature starts
to form by vasculogenesis and angiogenesis. At the canalicular
stage (E16.5–E17.5), the terminal bronchioles expand to form
the respiratory ducts and sacs. The saccular stage (E17.5–PN5)
is characterized by thinning of the mesenchyme and differenti-
ation of type I and type II pneumocytes, which are responsible
for gas exchange and surfactant production, respectively, to
prepare for air breathing. Septation of the saccules that give rise
to alveoli starts at postnatal day 5. Histological analysis of lungs
taken at different gestation stages indicated that branching
morphogenesis is normal in Erk3�/� embryos. However, we
observed limited saccular expansion at the end of gestation,
which prompted us to investigate the differentiation status of
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Fig. 4. Defective maturation of the distal lung epithelium in Erk3-deficient mice. (A) Sections of E18.5 Erk3�/� and Erk3�/� lungs inflated with fixative were
stained with hematoxylin and eosin. Magnification, 5�. Immunostaining for T1� (B) and SP-C (C) in lungs from littermate wild-type and Erk3�/� embryos at E18.5.
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type I and type II pneumocytes. Abnormal differentiation of
type I cells can result in the absence of distal saccular structures,
as seen in T1�-deficient mice (25). Here, we show that Erk3�/�

lungs inflate apparently normally when fully insufflated, indi-
cating that saccular structures can form in mutant mice. Staining
of T1� also demonstrate that type I pneumocyte differentiation
is not impaired by Mapk6 deletion. Immaturity of type II
pneumocytes, associated with high glycogen content and de-
creased surfactant production, leads to respiratory distress and
poor neonatal survival (26). We provide evidence that, despite
normal SP-C expression, differentiation of type II cells is delayed
in Erk3-deficient lungs, as revealed by the persistence of glyco-
gen-rich cells. Importantly, we showed that the pulmonary
immaturity phenotype of the mutants can be overcome by
antenatal dexamethasone treatment. However, glucocorticoid
therapy failed to improve survival of Erk3�/� mice, suggesting
that additional physiological alterations contribute to respiratory
failure and neonatal lethality. Also, it remains to be established
whether the lung defect in Mapk6 mutant mice is cell-
autonomous or a consequence of fetal growth restriction.

In addition to pulmonary functional defects, Erk3-deficient
mice display significant (10–15%) growth restriction at birth,
which was manifest by E14.5. Consistent with Erk3 signaling
modifying fetal growth potential, we found that Mapk6 gene
disruption leads to a 25–40% reduction of visceral organ growth
in the lung, heart, and liver that was not attributed to gross
morphological abnormalities. The observed decrease in birth
weight and organ development is replicative of IUGR conditions
as observed in other animal models (27) and human population-
based studies (28). In humans, IUGR is defined as birth weight
at or below 2 standard deviations for gestational age or approx-
imating �10th% of gestational-age adjusted birth weight. Infants
with IUGR have not only adverse perinatal outcome, but have
a significant risk for diabetes, hypertension and coronary heart

disease later in life. Moreover, IUGR is associated with long-
term neurodevelopmental impairment including reduced neu-
rodevelopmental scores, IQ, and school achievements (29).

IUGR is a complex condition with multiple phenotypic man-
ifestations that may rise from multiple etiologies. From both a
clinical and pathophysiological perspective it is advantageous to
consider IUGR as a complex disorder, which can be broadly
classified as a consequence of maternal/placental, fetal (e.g.,
genetic aberrations, epigenetic modifications), or secondary to
environmental (e.g., fetal infections, teratogens) factors. To gain
some insight into the mechanism causing IUGR in Erk3-
deficient mice, we measured the circulating levels of the main
growth factors controlling intrauterine growth, IGF-1 and
IGF-2. Whereas serum IGF-1 levels were unchanged, the levels
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Fig. 6. Growth restriction, attenuated lung cell proliferation, and reduced
IGF-2 levels in Erk3-deficient mice. (A) Body weight of littermate Erk3�/� (filled
bars) and Erk3�/� (open bars) embryos at various developmental stages (n �
6–12). *, P � 0.05, **, P � 0.01. (B) Lungs and heart from wild-type and Erk3�/�

E18.5 embryos. (C) Ratio of lung, heart and liver weight relative to body
weight in wild-type and Erk3�/� E18.5 embryos (n � 8–13). * P � 0.05, **, P �
0.01. (D) Quantification of cell proliferation assessed by Ki67 immunostaining
in lung sections from Erk3�/� (filled bars) and Erk3�/� (open bars) embryos at
various developmental stages (n � 3–6). *, P � 0.05, **, P � 0.001. (E) IGF-1
and IGF-2 serum levels in E18.5 wild-type and Erk3�/� embryos (n � 8–13).

*, P � 0.01.
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of IGF-2 were significantly reduced in Erk3�/� animals. These
results suggest a defect in the synthesis and/or secretion of IGF-2
in the absence of Erk3. Genetic studies have clearly established
that IGF-2 plays a crucial role in promoting fetal growth.
IGF-2-deficient mice are born at 60% the weight of wild type
littermates (30), and the decreased growth is apparent as early
as E11 (18). IGF-2 is expressed in a wide range of fetal tissues
and is found at higher levels in fetal than in adult serum (31).
However, besides the study of Igf2 gene regulation and imprint-
ing, much remains to be known about the complex regulation of
fetal IGF-2 expression. Our findings identify Erk3 as a regulator
of IGF-2 levels in the mouse. Further characterization of Mapk6
mutant mice should further our understanding of the genetic and
biochemical pathways involved in fetal growth control and
pulmonary maturation.

Materials and Methods
For a detailed description of materials and methods, please refer to SI Text

Animal Husbandry and Dexamethasone Treatment. Animals were housed under
pathogen-free conditions according to the procedures and protocols ap-
proved by the Université de Montréal Institutional Animal Care Committee.
For breeding, heterozygous males and females in mixed C57BL/6 � 129/Sv
background were intercrossed. The presence of a vaginal plug indicated the
beginning of gestation (E0.5). Pregnant females were killed at different times
by CO2 euthanasia and embryos were removed by caesarean section. Each
embryo was weighted and processed for further analysis. Dexamethasone
(Sandoz) or saline control was administered s.c. (0.4 mg/kg) to pregnant
females on E16.5 and E17.5.

Quantitative RT-PCR. Total RNA was isolated from E18.5 lung tissue, purified
using the RNeasy kit (Qiagen) and reverse transcribed (Applied Biosystems).
Real-time analysis of PCR product amplification was performed on the ABI
PRISM 7900HT Sequence Detection System (Applied Biosystems).

Immunoblotting Analysis. Mouse embryonic fibroblasts were prepared from
E14.5 embryos as described (9). Cell lysis and immunoblot analysis were
performed as described (12) using commercial anti-Erk3 (United States Bio-
logical; dilution 1:100) or anti-actin (Sigma) antibodies.

Histology and Immunohistochemistry. Tissue sections were stained using con-
ventional hematoxylin/eosin protocol. Lung sections were also stained with
PAS. For immunohistochemistry, anti-T1� (Developmental Studies Hybridoma
Bank), anti-proSP-C (Chemicon), and anti-Ki67 (Santa Cruz Biotechnology)
antibodies were used. For quantitative morphometry, PAS- or Ki67-positive
cells, tissue area and saccular airspace were measured with the Image ProPlus
software on 10 randomly selected micrographs.

Measurement of IGF Levels. Circulating IGF-1 and IGF-2 levels were measured
by ELISA (R&D Systems) according to the manufacturer’s instructions.
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