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Rationale: The mechanisms contributing to alveolar formation are

poorly understood. A better understanding of these processes will

improve efforts to ameliorate lung disease of the newborn and

promotealveolar repair in the adult. Previous studieshave identified

impaired alveogenesis in mice bearing compound mutations of

fibroblast growth factor (FGF) receptors (FGFRs) 3 and 4, indicating

that these receptors cooperatively promote postnatal alveolar

formation.

Objectives: To determine the molecular and cellular mechanisms of

FGF-mediated alveolar formation.

Methods: Compound FGFR3/FGFR4-deficientmicewere assessed for

temporal changes in lung growth, airspace morphometry, and

genome-wide expression. Observed gene expression changes were

validated using quantitative real-time RT-PCR, tissue biochemistry,

histochemistry, and ELISA. Autocrine and paracrine regulatory

mechanisms were investigated using isolated lung mesenchymal

cells and type II pneumocytes.

Measurements and Main Results: Quantitative analysis of airspace

ontogeny confirmed a failure of secondary crest elongation in

compound mutant mice. Genome-wide expression profiling identi-

fied molecular alterations in these mice involving aberrant expres-

sion of numerous extracellular matrix molecules. Biochemical and

histochemical analysis confirmed changes in elastic fiber gene

expression resulted in temporal increases in elastin deposition with

the loss of typical spatial restriction. No abnormalities in elastic fiber

gene expression were observed in isolated mesenchymal cells,

indicating that abnormal elastogenesis in compound mutant mice

is not cell autonomous. Increased expression of paracrine factors,

including insulin-like growth factor21, in freshly-isolated type II

pneumocytes indicated that these cells contribute to the observed

pathology.

Conclusions: Epithelial/mesenchymal signaling mechanisms appear

to contribute to FGFR-dependent alveolar elastogenesis and proper

airspace formation.
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genesis; insulin-like growth factor21; microarray

Lung development is regulated by finely orchestrated pro-
cesses of molecular events that determine the temporal
and spatial formation of structures that become a fully
functional respiratory apparatus. The final stage of lung
maturation involving the formation of alveoli, or alveo-
genesis, is defined by secondary crest septation from primary
walls of primitive airspace saccules. These septae subdivide
the saccules into mature alveoli, resulting in an enlarged re-
spiratory surface area for gas exchange. Alveogenesis begins at
about 32 weeks of gestation in humans, and alveoli continue to
form for up to 8 years postnatally (1–4). In mice, this process
occurs entirely after birth, initiating at the end of the first week
of life and continuing for up to 1 month. Disruption of this
physiological process results in incomplete lung maturation, with
insufficient gas exchange as evidenced by morbidity of pre-
maturity. Furthermore, impairment of lung formation or abnor-
mal repair after lung injury can lead to the loss of functional
terminal airspace, which is associated with several chronic lung
diseases, including bronchopulmonary dysplasia in children and
emphysema in adults. Many chronic lung diseases could benefit
from therapeutic approaches aimed at promoting the process
of alveogenesis to increase lung function. However, our current
lack of a thorough understanding of the mechanisms controlling
lung maturation, maintenance, and repair limits the therapeutic
approaches to combat lung disease.

Disruption of connective tissue fiber assembly has been
implicated as one mechanism of abnormal airspace dilatation
and attenuated alveolar septal formation (5). Early-onset
pulmonary emphysema has been observed in some monogenic
diseases involving extracellular matrix (ECM) genes, including
Cutis laxa secondary to mutations in the genes encoding elastic

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The mechanisms contributing to formation of the alveolus
are poorly understood. Prior studies indicate a cooperative
role for fibroblast growth factor receptor (FGFR)-3 and
FGFR-4 in alveolar formation. The temporal, cellular, and
molecular nature of the mechanism(s) involved have not
been fully elucidated.

What This Study Adds to the Field

We demonstrate that epithelial–mesenchymal paracrine
signaling contributes to the regulation of alveolar elastic
fiber formation.
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fiber components tropoelastin (6) and fibulin-5 (7), Marfan syn-
drome from mutations in the gene encoding the elastic fiber
component fibrillin-1 (8), and Ehlers-Danlos syndrome from
mutation in the gene encoding collagen (COL3A1) (9). Similarly,
disruption in connective tissue formation during the neonatal
period due to prematurity, barotrauma, volutrauma, long-term
oxygen exposure, corticosteroid exposure, or infection impacts
the developing lung and compromises alveolar maturation, which
may predispose to the development of chronic lung diseases (10).

Elastic fibers are complex structures that uniquely confer the
property of recoil to mammalian tissues, including the vascula-
ture, skin, and lung. Elastic fibers are composed predominantly
(z90%) of an insoluble polymer of tropoelastin molecules,
complexed to a number of protein and proteoglycan compo-
nents, including members of the fibrillin, fibulin, and latent
transforming growth factor (TGF) binding protein families (11).
A number of rodent models have demonstrated primary post-
natal alveolar septal defects associated with disruption of ECM
assembly in the lung, particularly associated with elastic fiber
formation. Mice lacking tropoelastin exhibit severe lung de-
velopment defects (12). Neptune and colleagues (13) reported
that excessive TGF-b1 is the cause of developmental airspace
enlargement in fibrillin-1 hypomorphic mice. Mice bearing
deletion of platelet-derived growth factor–a (14) or compound
mutations of retinoid receptors (RXR-a and RAR-g) (15)
display a significant reduction of lung elastic fiber content
associated with reduced alveolar formation. Interestingly, all
of these studies illustrate the critical role for ECM assembly and
remodeling upon alveolar formation.

Fibroblast growth factor (FGF) signaling is critical for
multiple stages and processes during lung development includ-
ing alveogenesis. Increased expression of FGF receptors
(FGFRs) 3 and 4 coincides with alveolar formation (16). Re-
duced expression of FGFR3 (17) and FGFR4 (18) is associated
with reduced alveolar formation in rat lung neonates after
hyperoxic injury. Failure of alveogenesis has been shown in mice
deficient in both FGFR3 and FGFR4, but not deletion of either
receptor alone (19). However, little is known about the mecha-
nisms for FGFR regulation of alveogenesis.

In microarray data describing normal murine lung develop-
ment, we previously showed that FGFR3 and FGFR4 cocluster
with a group of ECM molecules, including molecules contrib-
uting to basement membrane and elastic fiber formation (20,
21). Several studies have demonstrated that FGFR signaling
contributes to the regulation of ECM expression and composi-
tion (22, 23). We hypothesized that FGFR signaling contributes
to the control of ECM formation, which is essential for alveo-
genesis. In this study, we confirmed the combined necessity of
FGFR3 and FGFR4 for alveogenesis in the inbred C57BL/6
mouse lung, and defined the contribution of FGF signaling to
the regulation of alveogenesis using gene expression profiling.
We demonstrate that excessive elastic fiber gene expression in
FGFR3/4 mutant lungs is associated with primary abnormalities
in type II pneumocyte (AT2) phenotype resulting in defective
epithelial–mesenchymal interactions coordinating alveolar mor-
phogenesis. Some of the results of these studies have been
previously reported in the form of abstracts (24–26).

METHODS

Animals

Animal experimentation protocols for this study were reviewed and
approved by the Institutional Animal Care and Use Committee at
Harvard Medical School, and were conducted following national
guidelines for the care and protection of animals. All animals were
maintained in a pathogen-free barrier facility.

Generation of FGFR3 and FGFR4 Compound Homozygous

and Heterozygous Mice

Mice heterozygous for targeted disruption of FGFR3 were obtained
from Dr. David Ornitz (Washington University, St. Louis, MO) (27).
FGFR4 heterozygote mice were obtained from Chu-Xia Deng (Na-
tional Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, MD) (19). All animals were
bred to and maintained in a pure C57BL/6 background. FGFR4
heterozygotes were bred with FGFR3 heterozygotes to generate
compound heterozygotes. The compound heterozygotes were then
intercrossed to generate FGFR3 heterozygote and FGFR4 mutant
mice. The double-mutant animals were generated by interbreeding
FGFR3 heterozygote and FGFR4 mutant mice. Results are reported
for wild-type, compound heterozygous and compound mutant mice.
All other intermediate genotypes were screened for preliminary
analysis. Genotyping was performed by PCR analysis as described
previously for FGFR3 (28) and FGFR4 gene disruption (19).

Lung Histology

After mice were killed, a cannula was inserted into the trachea and
secured with 4–0 suture (Roboz Surgical, Gaithersburg, MD). The
lungs were exposed, and pulmonary vasculature was perfused with
phosphate-buffered saline (PBS). The right lung was sutured, resected,
and flash frozen in liquid nitrogen for RNA and protein isolation. The
left lung was inflated via tracheal cannula to a fixed pressure of 25 cm
H2O with 10% buffered formalin for 15 minutes. At the end of the
fixation period, the trachea was ligated, and heart and inflated lung
were removed en bloc and immersed in 30 ml 10% buffered formalin
for 48 hours at room temperature. After fixation and heart removal, the
lung was sectioned midsagitally and embedded in paraffin for histo-
logical and morphological analysis. Sections (5-mm thick) were cut with
a microtome and stained with hematoxylin and eosin.

Lung Morphometry

Quantitative assessment of lung structure was performed essentially as
we have previously published (29). The slides were stained with
a modified Gill’s hematoxylin (100 ml Harris hematoxylin and 100 ml
Gill’s No. 3 hematoxylin [Sigma, St. Louis, MO]) overnight at room
temperature. The slides were then washed and treated in dilute
ammonium hydroxide for 5 minutes, then dehydrated through gradient
ethanol and washed in xylene. Ten random, high-powered fields were
captured from each slide chosen for morphometry using Leica QWin
image software (Leica Microsystems, Wetslar, Germany). These images
were then analyzed with Scion Image (Scion Corp., Frederick, MD) to
determine the linear distance between alveolar walls (chord length) and
the size of individual airspaces (airspace size). Briefly, at least 10
nonoverlapping fields (at 2003 original magnification) were analyzed
per animal. A threshold function was used to digitally differentiate tissue
elements representing airspace walls and the airspaces they bound. Poorly
inflated regions and regions containing conducting airways, vasculature,
and pleura were avoided. To reduce optical and histological processing
noise, and for comparison with previous studies, chords smaller than 8 and
greater than 250 mm were excluded (30). All discontinuous airspaces
(including saccules, alveoli, and alveolar ducts) completely bounded by
tissue elements, irrespective of size and shape, were identified. The area
was calculated as the number of pixels contained in each airspace
multiplied by a normalization factor (pixels/mm). Individual area mea-
surements less than 25 mm2 were excluded, as they clearly represented
artifacts. The mean chord length and airspace size was then calculated for
each animal for comparison among genotypes.

Oligonucleotide Microarray Experiments

Total RNA was prepared from whole lung tissue (n 5 9 lungs for each
age–genotype group) using TRIzol reagent (Invitrogen, Carlsbad, CA).
DNA-free RNA (10 mm) for three lungs were pooled (by age and
genotype) and repurified using the RNeasy Mini Kit (Qiagen, Valencia,
CA). Targets from pooled RNA samples (n 5 3 pools for each
age–genotype group) were generated as described previously (31),
and hybridized to Mouse Expression Array 430 2.0 (Affymetrix, Santa
Clara, CA).
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All arrays passed strict quality control criteria. Expression in-
tensities were obtained from the .CEL files using three different
extraction methods: Robust Multichip Average–generated normalized
background-subtracted data; DNA Chip analyzer (32) normalized
data; and Microarray Suite 5.0 nonnormalized background-subtracted
data. All the above algorithms were implemented using BioConduc-
tor (http://www.bioconductor.org/). Each of these datasets was sub-
jected to nonparametric bootstrap analysis using MultiExperimental
Viewer 3.0 (Dana-Farber Cancer Institute, Boston, MA) to detect
the underlying association among the samples (http://www.tm4.org/
mev.html).

Differential expression between compound heterozygotes and
compound mutant samples was assessed by two independent tests
using MultiExperimental Viewer 3.0; the Student’s t test and Signifi-
cant Analysis of Microarray (SAM) (33). Each test was applied to the
three versions of data, providing a total of six comparisons. Differential
expression for selected probe sets was analyzed using the Affymetrix
Difference Call algorithm, from GeneChip Operating Software
(GCOS) 1.2 (Affymetrix) for each of the pair-wise comparisons.
Annotation information of probe sets was retrieved from the Affyme-
trix analysis portal (http://www.netaffx.com/).

Quantitative Real-Time RT-PCR

Reverse transcription was performed using oligo dT primers and
MultiScribe reverse transcriptase (Applied Biosystems, Foster City,
CA). Quantitative real-time RT-PCR (qPCR) was performed in
triplicate for each sample, as described previously (29), using SYBR
green chemistry (Applied Biosystems) on an Mx3000P real-time
PCR system (Stratagene, La Jolla, CA). qPCR assays were per-
formed for the selected genes in each sample (n 5 7–12 lungs each
age–genotype group; n 5 5–7 experiments of isolated cells per each
genotype). The expression level of each gene in each sample was
normalized to the level for the endogenous control cyclophilin A
(PPIA), or surfactant protein (SP)–C for isolated AT2, and calcu-
lated using the mean of difference in cycle threshold in the mutant
samples from the cycle threshold for the controls (age-matched wild
types or compound heterozygotes) as a calibrator. The value of
a calibrator was calculated as the mean of the difference in cycle
threshold for all age-matched control samples. The mean expression
for compound mutants was calculated as a fraction of that for
controls for individual experiments.

Histochemical Staining for Elastic Fibers

Lung sections were deparaffinized, hydrated, and then stained with
resorcin–fuchsin solution overnight at room temperature, according to
modified Hart’s methods (34, 35). After being washed in water,
sections were counterstained with tartrazine, dehydrated in ethanol,
cleared in xylene, and mounted. Elastic fibers are visible in purple with
yellow counterstain. A minimum of six animals were assessed in each
age–genotype group.

Quantification of Lung Elastin Content

Elastin content was determined using a radioimmunoassay for desmo-
sine, as previously described (36).

Immunohistochemistry/Cytochemistry

Immunostaining was performed essentially as previously described (37,
38). SP-C goat polyclonal IgG antibody (400 ng/ml; Santa Cruz
Biotechnology, Santa Cruz, CA) was used to detect SP-C. Mouse
monoclonal alkaline phosphatase–conjugated antibody (400 ng/ml;
Sigma) was used to detect a–smooth muscle actin (aSMA). Mono-
clonal rat anti-mouse IgG antibody (19 mg/ml; Dako, Glostrup, Den-
mark) was used to detect Ki67. The frequency of stained cells was
defined by manually counting the number of Ki76-stained cells, and
automated counting of the total number of nuclei per high power field.

Isolation of Murine Alveolar Type II Epithelial and Lung

Mesenchymal Cells

Mouse alveolar type II epithelial and lung mesenchymal cells from 3-
week-old C57BL/6 wild-type and FGFR3/4 compound mutant mice
were isolated essentially as described previously (39) with minor

modifications. Briefly, the lungs were perfused with 5–10 ml of PBS
injected through the right ventricle. Dispase (1 ml; Roche Applied
Science, Indianapolis, IN) was instilled into the lungs with a 3-ml
syringe attached to a 20-gauge luer stub adapter (BD Biosciences,
Bedford, MA) through the trachea. Next, 0.5 ml of 1% low-melting
agarose (Invitrogen) was instilled into the lungs, and the trachea was
sutured to avoid the leakage of dispase and agarose. The heart–lung
blocs were dissected; the heart, thymus, and trachea were removed.
The lungs were removed to a sterile tube with 2 ml of dispase enzyme
and incubated at room temperature for 45 minutes for enzymatic
digestion. Lung tissue was separated from the main airways and teased
apart in 3 ml of HAM’s F12 (MediaTech, Herndon, VA) with 0.01%
DNase I (Sigma) in a 60-mm Petri dish. The cell isolate was filtered
through nylon mesh filters of 100 mm and 40 mm (BD Biosciences),
successively, to remove aggregated cells and agarose. The cell suspen-
sion was centrifuged at 48C. Cold lysis solution (5 ml) was added to the
cell pellet for lysis of erythrocytes, and Dulbecco’s modified Eagle
medium (DMEM; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Invitrogen) was added. The cell suspension was incubated
with biotinylated anti-CD16/32 (anti-Fc receptor for macrophage) (BD
Pharmingen, San Diego, CA) and anti-CD45 (for leukocyte) antibodies
(BD Pharmingen) at 378C for 30 minutes. After washing, the cell
suspension was further incubated with streptavidin-coated magnetic
particles (Promega, Madison, WI), and the cell suspensions were
depleted of macrophages and leukocytes by magnetic cell separation
(Promega). The remaining cells were incubated on 100-mm tissue
culture dishes coated with mouse IgG (Jackson Immunoresearch
Laboratories, West Grove, PA) for 2 hours at 378C. The unattached
cells were collected, and the suspension was centrifuged. The cell
pellets were resuspended in DMEM supplemented with 10% FBS, and
then plated on 100-mm culture dishes and placed in an incubator for 1
hour to allow for adhesion of lung fibroblasts. The unattached
epithelial cells were collected for cytospin and RNA isolation. The
attached cells were maintained and refed with DMEM supplemented
with 10% FBS for lung mesenchymal cell culture. The cells were
trypsinized and replated after about 5–7 days in culture. After passage
one, the surviving cells in culture were composed almost entirely of
fibroblasts.

Treatment of Mouse Lung Fibroblasts

Mouse lung fibroblasts were isolated as described previously here, and
maintained in DMEM supplemented with 10% FBS, penicillin/
streptomycin (Invitrogen), gentamicin (MP Biomedicals, Aurora, OH),
and amphotericin B (Invitrogen). All treatments were performed with
cells between two and four passages in 60-mm tissue culture dishes,
unless otherwise noted. Cells isolated from wild-type and compound
mutant mouse lungs were treated with FGF-1 (25 ng/ml), FGF-2 (25
ng/ml), heparin (5 mg/ml), or insulin-like growth factor (IGF)21 (10–50
ng/ml). Treated and untreated cells were incubated at 378C for 48 hours
and then removed for RNA isolation.

Measurement of Stromal Cell–Derived Factor21a and IGF-1

We measured the level of IGF-1 and stromal cell–derived factor
(SDF)21a/CXCL12 to validate the increased expression of these
growth factors identified by microarray analysis. Whole lung tissue
or freshly isolated AT2 cells were homogenized in RIPA buffer
(Boston BioProducts, Worcester, MA) and protease inhibitor cock-
tail (catalog no. P8340; Sigma). The supernatant was collected for
protein determination using the BCA colorimetric method (Thermo
Fisher Scientific, Rockford, IL). Equal amounts of total protein from
each sample were used for ELISA for IGF-1 and SDF-1a (R&D
Systems, Minneapolis, MN) using the manufacturer’s protocol. The
results were represented as the total cytokine amount per total
protein.

Statistical Analysis

Data are presented as means (6SEM). Statistical analysis for multiple
comparisons was performed using one-way ANOVA with the Bonferroni
correction. Student’s unpaired t test was performed for analysis of two
groups (MINITAB 14, State College, PA).
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RESULTS

Failure to Thrive and Lung Hypoplasia in Mice Bearing

Compound Mutations of FGFR3 and FGFR4

At birth, the appearance and body weight of FGFR32/2,
FGFR42/2 compound mutant was indistinguishable from
wild-type and littermate control animals, including FGFR3
mutant, FGFR4 mutant, FGFR3 heterozygote/FGFR4 mutant,
and compound heterozygote mice (Figure 1A; see also Figure
E1 in the online supplement). By Postnatal Day (P) 8, com-
pound mutant mice displayed skeletal abnormalities, as pre-
viously described (19), and were clearly runted, with modestly
reduced body weight. By P21, compound mutants were approx-
imately 55% of the body weight of littermate control animals
(Figure 1A). The emergence of these abnormalities was
detected within the first week of age, whereas all pups displayed
similar feeding patterns. No changes in the phenotype of
compound mutants were observed when normal littermates
were removed from the mother, further suggesting that the
growth abnormalities were not a result of nutritional deficiency.
FGFR3-deficient mice exhibited skeletal abnormalities identi-
cal to compound mutants (27), with intermediate total body
weights (15.46 6 1.65 g) not significantly different from either
compound mutants (P 5 0.057) or littermate control animals
(P 5 0.482) at P28. No gross abnormalities in lung size (or
airspace structure) were observed in FGFR3-deficient mice, as
previously noted.

Compound mutant mice developed outward symptoms of
respiratory distress by approximately P21. Lung hypoplasia was
noted, with an average lung weight at P28 of 50% of wild-type
and compound heterozygote control animals (Figure 1B). Lung
weight:body weight ratios in compound mutant mice were
attenuated, but significantly less than in control animals (data
not shown). Lung lobar structure was grossly normal in shape
and arrangement (data not shown). These observations are
consistent with those previously described for compound mu-
tant mice in a mixed 129/Black Swiss background (19).

Quantitative Assessment of Airspace Enlargement in Mice

Lacking FGFR3 and FGFR4

Alveogenesis initiates within 1 week of postnatal life in mice,
and continues through the first month of postnatal life. We
qualitatively (Figures 2A22F) and quantitatively (Figures 2G
and 2H) evaluated the ontogeny of airspace formation in wild-
type, compound heterozygote, and compound mutant mice in
the C57BL/6 background. At birth, the lungs of compound
mutants were histologically indistinguishable from wild-type
and compound heterozygote control animals, with all displaying
pre–alveolar saccules of approximately similar size (Figures 2A
and 2D). At P8, wild-type and compound heterozygote lungs
displayed initiation of secondary crest formation and elongation
(Figure 2B), whereas these structures were generally absent in
compound mutant lungs (Figure 2E). By P28, wild-type and
compound heterozygote lungs displayed a tremendous increase
in structural complexity with formation of mature alveoli
(Figure 2C). Compound mutant lungs continued to grow, but
retained their simplified architecture, with rare secondary crest
formation, resulting in gross airspace enlargement (Figure 2F).
In addition to the abnormalities in airspace formation, com-
pound mutant mice occasionally displayed mild mononuclear
cell infiltration within the airspaces, squamous changes in the
airway epithelium, and luminal airway exudates.

Using quantitative morphometric methods, we observed an
anticipated decrease in airspace size (as defined by chord length
or airspace area) between P8 and P28 in wild-type and
compound heterozygote mouse lungs (Figures 2G22H). Con-

sistent with our histological observations demonstrating a failure
in secondary crest formation/elongation, we observed a signifi-
cant increase in airspace size in compound mutant lungs during
the same time period. When compared with control animals,
a modest increase in airspace size (as defined by chord length)
was noted in compound mutant mice as early as P8. At P28, the
compound mutants showed a 235% increase in mean chord
length (Figure 2G), and a 480% increase in airspace area
(Figure 2H), compared with control animals.

Genome-Wide Expression Profiles Indicate that Molecular

Defects in Compound Mutant Mice Initiate after Birth

To characterize the molecular defects associated with the
abnormality in lung maturation seen in compound mutant mice,
we performed genome-wide expression profiling using Affyme-
trix Mouse Expression 430 2.0 microarrays. We profiled gene
expression in triplicate for total lung RNA derived from wild-
type, compound heterozygote, and compound mutant mice at
P1, P8, and P28 (with the exception of P28, where only two
arrays were completed for wild-type mice). These data are
available at GEO (GSE15452). Unsupervised hierarchical clus-
tering with bootstrap analysis (40) indicated that there were no
global differences in molecular profiles at P1, but demonstrated

Figure 1. Growth characteristics of compound mutant mice. (A)

Whole body weights of wild-type, FGFR3/4 compound heterozygous,

and compound mutant mice during postnatal growth. Although no

differences were noted between genotypes at birth, the weight of

compound mutants was significantly less than age-matched control

animals by 1 week of age (Postnatal Day [P] 8). (B) Lung weights of

wild-type, FGFR3/4 compound heterozygous, and compound mutant

mice during postnatal growth. Genotype-specific differences in lung

weight were not observed before P8, whereas, at P28, lungs of

compound mutants were approximately 50% of age-matched control

animals. Data are presented as means (1SEM) (n 5 9–12 mice in each

group). *P , 0.05 with age-matched wild types. #P , 0.05 with age-

matched compound heterozygotes. Open columns 5 wild type; gray

columns 5 compound heterozygote; solid columns 5 compound

mutant.
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a clear segregation of compound mutant profiles from controls
at P8 and P28 (Figure 3). These data are consistent with
histological and morphometric data, demonstrating that the
defects in compound mutant lungs are not detectable at birth
and initiate during the first week of postnatal life.

To identify genes dysregulated in compound mutant mouse
lungs, which contribute to the distinction in global gene
expression profiles, we performed statistical analysis of the
microarray data. This analysis used a combination of SAM,
GCOS Difference Calls, and t tests in an effort to improve
reliability of gene identification and reduce false discovery (see
METHODS). No genes consistently demonstrated evidence for
differential expression in compound mutant lungs at P1 (data
not shown), explaining the absence of segregation for the global
profiles (Figure 3). At both P8 and P28, we identified groups of
genes that were repeatedly defined as differentially expressed
(see METHODS) according to SAM analysis of robust multichip
average–derived data (at a median false discovery rate 5 0) and
consistent pair-wise GCOS Difference Calls. At P8, 23 probe
sets, representing 20 genes, showed increased expression, and 17
probe sets, representing 15 genes, showed decreased expression
in compound mutant lungs relative to both wild-type and
compound heterozygote controls (Figure 4A). At P28, 74 probe
sets, representing 57 genes, showed increased expression, and 68
probe, sets representing 46 genes, showed decreased expression
in compound mutant lungs relative to both wild-type and
compound heterozygote controls (Figure 4B and Table E1).

To appreciate consistent changes over the time course, we
identified genes differentially expressed, as defined by the
Difference Call algorithm alone, comparing compound mutants
to compound heterozygotes at both P8 and P28. There were 13
genes showing increased expression, and 5 genes showing
decreased expression in compound mutant mouse lungs at both
P8 and P28 compared with age-matched compound heterozy-
gotes. Genes with consistently increased expression included
those related to: ECM (asporin [Aspn], microfibrillar-associated
protein 5 [Mfap5], tropoelastin [Eln]); receptor and signal
transduction (endothelin 1 [Edn1], Igf1, neurotrophic tyrosine
kinase receptor, type 2 [Ntrk2], SDF-1/CXCL12 [Sdf-1/
Cxcl12]); enzyme and inhibitor (S-adenosyl methionine decar-
boxylase [Amd1], serine peptidase inhibitor, Kazal type 5
[Spink5]); transport (lipocalin 2 [Lcn2], sodium-taurine cotrans-

Figure 2. Qualitative and quantitative airspace ontogeny in com-

pound mutant mice. (A–F ) Shown are representative histology of lungs

from control mice (A–C) and compound mutant mice (D–F ) at Post-

natal Day (P) 1 (A and D), P8 (B and E), and P28 (C and F ). Note that all

panels are presented at identical magnification. In control mouse lungs,

the formation of secondary crests is evident at P8 (B), whereas minimal

secondary crest formation is observed in age-matched compound

mutant lungs (E ). At P28, a tremendous increase in airspace complexity

results from completed alveogenesis in control mice (C ), whereas gross

simplification resulting from expansion of primitive saccules is observed

in compound mutant lungs (F ). (G and H) Computer-assisted mor-

phometry analysis quantified the mean linear distance between alve-

olar walls (chord length [G]) and mean size of individual airspaces

(airspace area [H]) as detailed in METHODS. A significant decrease of

chord length and airspace area in control mice between birth and P28

results from proper secondary crest initiation and elongation. Com-

pound mutant mice at P8 and P28 display an increase in the size of

airspaces over the same time period. Data are presented as means

(1SEM) (n 5 7–12 mice in each group). *P , 0.05 with age-matched

wild types; #P , 0.05 with age-matched compound heterozygotes.

(A–F) Scale bars 5 100 mm; open columns 5 wild type; gray columns 5

compound heterozygote; solid columns 5 compound mutant.

Figure 3. Molecular classification of lung genome-wide expression

profiles. Global gene expression profiles were generated from pooled

whole-lung RNA samples derived from wild-type (WT), compound

heterozygous (HET), and compound mutant (knockout [KO]) mice.

Shown are the global relationships between gene expression profiles

among all samples, defined by unsupervised hierarchical clustering

with Bootstrap analysis, at each time point. No segregation among

genotypes was evident at P1 (A). At both P8 (B) and P28 (C), there was

clear separation of compound mutant samples with both control

groups, with 100% support (n 5 3 arrays in each age–genotype group,

except n 5 2 arrays in WT at P28).
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porter [Slc6a6], mesothelin [Msln], metallothionein 1 [Mt1]).
Genes with consistently reduced expression included those
related to receptor and signal transduction (hyaluronan re-
ceptor [Xlkd1], FGFR3 [Fgfr3], IGF binding protein 2 [Igfbp2],
integrin-a6 [Itga6]) and transcriptional regulation (SRY-box
containing gene 11 [SOX11]). Some significantly dysregulated
genes (Aspn, Mfap5, Ntrk2, Amd1, and Xlkd1) were repre-
sented by more than one probe set.

Coordinated Elastic Fiber Gene Dysregulation in Compound

Mutant Mice

Among the genes identified as dysregulated in compound
mutant mice were two elastic fiber proteins, Eln and MFAP5/
microfibril-associated glycoprotein 2. We sought to test for
a broad induction of genes essential for elastic fiber formation
including fibrillin 1, fibulin 1, fibulin 5, lysyl oxidase (LOX),
LOX-like 1 (LOXL1) using qPCR. We confirmed a significant
(P , 0.05) induction of Eln (11-fold) and MFAP5 (twofold) in
compound mutant mice as compared with control animals, and

identified coordinated significant increases in the expression of
fibrillin 1 (threefold), fibulin 1 (threefold), fibulin 5 (fivefold),
lysyl oxidase (fourfold), and lysyl oxidase-like (fivefold) at P28
(Figure 5). It is important to note that the absolute expression
levels of elastic fiber proteins decreases between P8 and P28 in
wild-type mice.

To confirm that changes in mRNA levels coincided with
elastic fiber deposition, we biochemically measured lung elastin
content by desmosine radioimmunoassay (Figure 6A and Figure
E3). Lung elastin content, as a ratio of total protein (desmosi-
ne:total protein), was increased in compound mutant mice
versus age-matched control animals (both wild type and com-
pound heterozygote) as early as P8, and persisted through P28.
Total protein content in compound mutant lungs was not
significantly affected at P8, but was significantly decreased at
P28 compared with the controls. Total elastin content was not
found to be different among genotypes within each age group
(Figure 6A). The small but significant difference in elastin
content noted at P8 (at the onset of elastic fiber gene expres-
sion) precedes significant changes in elastic fiber gene expres-
sion in compound mutant lungs, and likely reflects changes in
lung structure (changes in ratio of vascular/airway versus
airspace elastin). However, a modest increase in a number of
elastic fiber genes was noted as early as P8, which may have led
to cumulative increases in elastic fiber content.

In the maturing alveolus, elastic fibers are primarily de-
posited at the tips of elongating secondary crests, which will
form alveolar entrance rings. We used a modified Hart’s stain to
examine the spatial distribution of elastic fibers in the lung
(Figures 6B26E). Histochemical staining demonstrated that
newborns of all genotypes had elastic fibers of normal appear-
ance in large muscularized vessels, in the media of conducting
airway walls, and, to a lesser extent, within the airspaces (data
not shown). Comparable elastic fiber deposition was observed
in the conducting airways and vasculature of mutant and control
mice at all time points studied. In control mice, between P8 and
P28, airspace elastic fibers became prominent and were spatially
restricted, with accumulation at the tips of elongating secondary
crests (Figures 6B and 6C). Compound mutant mice failed to
form/elongate secondary crests, but exhibited a marked increase
in elastic fiber staining (Figures 6D and 6E) throughout the
airspace wall. No spatial restriction in elastic fiber accumula-
tion, as observed in normal control lungs, was apparent.

Absence of Lung Fibroblast Elastogenesis Defects

in Compound Mutant Mice

Exogenous FGFs can suppress mesenchymal cell elastin gene
expression (41, 42). Therefore, excessive elastogenesis in the
lungs of FGFR3/4-deficient mice could be due to the loss of
FGF-mediated repression of lung fibroblast elastic fiber gene
expression. To determine the mechanisms mediating aberrant
elastic fiber production, we evaluated gene expression in lung
fibroblasts from wild-type and compound mutant mice in vitro.
Primary lung fibroblasts were isolated from 3- to 4-week-old
lungs and grown to confluence and assayed at low passage. We
examined expression of fibroblast FGFR3 and FGFR4 by qPCR
in wild-type cells, and found low to moderate levels of
expression (data not shown). The baseline expression levels of
most elastic fiber genes in these cells were not significantly
different between compound mutant and wild-type fibroblasts
(Figure 7). We did note a modest but significant decrease in the
baseline expression of fibrilin 1 in the compound mutant
fibroblasts. A number of additional genes identified as dysregu-
lated in the microarray data were assayed in fibroblast cultures
and found to be similar between compound mutant and controls
(data not shown). These data indicate that, although there are

Figure 4. Gene discovery in compound mutant lungs. Global gene

expression profiles were generated from pooled whole-lung RNA

samples derived from wild-type (WT), compound or double heterozy-

gous (dHET) and compound or double mutant (dKO) mice. Differential

expression for individual genes was defined separately, at P8 (left) or

P28 (right), using a combination of statistical criteria, as described in

METHODS. Normalized signal intensity measurements are shown for each

of the genes identified as significantly differentially expressed (rows)

among individual samples (columns), with red indicating a relatively

high level of expression, and green representing a relatively low level of

expression. Due to space constraints, a limited subset of genes with the

greatest evidence for differential expression at P28 is presented; the

complete list of genes is provided in Table E1.
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effects resulting from deficiency in FGFR3 and FGFR4, they do
not account for increased elastic fiber gene expression and
deposition in vivo. To further explore the phenotype of com-
pound mutant fibroblasts, we investigated the repressive effects
of FGF ligands on elastin gene expression. Fibroblasts were
treated with FGF1 or FGF2, ligands for FGFR1–4, in the absence
or presence of exogenous heparin, a cofactor for FGFR activa-
tion. We confirmed that FGF1 and FGF2 broadly suppress
expression of elastic fiber protein genes in primary lung fibroblast
cultures derived from control mice (Figure 7). Similar repressive
effects of FGF ligands, or heparin alone, were observed in
fibroblast cultures derived from compound mutant mice. These
data indicate that the repressive effects of FGF upon elastic fiber
gene expression are mediated by FGFR1 and/or FGFR2, and are
consistent with the conclusion that the elastogenesis defects in
compound mutant mice are not fibroblast cell autonomous.

Alterations in Alveolar Epithelial Cell Phenotype in

Compound Mutant Mice

It is known that the lung epithelium can influence adjacent
mesenchymal cell phenotype (43, 44). Therefore, we considered
type II epithelial cells as a source for primary defects leading to
aberrant mesenchymal cell elastogenesis in compound mutant
mice. Microarray analysis of the molecular phenotype in
compound mutant mice suggested dysregulation of a number
of potential paracrine factors, including Igf1, Igfbp2, Wnt5a,
and Sdf1a/Cxcl12. qPCR of whole-lung RNA confirmed signif-
icant increases in the expression of Igf1 and Wnt5a in com-
pound mutant lungs—specifically at P8, the time of onset for
pathogenesis (Figure 8A). We also confirmed a coordinated
decrease in expression of the Igf1 binding protein, Igfbp2, an
additional mechanism that could contribute to excessive bio-
availability of this pro-elastogenic factor.

We isolated AT2 from 3- to 4-week-old compound mutant
and wild-type mice using standard methods, and tested freshly
isolated cells as the source for abnormal expression of the
paracrine factors. Purity of the AT2 cell preparations was
comparable between genotypes, as defined by SP-C immuno-
cytochemistry (ranged from 85 to 95% positive cells) and by the
expression level of SP-C mRNA, which was not different
between groups, as defined by qPCR (data not shown). We
confirmed expression of FGFR3 and FGFR4 in control AT2 by
qPCR, indicating that they are candidates for primary defects in
compound mutant mice (data not shown). We identified signif-
icant increases for Igf1 and Sdf1a expression in AT2 from
compound mutant mice as compared with control animals

(Figure 8B). Significant differences were evident when expres-
sion was normalized to the housekeeping gene, cyclophillin A,
or the marker of AT2 cells (purity), Sftpc. Modest but non-
significant changes were observed in the expression of Igfbp2
and Wnt5a (data not shown). Finally, we tested whether
increased expression at the mRNA level was associated with
increases in the bioavailability of these molecules. We found
a significant increase in SDF1a protein levels in whole-lung
homogenates derived from compound FGFR3/4 mutant mice
(Figure 8C). Together, these data identify primary defects in
compound mutant AT2 cells, and show that they express
abnormal levels of paracrine factors, including increases in the
proelastogenic cytokine, Igf1.

Increased Number of Elastogenic Cells in Compound

Mutant Mice

Distal lung fibroblast heterogeneity during development has
been appreciated, with airspace elastic fibers produced during
alveogenesis by a subpopulation of aSMA-expressing mesen-
chymal cells. Excessive and disorganized elastic fiber deposition
in compound mutant mice could be due to either an increase in
production of elastic fiber proteins from a normal number of
elastogenic fibroblasts or the presence/recruitment of an in-
creased number of elastogenic cells. As indicated previously
here, there was no induction in baseline elastic fiber gene
expression observed in isolated lung fibroblasts from compound
mutant lungs. Conversely, immunohistochemistry revealed in-
creased aSMA expression in the distal lungs of compound
mutant mice at P8 (Figure 9), coincident with the initiation of
excessive elastogenesis.

To determine whether cell proliferation contributes to
excessive elastogenesis and enhanced aSMA expression in
compound mutant mice, we examined airspace cell proliferation
(Figures 10A210B). Similar to other molecular and histological
features, we observed no changes in the proliferative index
(defined as the percentage of Ki67 positive–staining cells)
between genotypes at P1 (Figure 10C). However, the pro-
liferative index was significantly reduced in compound mutant
mice throughout alveogenesis (between P8 and P28). Interest-
ingly, the total number of cells (defined as the total number of
nuclei per field) in the alveolar wall during this period was not
significantly different among genotypes, suggestive of a higher
cell density in compound mutant airspace walls. These data
suggest an increase in the proportion of elastogenic cells in
compound mutant lungs that is not due to increased prolifera-
tion of these cells in situ.

Figure 5. Coordinated induction of elas-

tic fiber genes in compound mutant

lungs. Expression of genes related to

elastic fiber formation, assembly, and

cross-linking were assessed by quantita-

tive real-time PCR in whole-lung RNA

from wild-type, compound heterozy-

gous, and compound mutant mice. The

numbers at each bar indicate the mag-

nitude of fold change in compound

mutant lungs relative to that in age-

matched compound heterozygote lungs.

Significant increases in expression for all

genes were noted at Postnatal Day (P)

28, coincident with airspace enlarge-

ment. Data are presented as means (6SEM) (n 5 7–12 mice in each group). *P , 0.05 with age-matched control animals. LOX 5 lysyl oxidase;

LOXL 5 LOX-like; MFAP 5 microfibrillar-associated protein. Open columns 5 P1; gray columns 5 P8; solid columns 5 P28.

844 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 181 2010



IGF1 Stimulates Lung Fibroblast Elastin Expression

IGF1 has been appreciated as a stimulator of elastin expression
in nonpulmonary elastic cells/tissues (45–48). Interestingly, lung
expression of IGF1 and IGF1 receptor (IGF1R) has been
demonstrated (49), and deficiency in either IGF1, or its cognate
receptor, IGF1R, results in neonatal lethality and lung de-
velopment abnormalities (50, 51). However, details regarding
the histopathology of these mice are lacking. Conflicting data
exist regarding the ability of IGF1 to promote lung fibroblast
elastin expression (52, 53). We attempted to reassess the
regulatory effects of IGF1 on lung fibroblast elastin expression.

We found that short-term (24–48 h) treatment of primary
confluent cultures of mid-passage (p2–4) mouse lung fibroblasts
with IGF1 (10–50 ng/ml) resulted in no changes in elastin gene
expression (data not shown). Conversely, as shown in Figure 11,
when subconfluent cultures of newly explanted lung fibroblasts
were exposed to long-term treated with IGF1 (50 ng/ml for

Figure 6. Excessive and disorganized elastic fiber accumulation in

compound mutant mice. (A) Elastin content, defined as the ratio of

desmosine/isodesmosine to total protein, was determined in whole

lung tissue derived from wild-type, compound heterozygous, and

compound mutant mice. A significant increase in elastin content was

observed in compound mutant lungs at all time points studied, as early

as Postnatal Day (P) 8. Data are presented as means (1SEM) (n 5 7–12

mice in each group). *P , 0.05 with age-matched wild types; #P ,

0.05 with age-matched compound heterozygotes. Open columns 5

wild type; gray columns 5 compound heterozygote; solid columns 5

compound mutant. (B–E) Shown are representative images of control

(B and C) and compound mutant (D and E) lungs stained for elastic

fibers using a modified Hart’s procedure. Elastic fibers are stained black

with yellow counterstain. Elastic fibers are rich in vascular and airway

structures prior to birth. In control mice, airspace elastic fibers

accumulate at the tips of elongating secondary crests beginning before

1 week of age, and are restricted to this location in mature alveoli (red

arrows in B and C). Excessive elastic fiber accumulation is apparent by

P8 in compound mutant lungs, and appears throughout the wall of

enlarged airspaces in the absence of secondary crests at P28 (red arrows

in D and E). Relative magnification 5 1003 (B and D); 4003 (C and E ).

Figure 7. Normal elastic fiber gene expression in isolated mouse lung

fibroblasts. Elastic fiber gene expression was assessed in primary

cultures of mouse lung fibroblasts isolated from wild-type and com-

pound mutant mice. Steady-state gene expression was determined for

confluent cultures grown under standard conditions (untreated) or

after stimulation with the nonspecific fibroblast growth factor (FGF)

receptor ligands, FGF1 and FGF2, in the presence of heparin, or with

heparin alone as a control. No increases in the expression of Eln, fibrillin

1 or lysyl oxidase-like 1 were observed in untreated compound mutant

cells. Furthermore, compound mutant fibroblasts demonstrated nor-

mal repression of elastic fiber gene expression upon treatment with

exogenous FGFs, or activation of endogenous FGFs with heparin. Data

represent the fold change in treated fibroblast relative to wild-type

nontreated fibroblast controls. Data are means (1SEM) (n 5 3 ex-

periments in each group). *P , 0.05 with treatment-matched wild-type

cells. Open columns 5 control; solid columns 5 compound mutant.
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14 d), we observed a consistent and robust induction of elastin
gene expression (7.5-fold; n 5 3; P , 0.05). The magnitude of
this response was greater than that observed for other physio-

logical inducers of elastin gene expression, such as TGFb or
retinoic acid (54, 55).

DISCUSSION

FGF signaling is critical throughout all stages of lung develop-
ment (56, 57). FGFR3 and FGFR4 signaling, in particular,
appears to be critical for alveogenesis. We have confirmed that
mice with combined deficiency of FGFR3 and FGFR4 develop
postnatal airspace enlargement, here in a pure C57BL/6 back-
ground. We show that histological, morphometrical, biochem-
ical, and molecular data are consistent with lung abnormalities
initiating after birth in these mice. This conclusion is supported
by quantitative assessment of lung structure and genome-wide
expression profiling. We have also confirmed abnormalities in
airspace elastic fiber production in compound mutant mice, and
demonstrated that this involves coordinated overproduction of
all elastic fiber components and accumulation of excessive
elastic fibers lacking typical spatial restriction at alveolar
entrance rings. We show that these abnormalities are not due
to fibroblast-autonomous defects, but are associated with ex-
cessive production of AT2 paracrine factors capable of in-
creasing alveolar fibroblast elastin expression. Finally, we
demonstrate that the excessive, misplaced elastic fiber accumu-
lation is associated with an apparent increase in the number of
elastogenic alveolar mesenchymal cells expressing aSMA. Our
data are consistent with the conclusion that defective AT2
paracrine signaling contributes to abnormal elastogenesis.

Compound FGFR3/4 mutant mice exhibit dwarfism and lung
hypoplasia. Whether the dwarfism phenotype can exclusively
account for the decrease in lung size is unknown. Interestingly,
Klotho mutant mice (58), Fgf23 mutant mice (59), and Hoxa5
mutant mice (60) were reported to exhibit growth retardation
associated with the decreased lung size and postnatal airspace
enlargement. However, FGFR3 mutant mice develop impaired
growth, but no failure of alveolar septation (e.g., airspace
enlargement) was reported (27) nor observed in our studies.

Figure 8. Abnormal alveolar epithelial cell growth factor expression in

compound mutant mice. (A) Expression of growth factors identified as

dysregulated in microarray data (insulin-like growth factor [IGF] 1, Igf

binding protein [IGFBP] 2, Wnt5a) were assessed by quantitative real-

time PCR (qPCR) in whole mouse lung RNA from wild-type and

compound mutant mice at Postnatal Day (P) 8. The numbers at each

bar indicated the magnitude of fold change in compound mutant

lungs relative to that in age-matched control lungs. Data are presented

as means (6SEM) (n 5 7–12 mice in each group). *P , 0.05 with age-

matched controls. (B) Expression of epithelial cell paracrine factors,

IGF1, and stromal cell–derived factor (SDF) 1a, was assessed by qPCR

in freshly isolated type II pneumocyte cell RNA from wild-type and

compound mutant mice. Data are presented as means (1SEM) (n 5 5–

7 cell isolates in each group). *P, 0.05 with age-matched controls. (C )

Expression of SDF1a was assessed by ELISA in whole-lung lysates from

wild-type and compound mutant mice at P8 and P28. Open columns 5

control; solid columns 5 compound mutant. Data are presented as

means (1SEM) (n 5 8–10 lungs in each group). *P , 0.05 with age-

matched wild type.

Figure 9. Increased airspace a-smooth muscle actin (aSMA) expres-

sion in compound mutant mice. The amount of elastogenic aSMA-

expressing cells in Postnatal Day (P) 8 airspaces of wild-type (A) and

compound mutant (C and D) lungs was assessed by immunohisto-

chemistry. Immunoreactivity is observed as red staining with a green

counterstain. Nonspecific IgG (B) was used as a staining control.

Although similar staining patterns are observed between genotypes

in vascular and airway structures, an increase in aSMA staining in the

alveolar walls of compound mutant mice is apparent.
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Therefore, we conclude that the dwarfism phenotype in com-
pound mutant mice is not sufficient to explain alveogenesis
defects. However, the data clearly suggest cooperative roles of
FGFR4 with FGFR3 in coordinating body growth and lung
development.

The role of FGFR signaling in airspace formation was also
studied using transgenic mice expressing a soluble dominant-
negative FGFR in the lung (61–62). Embryonic inhibition of
FGF resulted in abnormal airspace enlargement, whereas post-
natal inhibition had no effect on alveogenesis, suggesting that
FGFR function was critical during the prenatal period. These
data are inconsistent with our current studies, which failed to
identify any deficiencies at birth in compound mutant mice.
Potential technical differences, including receptor specificity
and expression patterns for the dominant-negative FGFR trans-
gene, could explain the differences in these models. It is
possible that the genomic, histological, biochemical, and mo-
lecular approaches that we used in the current study were not
sensitive enough to identify specific prenatal changes that may
exist in compound mutant mice. However, it is likely that failed
alveogenesis in compound mutant mice results predominantly
from postnatal effects.

Previous studies have described temporal and cell type–specific
expression of FGFR3 and FGFR4 during lung development (19–
21, 63). We sought to define the FGFR3/FGFR4–dependent
mechanisms of alveolar formation during postnatal lung de-
velopment in compound mutant mice using microarray analysis
coincident with the histopathological observations. The geno-
mic profiles revealed, among a small number of genes, the
induction of multiple genes related to elastic fiber assembly in

compound mutant mice. We validated these changes and
observed coordinated induction in additional genes related to
elastic fiber assembly, including tropoelastin, microfibril-related
proteins (fibrillin-1, Mfap5 or microfibril-associated glycopro-
tein 2, fibulin 1, fibulin 5), and lysyl oxidases, Lox and Loxl1, all
of which are essential for elastogenesis. Histochemical and
biochemical analyses corroborated the findings at the mRNA
level, confirming increased elastic fiber deposition in compound
mutant lungs.

Decreased elastic fiber formation has been associated with
airspace abnormalities in numerous gene-targeted animal
models: elastin (12); RAR/RXR (15); fibrillin-1 (13); loxl1
(64); fibulin (65). Excessive, disorganized elastic fiber accumu-
lation can be a histopathological feature of impaired airspace
formation in human bronchopulmonary dysplasia (66) and in
several animal models of this disease (17, 67–70). Reduced
expression of FGFR3 and FGFR4 was observed in rodent
models of BPD induced by neonatal hyperoxic exposure (17,
18, 71), suggesting that impaired alveogenesis and excessive
elastic fiber accumulation observed in these models may partly
result from alterations in FGFR signaling. In total, these data
indicate that appropriate quantitative and spatial deposition of
elastic fibers is critical for normal airspace formation and lung
function. We have not defined whether excessive elastogenesis
observed in this model is causative for the failure of secondary
crest elongation. Deficiencies in septation likely affect lung
mechanics. Therefore, the overproduction of elastic fibers could
be a compensatory response. Interestingly, our data are consis-
tent with the conclusion that increased elastin accumulation in
this model is a result of persistence of elastin gene expression in
the compound mutant mouse at P28 when expression is re-
pressed in the wild-type lung.

It is important to note that elastogenesis in the lung vascula-
ture and airways, and in other tissues, was normal in compound
mutant mice. This reinforces the specificity of the defect, and
indicates that distinct regulatory mechanisms contribute to
airspace elastic fiber production.We investigated lung fibroblasts
to determine the mechanism for aberrant airspace elastogenesis
in compound mutant mice. No induction in baseline or regulated

Figure 10. Decreased airspace cell proliferation in compound mutant

mice. Immunohistochemistry for Ki67 was used to assess cell pro-

liferation in airspaces of wild-type (A) and compound mutant (B) lungs

at Postnatal Day (P) 8. Immunoreactivity is observed as brown staining

for Ki67 with blue counterstained nuclei. Nonspecific IgG was used as

a staining control (data not shown). A proliferative index (C) was

determined by counting the percentage of Ki67-positive cells (number

of Ki67-positive–staining cells relative to the total nuclei per high-

power field) in the airspace walls of wild-type(top line) and compound

mutant (bottom line) lungs. Although similar proliferation rates are

noted between genotypes at birth, a significant reduction in pro-

liferation is noted in P8, P14, and P21 in compound mutant mice. Data

are presented as means (6SEM) (n 5 7–12 mice in each group). *P ,

0.05 with age-matched controls.

Figure 11. Increased elastin expression in insulin-like growth factor

(IGF) 1–treated lung fibroblasts. Elastic fiber gene expression was

assessed in primary cultures of mouse lung fibroblasts isolated from

wild-type mice. Steady-state gene expression was determined for

subconfluent explant cultures grown under standard conditions (Con-

trol) or after stimulation with IGF1 (50 ng/ml) for 14 days. Data

represent the expression level in IGF1-treated relative to nontreated

control animals. Data are means (1SEM) (n 5 3 experiments). *P ,

0.05.
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elastic fiber gene expression, or any other abnormalities, were
observed in mutant fibroblasts. No change in the expression of
TGF-b1, which is thought to function as an autocrine inducer of
lung fibroblast elastin production (72), was found in the micro-
array data or by qPCR. Additional experiments were performed
to identify differences in isolated fibroblasts derived from both
wild-type and mutant mice. Heparin treatment, likely through
activation of endogenous FGF activity, or exogenous FGF
treatment resulted in similar inhibitory responses in both wild-
type and mutant fibroblasts. Our data suggest that dysregulation
of elastic fiber genes in vivo is not a primary defect in lung
fibroblasts, and that another cell type provided paracrine signals
involved in the regulation of elastogenesis.

Conversely, we found changes in the expression of multiple
paracrine factors from AT2 cells, including the elastogenic
molecule, Igf1 (53, 73, 74), and its binding protein, Igfbp2.
Interestingly, lung expression of IGF1/IGF1R has been demon-
strated (49), and deficiency in either IGF1 or IGF1R leads to
abnormal lung development (50, 64). The cellular and molecular
mechanisms contributing to this phenotype have not been de-
fined. Conflicting data exist regarding the ability of IGF1 to
promote lung fibroblast elastin expression. One prominent study
reported tissue specificity for the inductive effects of IGF1 on
elastin expression, with a lack of response in lung fibroblasts (52).
However, an earlier study suggested some potential elastogenic
effects of IGF1 in lung fibroblasts (53). We observed an inductive
response that was greater than that observed for other physio-
logical inducers of lung fibroblast elastin gene expression, such as
TGFb or retinoic acid (54, 64). These data implicate epithelial–
mesenchymal interactions in the regulation of airspace elasto-
genesis and its dysregulaiton in compound mutant mice. Additional
factors, including peptides (e.g., TGFb), hormones (retinoic acid),
and physical forces are also likely to contribute to the regulation
of airspace elastin gene expression during development.

Airspace mesenchymal cell heterogeneity, including, but not
limited to, myofibroblasts, lipid-laden fibroblasts, and pericytes,
has been well documented. Physiologically, airspace elastin is
primarily produced by aSMA-expressing fibroblasts located at
alveolar septal tips (75), resulting in elastic fiber enrichment at
alveolar entrance rings. Recent reports have demonstrated that
appropriate FGF signaling is essential for myofibroblast differ-
entiation and induction of aSMA expression during alveo-
genesis (62). In compound FGFR3/FGFR4 mutant mice, we
demonstrate a spatially unrestricted deposition of elastic fibers
throughout the primary saccular wall. This was accompanied by
an increase in aSMA immunostaining. The increase in elasto-
genesis and aSMA expression was coincident with a significant
reduction in airspace cell proliferation, suggesting either exces-
sive recruitment of elastogenic cells or a failure of differentia-
tion and/or proliferation of nonelastogenic fibroblasts, normally
found at the base of secondary crests. Interestingly, compound
mutant AT2 cells showed increased expression of SDF1a. This
molecule is a regulator of progenitor cell recruitment, vascular
cell differentiation, and angiogenesis (76–78), and has pre-
viously been shown to be suppressed by FGF signaling (79, 80).

Our current studies have a number of limitations. We used
standardmorphometry of liquid-inflated, constant pressure–fixed
lungs. The objectives of this analysis were to quantify the
magnitude of changes in airspace size, and to track the relative
sizes of the airspaces of compound mutant mice during matura-
tion. We acknowledge that the structural and biochemical
changes may have significant effects upon pressure-normalized
inflation, and that alternate methods of morphometric analysis
would likely result in quantitative differences. However, given
themagnitudeof the abnormal pathology, the relative differences
and our conclusions are unlikely to be changed. Another limita-

tion concerns our studies of isolated fibroblasts. How the pheno-
type of these cultured cells resembles the population responsible
for elastin expression in vivo is not clear. For instance, it
unavoidably removes factors such as mechanical loading. Al-
though our data indicate that excessive elastic fiber production
from these cells reflects a response to paracrine factors, it would
be premature to conclude that compound mutant fibroblasts are
not actively involved in the lung pathology observed in these
mice.

In conclusion, we have demonstrated that FGFR3/FGFR4
signaling contributes to the spatiotemporal specification of lung
elastic fiber production. Mice with compound mutation of
FGFR3/FGFR4 display disrupted postnatal lung growth, with
airspace enlargement and excessive elastic fiber deposition. In
vitro studies demonstrate that induction of elastin expression is
not a primary defect in fibroblast cells per se, but result from
paracrine signaling from airspace epithelial cells. Current studies
focus on defining the mechanisms of Igf1 and Sdf1a upon lung
mesenchymal cell differentiation and specification, which may
represent a novel, airspace-specific mechanism regulating elasto-
genesis.
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