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Abstract

Lysophosphatidic acid (LPA) signaling through one of its receptors,
LPA1, contributes to both the development and the pathological
remodeling after injury of many organs. Because we found previously
that LPA–LPA1 signaling contributes to pulmonary fibrosis, here we
investigatedwhether this pathway is also involved in lungdevelopment.
Quantitative assessment of lung architecture of LPA1-deficient knock-
out (KO) and wild-type (WT) mice at 3, 12, and 24 weeks of age using
design-based stereology suggested the presence of an alveolarization
defect inLPA1KOmice at 3weeks,whichpersisted as alveolarnumbers
increased in WT mice into adulthood. Across the ages examined, the
lungs of LPA1 KOmice exhibited decreased alveolar numbers, septal
tissue volumes, and surface areas, and increased volumes of the distal
airspaces. Elastic fibers, critical to the development of alveolar septa,
appeared less organized and condensed and more discontinuous in
KO alveoli starting at P4. Tropoelastin messenger RNA expression
was decreased in KO lungs, whereas expression of matrix
metalloproteinases degrading elastic fibers was either decreased or
unchanged. These results are consistent with the abnormal lung
phenotype of LPA1 KO mice, being attributable to reduced alveolar
septal formation during development, rather than to increased septal
destruction as occurs in the emphysema of chronic obstructive

pulmonary disease. Peripheral septal fibroblasts and myofibroblasts,
which direct septation in late alveolarization, demonstrated reduced
production of tropoelastin and matrix metalloproteinases, and
diminished LPA-induced migration, when isolated from LPA1 KO
mice. Taken together, our data suggest that LPA–LPA1 signaling is
critically required for septation during alveolarization.

Keywords: alveolarization; lung development; LPA1; elastin;
matrix metalloproteinase

Clinical Relevance

The molecular pathways driving the developmental processes
involved in alveolarization remain to be fully elucidated. Here
we describe a critical role for lysophosphatidic acid (LPA)
signaling through the LPA1 receptor in alveolar septation. In
contrast to previous studies in pulmonary fibrosis, which have
indicated that antagonizing LPA–LPA1 signaling may be able
to mitigate that pathology, the current study suggests that
augmenting LPA–LPA1 signaling may have the potential to
contribute to future strategies to stimulate alveolar septation
when that may be beneficial.
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Lysophosphatidic acid (LPA) is a bioactive
lipid mediator that directs multiple
fundamental biological processes, including
those that regulate cell fate, such as survival,
proliferation and apoptosis, and those that
regulate cell motility, such as extension and
contraction of the actin cytoskeleton (1–3).
The effects of LPA on cells depend on their
expression of LPA-specific G-protein
coupled receptors (e.g., LPA1–6 [1, 4]).
Moreover, different downstream signaling
pathways couple to each LPA receptor,
enabling the same LPA receptor to mediate
opposing effects in different cells types (5).
Dysregulation of LPA signaling specifically
through LPA1 has been found to produce
anatomic and functional defects in
developing animals and to contribute to
disease pathology in adult animals in
multiple different organ systems (1).
Previously, we linked the LPA–LPA1

pathway to the development of pulmonary
fibrosis, through its ability to promote
epithelial cell apoptosis, vascular leak, and
fibroblast migration and resistance to
apoptosis (5, 6). Aberrant reactivation of
developmental pathways is characteristic
of malignant diseases and may also be
characteristic of diseases of pathological
tissue remodeling, such as pulmonary
fibrosis (7). Given the important roles that
we have identified for LPA–LPA1 signaling
in pulmonary fibrosis, here we investigated
whether this pathway is also important in
lung development.

From a structural standpoint, lung
development is classified into five
progressive periods designated the
embryonic, pseudoglandular, canalicular,
saccular, and alveolar stages (8). Lung
organogenesis begins during the embryonic
stage, when right and left buds form as an
outpouching of the foregut (9). Conducting
airway development occurs through
continuous branching and growth of these
buds during the following pseudoglandular
stage. Subsequently, during the canalicular
and saccular stages, mesenchymal and
epithelial cells begin to differentiate, and
alveolar sac septation commences (8).
During the final stage of alveolarization, the
acinar surface increases, and true alveoli are
formed and are stabilized by epithelial
cell–produced surfactant (8). An early
and late phase of alveolarization can be
differentiated spatially and morphologically
in rodents (10). In the early phase, primary
alveolar septa form in the central regions of
the lung and are characterized initially by a

double capillary network. This network
subsequently matures into a single capillary
bed (11), which occurs by 3 weeks after
birth in rats (10). In contrast, primary septa
in the late phase of alveolarization form in
the peripheral subpleural regions of the
lung without an initial double capillary
network (12). The timing of completion of
the late phase of alveolarization is less
well established. Septation in the late
phase is driven by a-smooth muscle
actin–expressing fibroblasts, which
proliferate and migrate in the peripheral
lung and deposit key extracellular matrix

proteins (9). These cells appear transiently
in the developing peripheral lung alveolar
septa during development (13) and can be
referred to as peripheral septal fibroblasts
(PSFBs) or alveolar myofibroblasts (14); we
will refer to them as PSFBs. Impairments
of the proliferation, migration, and/or
matrix deposition of these cells have been
implicated in the defective alveolarization
that characterizes neonatal chronic lung
disease, or bronchopulmonary dysplasia
(BPD) (14, 15).

Here we report evidence that a loss of
LPA–LPA1 signaling impairs alveolar
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Figure 1. Airspace enlargement in lysophosphatidic acid receptor 1 (LPA1) knock-out (KO) mice.
LPA1 KO mice exhibit enlarged and simplified distal airspaces throughout the alveolar stage of
lung development. Representative toluidine blue–stained sections of fixed wild type (WT) and
LPA1 KO mouse lungs (A and B) at 4 days and (C and D) at 3 weeks, (E and F) 12 weeks, and (G
and H) 24 weeks of age. Original magnification 3 20. Scale bars represent 50 mm (A and B) or
100 mm (C–H).
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Figure 2. Quantitative assessment of airspace enlargement in LPA1 KO mice by design-based stereology. (A) Total V(sep,lung) (cm3) was significantly
reduced in LPA1 KO compared with WT mice at 12 weeks (*P = 0.02) and 24 weeks of age (†P = 0.009). (B) Vn (alv) (mm3) was significantly increased in LPA1

KO compared with WT mice at 3 weeks (*P = 0.02), 12 weeks (*P = 0.02), and 24 weeks of age (†P = 0.03). (C) Total N(alv,lung) were significantly decreased
in LPA1 KO compared with WT mice at 3, 12, and 24 weeks of age (*P, 0.001). Total numbers of alveoli in WT mice at 12 and 24 weeks were
greater than in WT mice at 3 weeks of age by 38% and 44%, respectively (†P = 0.00017 and ‡P = 0.00044). (D) Total S(alvepi,lung) (cm2) was significantly
decreased in LPA1 KO compared with WT mice at 3 (*P = 0.01), 12 (†P, 0.001) and 24 (†P, 0.001) weeks of age. (E) Correlation between NV(alv,par)
(1/cm3) and total Sv(alvepi/par) in WT mice, considering mice assessed at 3, 12, and 24 weeks together. (F) Total V(lung) (cm3) were significantly different
between LPA1 KO and WT mice only at 12 weeks of age, when they were lower in LPA1 KO mice. *P, 0.001. For all comparisons, the following numbers
of mice were examined: for mice at 3 weeks of age, seven WT and seven LPA1 KO mice were examined; for mice at 12 weeks of age, five WT and
five LPA1 KO mice were examined; and for mice at 24 weeks of age, eight WT and seven LPA1 KO mice were examined. In A, B, D, and F, data are
presented as mean values6 standard deviation. In C, data are presented as individual animal values with means indicated by horizontal lines. N(alv,lung),
numbers of alveoli per lung; NV(alv,par), density of alveolar number within lung parenchyma; S(alvepi,lung), alveolar surface per lung; Sv(alvepi/par), density
of alveolar surface area within lung parenchyma; V(sep,lung), septal tissue volume per lung; Vn(alv), volume-weighted mean volume of alveoli.
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septation. Quantitative assessment of lung
architecture using design-based stereology
demonstrated decreased numbers and total
surface area of alveoli in LPA1 knock-out
(KO) mice, with increases in alveolar
volumes, reminiscent of the alveolar
dysplasia occurring in BPD (16). We found
evidence that decreased elastin production
and/or migration of LPA1-deficient PSFBs
may contribute to the observed impairment
of alveolarization. The ability of LPA–LPA1

signaling to direct fibroblast effector
functions, which makes this pathway an
attractive therapeutic target in the fibrotic
pulmonary diseases that occur later in life,
consequently may also be required for the
normal lung development that occurs early
in life. Some of the results of these studies
have been reported previously in the form
of an abstract (17).

Materials and Methods

Animals
LPA1 KO and wild-type (WT) mice were
bred from mice heterozygous for the LPA1

mutant allele, as described previously (6),
and the genotype of each mouse was
determined before use in experiments by
polymerase chain reaction (PCR) analysis
of tail snip DNA. All mice were hybrids
of the C57Bl/6 and 129Sv/J genetic
backgrounds (kindly provided by Dr. Jerold
Chun, Scripps Research Institute) (18).
Experiments used sex-matched mice at age
4 days or 3, 12, or 24 weeks, maintained in
specific pathogen-free environments, and
were performed in accordance with U.S.
National Institute of Health guidelines and
protocols approved by the Massachusetts
General Hospital Institutional Animal Care
and Use Committee.

Lung Histological Staining
After the mice were killed, the lungs were
fixed in a distended state. The P4 mouse pup
lungs were fixed in situ as described
previously (19). The older mouse lungs
were fixed in situ after the vasculature was
flushed via the right ventricle with ice-cold
phosphate-buffered saline to remove blood
cells. In both cases, a catheter was secured
in the trachea, and the lungs were inflated
to 20 cm H2O pressure with 1.5%
glutaraldehyde and 1.5% paraformaldehyde
in 0.15 M HEPES buffer. For the
quantitative morphometry, multiple
plastic-embedded 1-mm sections of the

entire mouse lung were stained with
toluidine blue according to established
protocols (20). For assessment of elastin
morphology, 5-mm lung sections were
stained with Hart’s resorcin-fuchsin
solution, without and with prior oxidation
with potassium permanganate and clearing
with oxalic acid, and counterstained with
tartrazine as described previously (21).
Bright-field microscopy was used to
generate the lung images; the elastin images
were constructed from a z-stack of lung
images using extended depth-of-field
focusing (22).

Quantitative Morphology by
Design-Based Stereology
Stereological assessments were performed
using recently published standards on
quantitative morphology of the lung (23)
(see online supplement for details).

Isolation of PSFBs
Fibroblasts and myofibroblasts, which are
referred to together as PSFBs, were isolated
from peripheral slices of 3-week-old LPA1

KO and WT mouse lungs after enzymatic
dissociation, as described (19). Previous
work has characterized the identity of these
cells (see online supplement for details).

RNA Isolation and Expression
Analyses
Total RNA was extracted from snap-frozen
lungs or primary PSFBs after each had been
homogenized in TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA) using
QIAGEN RNeasy kits (Quiagen, Hilden,

Germany) according to the manufacturer’s
instructions. Total RNA from total lung was
isolated after tissue homogenization and
then extraction of RNA according to the
manufacturer’s instructions. Quantitative
real-time PCR analysis was performed using
an Mx4000 Multiplex Quantitative PCR
System (Stratagene, La Jolla, CA) as described
previously (24). Quantitative real-time PCR
analysis primer sequences used are reported
in Table E1 in the online supplement.

Western Blot Analyses
See online supplement.

PSFB Migration Assays
See online supplement.

Statistical Analyses
Statistical analyses were performed using a
commercially available software package
(GraphPad Prism 5.02; Software MacKiev,
www.mackiev.com). Comparisons of
parameters were assessed for statistical
significance using a Student t test.
Correlations between select parameters
were assessed using a linear model of the
data. A P value of ,0.05 was considered
statistically significant for all comparisons.

Results

Alveoli in LPA1 KO Mice Are
Increased in Size and Reduced in
Number
Histological comparison of the lungs of
WT and LPA1 KO mice demonstrated

A B

AE2

AE2

Figure 3. Early-phase alveolarization is completed by 3 weeks of age in WT and LPA1 KO mice.
Representative electron microscopy images of (A) LPA1 KO and (B) WT mice indicate that mature single-
layer capillary networks (arrowheads) are present in both genotypes. Four lungs per group. Original
magnification3 2,200. Scale bar represents 10 mm. AE2, type 2 alveolar epithelial cells (arrows).
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enlargement of the acinar airways in LPA1

KO mice at all time points examined, from
4 days to 24 weeks of age (Figures 1A–1H).
In P4 mouse lungs, secondary septation was
already present, but these septa were fewer
in LPA1 KO lungs (Figures 1A and 1B);
in older mice, decreased alveolarization
seemed to be associated with enlargement
of the distal airways in the KOs (Figures
1C–1H). We therefore performed design-
based stereology to quantitatively compare

lung tissues and alveolar volumes in WT
and LPA1 KO mice at 3, 12, and 24 weeks
of age (23). Septal tissue volumes were
reduced significantly in LPA1 KO
compared with WT mice at 12 and
24 weeks of age, by 30% and 26%,
respectively (Figure 2A). Quantitation of
alveolar volumes confirmed that they were
increased in LPA1 KO mice. Volume-
weighted mean alveolar volumes were
increased in LPA1 KO compared with WT

mice at 3, 12, and 24 weeks of age, by 3.5-,
3.5-, and 5.7-fold, respectively (Figure 2B).
Moreover, the LPA1 KO mice exhibited
decreased alveolar numbers per lung at all
time points examined, with reductions of
34%, 50%, and 46% at 3, 12, and 24 weeks,
respectively (Figure 2C). Of note, our
analyses of WT mice indicate that late
alveolarization continues in mice during
the period between 3 and 12 weeks of age
(i.e., possibly well into adulthood). In WT

Figure 4. Branching morphogenesis is similar in WT and LPA1 KO mice. Three-dimensional reconstructions of airways from scanning laser optical
tomography of (A) WT and (B) LPA1 KO mice at 3 weeks of age show similar branching morphology. Four lungs per group.
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mice, the total number of alveoli per lung
increased significantly by 38% between 3
and 12 weeks. Consistent with the reduced
number and increased size of alveoli in
LPA1 KO mice, the total alveolar surface
was significantly reduced in LPA1-deficient
lungs compared with WT mice at all time
points investigated, by 33%, 48%, and
35% at 3, 12, and 24 weeks, respectively
(Figure 2D). As an internal control for
the consistency of our stereological
assessments, the numbers of alveoli and
the alveolar surface per lung were well
correlated across mouse genotypes and
time points examined (Figure 2E). To
investigate the possibility that artifact-
inducing overinflation of KO lungs during
processing contributed to the increases in
alveolar volumes determined to be present
by designed-based stereology, we also
determined total lung volumes in the two
genotypes examined. At no time point
examined did LPA1 KO mice exhibit
increased lung volumes compared with WT
mice; total lung volumes were actually
reduced by 29% in LPA1 KO at 12 weeks of
age (Figure 2F). These data suggest that the
increases in alveolar volumes measured in
the KO mice were not attributable to
overinflation during processing. Our
qualitative observation that secondary
septation is decreased in P4 LPA1 KO pups,
coupled with our quantitative analyses
indicating that distal airspace enlargement
is already present in 3-week-old LPA1 KO
mice and that substantial alveolarization
continues in the WT lung between 3 and
12 weeks of age, led us to hypothesize
that the airspace enlargement that occurs in
the LPA1 KO animals is more likely a result
of impaired formation of alveolar septa,
rather than normal formation and
subsequent increased loss.

Early and Late Alveolarization Are
Impaired in LPA1 KO Mice
As noted, the formation of alveolar septa in
the early versus the late phases of the
alveolarization stage of lung development
can be distinguished by the nature of their
capillary networks. Septal capillaries form
initially as double-layered networks in the
early phase of alveolarization, but resolve
into single-layered networks in the late
phase. Electron microscopy performed on
the lungs of LPA1 KO and WT mice at
3 weeks of age demonstrates the presence of
single-layered capillary networks (Figure 3),
suggesting that the early phase of

WT LPA1 KO
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Figure 5. Disorganized and reduced septal elastic fibers in the lungs of LPA1 KO mice. Hart’s
resorcin-fuchsin staining of lung sections without (A–H) and with (I–L) prior tissue oxidation, and
tartrazine counterstaining. Original magnification3 20; scale bars are 100 mm. Comparison of stained
nonoxidized sections of WT (A, inset C) and LPA1 KO (B, inset D) mouse pup lungs at P4
demonstrates less organized, less condensed elastic fibers in the alveolar septa of the KO animals.
Nonoxidized lung sections from 3-week-old WT (E, inset G) and LPA1 KO (F, inset H) mice also
demonstrate less organized, less condensed elastic fibers in the KOs, with areas in KO lungs in which
the elastic fibers appear not to extend from the alveolar walls into the tips of the septa. Comparison of
stained sections from 3-week-old WT (I, inset K) and LPA1 KO (J, inset L) mice that were oxidized
before staining to visualize all components of the elastic fiber system demonstrate overall decreased
elastic fibers in the KO animals.
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alveolarization has been completed by this
time, as observed previously in other
rodents (10). Our finding of decreased
numbers of alveoli in LPA1 KO mice at
3 weeks of age, coupled with our observation
of decreased secondary septation in these
mice at 4 days of age, suggests that early
alveolarization is impaired in the absence of
LPA1 expression. The progressive reduction
we observed in alveolar numbers in LPA1

KO compared with WT mice from
3 to 12 weeks of age suggests that late
alveolarization is impaired in the absence of
LPA1 expression as well.

Branching Morphogenesis Is Not
Impaired in LPA1 KO Mice
An impairment of branching
morphogenesis could also decrease the
number of alveoli that are formed during
development, by decreasing the number
of lung segments that are produced. To
assess whether decreased branching
morphogenesis contributes to the reduced
number of alveoli that we observed in the
LPA1 KO mice, we qualitatively compared
the branching pattern of the central
conducting airways of LPA1 KO mice with
that of WT mice. As demonstrated in
Figure 4, the branching patterns were
similar between the genotypes, indicating
that prenatal branching morphogenesis
does not require LPA–LPA1 signaling and
that the observed reductions in alveolar
numbers in LPA1 KO mice are not
attributable to defects in this process.

Alveolar Septal Elastogenesis Is
Impaired in LPA1 KO Mice
To further support our hypothesis that the
airspace enlargement that we observed in
LPA1 KO mice is more likely caused by
impaired formation of alveolar septa, rather
than by normal formation and subsequent
increased loss, we investigated whether
(1) elastogenesis, a process central to the
formation of alveolar septa, and/or (2)
expression of mediators of alveolar septal
loss, such as matrix metalloproteinases
(MMPs) that cleave elastic fibers, are
dysregulated in LPA1 KO mice.
Alveolarization requires tightly regulated
fibroblast production of proteins,
particularly of elastin, that become secreted
and integrated into the functional
extracellular matrix of developing septa
(25). This leads to formation of an axial
elastic fiber network, with preferential
localization of elastic fibers in alveolar

entrance rings, which contributes to
alveologenesis and consequently influences
alveolar number (26). Elastin cross-linking
also regulates alveolar size, because its
inhibition leads to the formation of
enlarged distal air spaces in rodents
(27, 28). We performed Hart’s staining for
elastic fibers in the lungs of LPA1 KO and
WT mice, which visualizes elaunin fibers
and fully developed elastic fibers (FDEFs)
when performed without prior oxidation of
tissues, and all three components of the
elastic fiber system, elaunin fibers, oxytalan
fibers, and FDEFs, when performed with
oxidation. Comparison of lung sections of
WT and LPA1 KO mice at P4 and 3 weeks
of age that were not oxidized before
staining demonstrated less organized, less
condensed elastic fibers in the alveolar septa
of the KO animals at both time points
(Figures 5A–5H). Elastic fibers appeared
not to extend from the alveolar walls into
the tips of the septa in some areas of
the lungs of 3-week-old LPA1 KO mice.
Comparison of lung sections of 3-week-old
WT and LPA1 KO mice that were oxidized
before staining to visualize all components
of the elastic fiber system demonstrated
overall decreases in the number of elastic
fibers present in the lungs of KO animals.

Reduced septal elastic fibers in LPA1

KO mice could result from their decreased
production, increased destruction, or both.
To assess elastic fiber production, we
measured tropoelastin mRNA expression in
total lung homogenates. Tropoelastin
mRNA was reduced significantly in LPA1

KO versus WT mice at 3 weeks of age
(Figure 6A), suggesting that decreased
elastin production occurs in the absence of
LPA1 expression. To investigate whether
LPA1 deficiency could also increase elastic
fiber destruction, we compared the
expression of enzymes known to degrade
these fibers, MMP-2, -7, -9, and -12 (29),
and of an inhibitor of their activity, tissue
inhibitor of metalloproteinase (TIMP)-3
(30), in LPA1 KO and WT mice. Whereas
MMP-2 and -7 mRNA expression was
similar in whole lung homogenates of LPA1

KO versus WT mice at 3 weeks of age,
MMP-9 and -12 mRNA expression levels
were actually significantly reduced, by
53% and 61%, respectively, in LPA1 KO
mice (Figures 6B–6E). TIMP-3 mRNA
expression was also similar in LPA1 KO
versus WT lungs at 3 weeks of age
(Figure 6F). Western blot analyses of
a-elastin, MMP-9, and MMP-12 protein

levels in the lungs of LPA1 KO and WT
mice at 3 weeks of age were consistent with
mRNA expression results (Figure 6G).
Levels of a-elastin protein appeared to be
reduced in LPA1 KO lungs. Differences in
MMP-9 and MMP-12 protein levels were
less apparent, but their expression was not
increased in the KO animals. Taken
together, these tropoelastin/a-elastin,
MMP, and TIMP expression data suggest
that impaired elastic fiber production,
rather than increased degradation, is
primarily responsible for the reduction in
elastic fibers we observed in alveolar
septa developing in the absence of LPA1

expression.

Impaired Extracellular Matrix
Production of LPA1-Deficient PSFBs
As noted, fibroblasts and myofibroblasts
residing in the peripheral lung play a critical
role in regulating late alveolarization (9, 13,
14). Because our structural data indicated
that this period of lung development was
significantly affected by the absence of
LPA1, we compared the matrix protein
expression pattern of these cells isolated
from LPA1 KO and WT pups, from z1-
mm-thick layers of the lung periphery that
excludes large airways and vessels that we
obtained with the aid of a dissecting
microscope (19). As we have described
previously, the fibroblasts that we isolated
from the lung periphery of mouse pups
were a mixture of a-smooth muscle
actin–negative and –positive cells (19),
suggesting that they were a mixture of
fibroblasts and myofibroblasts that we refer
to together as PSFBs. As demonstrated in
Figure 7A, tropoelastin mRNA expression
was reduced significantly by 42% in LPA1-
deficient versus WT PSFBs, consistent with
the overall reduction in tropoelastin
expression we observed in total lung
homogenates of LPA1 KO mice. In contrast,
expression levels of procollagen 1a1 and
fibronectin mRNA by LPA1-deficient
PSFBs were not significantly different.

Impaired Migration of LPA1-deficient
PSFBs
We also compared the migration of PSFBs
isolated from the lungs of LPA1 KO andWT
mice at 3 weeks of age. We noted previously
that LPA is the predominant fibroblast
chemoattractant induced in the lungs of
adults with idiopathic pulmonary fibrosis
and mice in the bleomycin model of
pulmonary fibrosis, and that the migratory
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responses of fibroblasts to LPA in pulmonary
fibrosis are mediated specifically by LPA1 (6),
Similar to primary adult lung fibroblasts,
LPA induced the migration of WT PSFBs,
and this LPA-induced migration was almost
completely abrogated in LPA1-deficient cells,
whereas the platelet derived growth factor-
induced migration of these cells was
preserved (Figure 7B). These data indicate
that LPA-induced migration of PSFBs is also
mediated primarily by LPA1 rather than by
other LPA receptors and suggest that LPA-
induced PSFB migration would be largely
eliminated in LPA1 KO mice.

Altered MMP and TIMP Expression in
LPA1-deficient PSFBs
In addition to their roles in extracellular
matrix remodeling, MMPs have been found
to regulate the migration of cells, including
fibroblasts. MMP-2 and MMP-9, for
example, have been implicated in the
migration and invasion of fibroblast-like
synoviocytes in the pathogenesis of
rheumatoid arthritis (31), and LPA
signaling through LPA1 has been shown to
regulate MMP expression, including that of
MMP-2 (32). We consequently compared
MMP expression in PSFBs isolated from
the lungs of LPA1 KO and WT mice at
3 weeks of age. MMP-2, MMP-7, and
MMP-9 mRNA expression levels were
significantly reduced in LPA1-deficient
compared with WT PSFBs, by 62%, 28%,
and 80%, respectively (Figure 7C). TIMP-3
mRNA expression levels were significantly
increased by 1.7- fold in PSFBs from LPA1-
deficient versus WT mice (Figure 7C).
These alterations in MMP and TIMP
expression could reduce the ability of
PSFBs to migrate through matrix in
response to chemoattractants other than
LPA, thus potentially causing a broader
PSFB migration defect in LPA1 KO mice
and further contributing to impaired
alveolar septation.

Discussion

We have shown that LPA signaling
specifically through the LPA1 receptor is
required for normal lung development.
Alveolarization but not branching
morphogenesis was impaired in LPA1-
deficient mice, resulting in reduced
numbers of alveoli that were increased in
size in adult LPA1 KO compared with WT
mice. Our data suggest that this phenotype

results from the impaired formation of
alveolar septa during early- and late-phase
alveolarization, rather than from the
destruction of already formed septa. Our
observation of significant increases in the
numbers of alveoli present in WT mice
between 3 and 12 weeks old also indicates
that the late phase of alveolarization
extends into adulthood in mice.

Lung development is orchestrated by
the coordinated activities of multiple cell
types. Septation in late alveolarization
appears to depend particularly on the
controlled migration and extracellular
matrix production of PSFBs (9, 13, 14).
With respect to mechanisms through which
LPA–LPA1 signaling may contribute to
alveolarization, we found that several
important functions of PSFBs, including
migration and production of elastin, were
impaired in the absence of LPA1

expression. Of the extracellular matrix
proteins, production and maturation of
elastin appear to be central to alveolar
septation (25). Reduced lung tropoelastin
mRNA expression has also been associated
with impaired alveolarization in Smad3-
deficient mice (33). Impairment of elastin
cross-linking in rats also led to impaired
alveolarization with enlarged distal air
spaces (28), similar to those we observed in
the context of impaired elastin production
in LPA1 KO mice. We hypothesize that the
impaired migration and elastin production
of LPA1-deficient PSFBs resulted in the
reduced expression of elastin mRNA and
protein we observed in lung homogenates
of LPA1 KO mice at 3 weeks of age, and the
disorganized, discontinuous, and reduced
elastic fiber network we observed in the
alveolar septa of these mice at this time
point, and earlier at P4.

Airspace enlargement developing in
adult mice in both Smad3- and b6-integrin-
subunit–deficient mice has been found
to be associated with increased MMP-9
and/or -12 expression, producing a phenotype
resembling the emphysema of adult human
chronic obstructive pulmonary disease
(33–35). Data from other mouse models,
and from human studies, have implicated
these two elastolytic MMPs, particularly
MMP-12, in emphysema progression (29).
In contrast to Smad3- and b6-deficient
mice, however, lung expression levels of
both MMP-9 and -12 were reduced in LPA1

KO mice, further supporting our hypothesis
that the phenotype of reduced alveolar
numbers and increased alveolar volumes in

LPA1 KO mice results from the impaired
formation of alveolar septa rather than
from the destruction of already formed
septa.

Although degradation of matrix
proteins may be central to the role of some
MMPs in destructive lung diseases such as
emphysema (29), unanticipated phenotypes
of multiple MMP KO mice have
highlighted other MMP functions,
including important roles in cell migration.
MMPs have been found to be required for
the establishment of chemoattractant
gradients (36) and for enabling cells
including fibroblasts to migrate through
matrix in response to these gradients (37). In
the context of these and other functions,
individual deficiencies in several MMPs have
been found to decrease rather than increase
lung matrix protein deposition in models of
pulmonary fibrosis, including MMP-3, -7,
and -8 (36, 38, 39). We observed that the
expression of multiple MMPs, including
MMP-2, -7 and -9, by PSFBs was
significantly reduced in LPA1 KO mice,
possibly reducing their ability to migrate
through matrix during the formation of
alveolar septa. Reduced production of
multiple MMPs by LPA1-deficient PSFBs
consequently could also contribute to
impaired alveolarization in LPA1 KO, by
impairing migration of these cells.

Impaired alveolarization has become
the hallmark of BPD associated with infant
prematurity. Advances in the medical
therapy of premature infants in recent
decades has greatly improved their survival
and has significantly changed the clinical
and pathological features of BPD associated
with premature birth, as reviewed recently
(15). As it was described initially, BPD was
characterized by evidence of severe lung
injury, including inflammation, protein-
rich lung edema, extensive airway epithelial
metaplasia, peribronchial fibrosis, and
marked airway and pulmonary vascular
smooth muscle hypertrophy (40). In
contrast, advances in neonatal care,
including the use of antenatal steroids,
surfactant replacement therapy, and lung
protective strategies of ventilation, have
mitigated lung injury in premature infants
and have transformed the pulmonary
phenotype of BPD to one dominated by the
disruption of alveologenesis (16). The
development of therapies to mitigate or
treat impaired alveologenesis in premature
infants will require a better understanding
of the mechanisms and mediators of

ORIGINAL RESEARCH

Funke, Knudsen, Lagares, et al.: LPA1 Is Required for Alveolarization 113



A

B

C

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n/
G

A
P

D
H

   

0.08

0.04

MMP-7

LPA1 KOWT

1.6 x 10–6

1.2 x 10–6

0.8 x 10–6

0.4 x 10–6

MMP-2

LPA1 KOWT

0.01

0.006

0.002

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n/
G

A
P

D
H

   

F
ol

d 
in

cr
ea

se
 

2

4

6

MMP-9 

LPA1 KOWT

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n/
G

A
P

D
H

   

0.02

0.015

0.01

0.005

†

TIMP-3 

LPA1 KOWT

0.4

0.3

0.2

0.1

‡

*

*

LPA1 KOWT

FN 1.2

0.8

0.4

LPA1 KOWT

Collagen 

10

6

2

LPA1 KOWT

Tropoelastin

LPA PDGF

LPA1 KO

WT

*

*
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alveolar septation; the results presented in
our study suggest that the LPA signaling
specifically through LPA1 is required for
this process.

In contrast to the physiological role we
identified for LPA–LPA1 signaling in lung
development, this pathway has been
implicated in the pathogenesis of multiple
lung diseases, including asthma, acute lung
injury, and pulmonary fibrosis (41). We
have previously implicated LPA–LPA1

signaling in the development of fibrosis in
multiple organs, including the lung (6, 42),
the skin (43), and the peritoneum (44),
whereas others have implicated this
pathway in renal and hepatic fibrosis (45,
46). In the development of organ fibrosis,
we have found that LPA–LPA1 signaling
promotes fibroblast recruitment,
proliferation, activation, and persistence (5,
6, 44). Here we have found evidence that
LPA–LPA1 signaling promotes PSFB
migration and matrix production. Hence,
some of the same LPA1-mediated fibroblast
functions whose loss protects LPA1 KO
mice from pathological fibrosis appear to
contribute to the failure of physiological
alveolarization that we now observe in
these mice.

Lastly, we observed that increases in the
numbers of alveoli continued to occur well
into adulthood in WT mice. Stereological
analysis revealed a significant increase in
alveolar number occurred in the WT mouse
lung between 3 and 12 weeks, and a trend
toward a further increase from 12 to 24
weeks. During this period, the number of
alveoli nearly doubled. Late alveolarization
has been reported to continue postnatally
through Day 36 in mice (12) and Day 60
in rats (47). Similar observations of
alveolarization continuing into adulthood
have been made in rabbits, monkeys,
and, most recently, humans (48–50).
Alveolar size and number were assessed
noninvasively by helium-3 magnetic
resonance in children and adolescents from
7 to 21 years of age, and the alveolar
number was estimated to increase nearly
twofold across this age range (50).
Continued alveolarization during
childhood, adolescence, and even early
adulthood raises concerns that lung injury
in these periods of life can adversely affect
pulmonary development, but it also raises
the possibility that ongoing lung septation
may permit recovery of lost tissue and
pulmonary function during this time (50).

Conclusions
In summary, we have implicated the
LPA–LPA1 pathway in lung development
by showing that interruption of LPA–LPA1

signaling leads to a spontaneous
impairment of early and late alveolarization.
The onset of this phenotype during
the alveolarization stage of lung
development, its association with
reduced PSFB elastin production, and
its occurrence in the absence of
increased lung MMP expression suggest
that it results from impaired alveolar
septation as the lung develops, rather
than from increased septal destruction as
occurs in the emphysema of chronic
obstructive pulmonary disease. In contrast
to our prior studies in pulmonary fibrosis,
which have indicated that antagonizing
LPA–LPA1 signaling may be able to
mitigate that pathology (5, 6), the current
study suggests that augmenting LPA–LPA1

signaling may have the potential to
contribute to future strategies to stimulate
alveolar septation when that may be
beneficial. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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