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Latent transforming growth factor (TGF)-� binding
proteins (LTBPs) modulate the secretion and activa-
tion of latent TGF-�. To explore LTBP function in vivo ,
we created an Ltbp-3�/� mouse that has developmen-
tal emphysema with decreased septation in terminal
alveoli. Differences in distal airspace enlargement
were obvious at day 6 after birth. Secondary septation
was inhibited, so by days 21 to 28 the mean linear
intercept was approximately twofold greater in mu-
tant versus control lungs. There were no differences
in lung collagen and elastin, visualized by immuno-
histochemistry, or in myofibroblast numbers, deter-
mined by �-smooth muscle actin-positive cells, be-
tween mutant or wild-type lungs as the animals aged,
other than differences associated with altered lung
structure in mutant animals. However, from day 10
there was twice the number of alveolar type II cells in
mutant alveoli compared to controls. At days 6 and
10, a transient enhancement in cell proliferation in
the mutant lungs was observed by both 5-bromo-2�-
deoxy-uridine and proliferating cell nuclear antigen
labeling, accompanied by enhanced numbers of ter-
minal dUTP nick-end labeling-positive cells at days 4,
6, and 10. Finally, there was a transient decrease in
TGF-� signaling at days 4 to 6 in Ltbp-3�/� lungs.
These results indicate that in the absence of Ltbp-3, a
temporary decrease in TGF-� signaling in the lungs at
days 4 to 6 alters cell proliferation, correlating with
inhibition of septation and developmental emphy-
sema. (Am J Pathol 2005, 167:419–428)

In mice, the lung buds emerge from the ventrolateral
sides of the foregut endoderm during midgestation ap-
proximately at embryonic day 9.5 (somite stage 21 to 29).
As the lung buds grow caudally and protrude from the
gut, they invade the splanchnic mesenchyme and un-
dergo numerous rounds of dichotomous branching to
form the bronchial tree. This early developmental stage is
referred to as the pseudoglandular phase and is charac-

terized histologically by loose and thick mesenchyme
surrounding tubules with relatively small lumens lined by
undifferentiated columnar epithelial cells. The pseu-
doglandular phase lasts until embryonal day 16, when
the canalicular stage commences. During this period, the
terminal buds dilate and the mesenchyme thins. Further
dilatation of the terminal buds and thinning of both the
epithelium and the underlying mesenchyme occur in the
saccular stage (E17 to postnatal day 5), when epithelial
cells differentiate into type I pneumocytes and the func-
tional gas exchange units, the sacculi, form. During al-
veolarization, the fourth stage, the sacculi mature into
alveoli as septa form between the walls of the terminal
sacs resulting in a significant increase in the gas ex-
change surface area. In addition, ciliated and secretory
cells are now recognizable in the proximal airways, and
alveolar type I and type II cells are present at distal sites.
In humans alveolarization initiates prenatally, whereas in
mice the process begins at postnatal day 5.1

Branching morphogenesis of the lung involves mesen-
chymal-epithelial signaling resulting in cellular prolifera-
tion, migration, and subsequent transcriptional activation
of specific genes.2 A number of molecules, including
sonic hedgehog (Shh), bone morphogenetic protein-4,
fibroblast growth factor (FGF)-10, transforming growth
factor (TGF)-�, and retinoic acid receptor, have been
implicated in the control of separation of the primitive
trachea from the esophagus.2 Deficiency of Shh results in
the failure of esophageal-tracheal separation and com-
plete failure of branching morphogenesis.3 Activation of
Gli transcription factors through Shh signal transduction
pathways is important for lung morphogenesis.4–6
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During the intermediate stages of organ development,
appropriate expression of bone morphogenetic protein-
4,7,8 hepatocyte growth factor,9 and fibroblast growth
factor-10 are critical in regulating pulmonary epithelial
cell proliferation, migration, and branching morphogene-
sis of the lung.10 For example, fibroblast growth factor-
10-null mice die immediately after birth due to disruption
of pulmonary branching morphogenesis, and this pheno-
type is coincident with severe reduction in the expression
of Shh.10 Other studies using transgenic mice11 have
provided further evidence that the fibroblast growth fac-
tor signaling pathway is critical for airway branching and
pulmonary epithelial differentiation. These and additional
studies have identified distinct gene networks at proximal
and distal sites along the respiratory tract and have par-
tially defined the molecular mechanisms controlling the
early development of the lung.2

The control of the final phase of development, alveo-
larization, is incompletely understood. Platelet-derived
growth factor-AA, platelet-derived growth factor-BB, fi-
broblast growth factor, vascular endothelial growth fac-
tor, retinoic acid, glucocorticoid hormone, and TGF-�
have been implicated in the regulation of this fourth
phase of differentiation,12–18 and alterations in the ex-
pression and/or concentration of any of these signaling
molecules yields mice with decreased numbers of alve-
oli. The proper extracellular concentration and activity of
the correct isoforms of TGF-� are essential to normal lung
development because TGF-� affects cell differentiation,
proliferation, and extracellular matrix (ECM) deposi-
tion19–23 within the lung. Moreover, mice carrying null
mutations for individual TGF-� isoforms display diverse
pulmonary phenotypes. TGF-�2-null mice exhibit perina-
tal lethality and a range of developmental defects, includ-
ing collapsed conducting airways.24 TGF-�3 knockout
mice die within 20 hours after birth and have delayed
pulmonary development.25 TGF-�1 knockout mice dis-
play severe inflammation of the lungs as well as several
other organs.26 In addition, misexpression of TGF-�1 un-
der the control of the surfactant protein-C promoter in-
duces neonatal lethal pulmonary hypoplasia with emphy-
sema-like lesions and vascular hypoplasia.27 Finally,
Neptune and colleagues16 reported that an excess of
TGF-� is the cause of developmental emphysema in
fibrillin-1 hypomorphic mice.

The TGF-�s are secreted as inactive complexes con-
sisting of a disulfide-bonded homodimer of mature TGF-�
associated noncovalently with the N-terminal propeptide
of the TGF-� precursor.28 The TGF-� propeptide, also
called the latency-associated protein, is usually co-
valently attached to a latent TGF-� binding protein (LTBP)
molecule. In this large latent complex, TGF-� cannot bind
to its high-affinity signaling receptors and initiate signal
transduction through the Smad pathway. Within the large
latent complex, TGF-� is the potential signaling molecule
and latency-associated protein binding confers latency
to TGF-�, but the function of the LTBP is less clear.

The LTBPs 1 to 4 comprise a family of ECM proteins,
three (LTBP-1, -3, and -4) of which covalently bind latent
TGF-�.29–31 The structure of the LTBPs is characterized
by multiple EGF-like modules and four cysteine-rich do-

mains called 8-cysteine (8-Cys) domains found only in
LTBPs and fibrillins. LTBPs bind to the TGF-� small latent
complex, which consists of TGF-� and latency-associ-
ated protein, through cysteine residues in the third 8-Cys
domain.32–34 In vitro experiments suggest that LTBPs
may have dual roles as regulators of TGF-� bioavailabil-
ity29,35–37 and as structural components of ECM.38 An
Ltbp-2-null mutation in the mouse is lethal between em-
bryonic days 3.5 to 6.5 suggesting that Ltbp-2 is impor-
tant in early mouse development.39 However, the reason
for lethality in the absence of Ltbp-2 is unknown. Ltbp-4
hypomorphic mice develop colorectal cancer and em-
physema, and immunohistochemical analyses of the
lungs and colons of these null mice revealed a deficit in
extracellular TGF-� supporting a role for Ltbp-4 in TGF-�
secretion.37 To understand the in vivo biological functions
of Ltbp-3, we generated Ltbp-3-null mice.40 These mu-
tant animals have a normal life span and reproduce, but
they display craniofacial malformations by postnatal day
10 caused by ossification of the skull base synchondro-
ses. Later, the animals develop osteopetrosis and osteo-
arthritis. These latter two phenotypes resemble those
observed in murine models with impaired TGF-� signal-
ing in bone41–43 suggesting that in bone Ltbp-3 is re-
quired for proper TGF-� presentation.

Ltbp-3�/� mice were originally generated on a mixed
129SvEv/SW genetic background. In addition to these
outbred animals, we also produced an inbred Ltbp-3�/�

129SvEv line. These inbred animals showed all of the
reported bone defects (unpublished observations), but in
addition, half of the Ltbp-3�/� mice die between 3 to 4
weeks of age,44 there is involution of the thymus and
spleen,44 and there is an impairment of terminal alveolar-
ization of the lungs resulting in a developmental emphy-
sema. To elucidate the role of Ltbp-3 in lung morphogen-
esis, we have characterized the lung phenotype of
129SvEv Ltbp-3-null mice.

Materials and Methods

Mice

Ltbp-3-null mice were produced as described in Dabovic
and colleagues,36,40 and the generation of the 129/SvEv
inbred line is described in Chen and colleagues.44 Geno-
typing of wild-type, heterozygous, and null animals was
performed as described in Dabovic and colleagues.36 All
procedures with animals were performed according to
the standards approved by New York University School
of Medicine Institutional Animal Care and Use
Committee.

Histology and Immunohistochemistry

Mice were euthanized by cervical dislocation, the ster-
num and costal bones removed, and the lungs inflated
through the trachea with 4% paraformaldehyde at a pres-
sure of 25 cm H2O for 30 minutes. After this time, the
lungs were surgically removed and placed in 4% para-
formaldehyde overnight. Histological analyses were con-
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ducted on fixed samples that had been dehydrated
through an ethanol series, cleared in xylene, and embed-
ded in paraffin. In all experiments, tissue samples were
always taken from the left lobe. Five-�m-thick sections
were cut and stained with either hematoxylin and eosin
(H&E) (Sigma Chemical, St. Louis, MO), modified Hart’s
staining solution (Sigma) for elastin, or Masson’s
Trichrome (Sigma) for collagen. Additional sections were
immunostained with antibodies for surfactant protein B
(AB378, 1:2000 dilution; Chemicon Int. Inc., Temecula,
CA), for proliferating cell nuclear antigen (PCNA) (93-
1143, PCNA staining kit; Zymed Laboratories, South San
Francisco, CA), or for �-smooth muscle actin (�-SMA)
(A2547, 1:100 dilution; Sigma). After quenching of en-
dogenous peroxidase with 3% H2O2 for 20 minutes, the
sections were exposed to the primary antibody. Immuno-
detection was performed using biotinylated anti-rabbit or
anti-mouse IgG (Vector Laboratories, Burlingame, CA) as
the secondary antibody. All antibodies were checked for
specificity either by incubation with a blocking peptide or
by incubation of sections with a nonimmune serum or
isotype-matched IgG. No nonspecific reaction was ob-
served with these treatments. For all histochemistry ex-
periments at least two animals were included in each
sample group. For PCNA quantitation, two animals in
each group were sacrificed at day 6, five animals at day
10, and three animals at day 21. Two slides were pre-
pared from each animal, the cells in 10 fields on each
slide counted, and the mean and SD computed. Between
2500 to 6000 cells were counted for each animal. For
surfactant B, five mice from each group were analyzed at
day 10, and five mice at day 21. The percentage of
positive cells was computed using five slides for each
animal and 10 fields in each slide. The data are pre-
sented as the mean and SD for the percentage of positive
cells in each mouse. The total number of cells counted for
each mouse was 2300 to 3900.

Lung Morphometry

For morphometric studies, the mean linear intercept
(MLI) was used as a measure of interalveolar wall
distance. Five-�m lung sections were stained with H&E
and images were captured using a �10 objective with
a Hammamatsu digital camera (Hamamatsu Photonics,
Hamamatsu City, Japan) and Openlab 2.2.5 software.
Printed images of the lung sections were prepared,
and five lines were drawn across each photo: two lines
connecting opposite vertices, two lines bisecting op-
posite sides, and one line at a random position. The
length of the line drawn across the lung section was
divided by the total number of alveolar intercepts en-
countered. Therefore, the MLI value represents the
distance between intercepts. Fifty lines (10 images)
were used per lung to compute the MLI.45 For each
experiment, 6 animals of each group were analyzed at
day 6, 15 at day 10, and 12 at day 21. Three slides
were analyzed from each animal and the number of
intercepts in 10 fields for each slide computed. The
numbers reported represent the mean and the SD. For

secondary crest analysis, slides (n � 3) from each of
five control and five null animals were analyzed (10
fields per slide at �40). The numbers reported repre-
sent the mean and the SD per field.

In Situ Hybridization

RNA probes were prepared using the DIG RNA labeling
kit (Roche, Indianapolis, IN) according to the manufac-
turer’s instructions. To generate the probe, a fragment of
DNA containing the Ltbp-3 3� UTR was subcloned in a
pBluescript SK vector. The construct was cut with restric-
tion enzyme XbaI and transcribed with T7 polymerase to
synthesize an anti-sense RNA probe. The control sense
RNA probe was generated by T3 polymerase using the
original construct cut with EcoRI. In situ hybridization was
performed as described.46 Briefly, deparaffinized sec-
tions were treated with proteinase K (20 �g/ml) for 6
minutes at room temperature, and hybridization per-
formed overnight at 55°C in 50% formamide. The slides
were washed with 2� standard saline citrate containing
50% formamide at 65°C for 30 minutes and treated with
RNase A (20 �g/ml at 37°C for 30 minutes; Roche).
Anti-DIG-alkaline phosphatase (AP)-coupled antibody
and BM Purple AP substrate (Roche) were used to detect
the signal.

5-Bromo-2�-Deoxy-Uridine (BrdU) Labeling

Six- and twenty-day-old pups were injected intraperito-
neally (50 �g/g body weight) with BrdU (Sigma). Eight
hours after injection, the mice were euthanized, and the
lungs were removed and fixed in paraformaldehyde (4%)
for immunohistochemical evaluation.47 BrdU was re-
vealed using the Boehringer peroxidase-conjugated anti-
BrdU antibody (Boehringer-Mannheim, Indianapolis, IN)
for 1 hour at room temperature. Slides were scored by
counting positive cells in 40 fields at �10 magnification
and the values normalized to total cells in the field. Two
slides were prepared for each animal and the cells in 10
fields in each slide were scored. The numbers of animals
analyzed were day 6, two; day 10, five; day 21, two for
both mutant and wild-type or heterozygous mice.

Terminal dUTP Nick-End Labeling (TUNEL)
Apoptosis Assay

Apoptosis was detected and quantified with an In Situ
Cell Death Detection kit, fluorescein (Roche Diagnostic
GmbH) according to the manufacturer’s directions.
Briefly, paraffin-embedded formalin-fixed sections were
dewaxed in xylene (5 minutes � 2), in ethanol solutions
(100%, 95%, 80%, and 70%), and finally rinsed in phos-
phate-buffered saline (PBS) (5 minutes � 3). The sec-
tions were treated with nuclease-free proteinase K (20
�g/ml in 10 mmol/L Tris/HCl, pH 7.4) for 30 minutes at
room temperature. After two washes in PBS (5 minutes �
2), 50 �l of TUNEL reaction mixture were added to each
sample. As a negative control, the slides were incubated
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in 50 �l of label solution without terminal transferase; as a
positive control, the sections were incubated with DNase
I grade I (3000 U/ml in 50 mmol/L Tris-HCl, pH 7.5, 1
mg/ml bovine serum albumin) for 10 minutes at 25°C to
induce DNA strand breaks. The slides were incubated in
a humidified atmosphere for 60 minutes at 37° in the dark,
rinsed 3 times with PBS, and mounted in Fluoromount G
(Southern Biotechnology Associates, Inc., Birmingham,
AL) before direct analysis by fluorescent microscopy.
Ten fields for each slide were photographed and the
TUNEL-positive cells were counted in each of five slides
per animal. At day 6, four animals in each group were
sacrificed, and at day 10, two animals were analyzed.
The total number of cells analyzed was between 5000 to
6200. The values presented represent mean and the SD.

P-Smad Labeling

Paraffin sections of lung samples were analyzed by im-
munohistological staining for detection of phosphorylated
Smad2 and 3 (pSmad2/3) using anti-pSmad2/3 antibod-
ies (Santa Cruz Biotechnology, Santa Cruz, CA). For de-
tection of pSmad2/3, deparaffinized sections were
treated in a Black & Decker steamer with DAKO Target
Retrieval Solution (DAKO Corp., Carpinteria, CA) accord-
ing to the manufacturer’s protocol. After blocking with
PBS/2% goat serum for 1 hour at room temperature,
the samples were incubated with 1:200 dilution of the
pSmad2/3 antibody and nonimmune IgG (as background
control) overnight at 4°C. After washing in PBS, the sam-
ples were incubated for 1 hour at room temperature with
biotinylated secondary anti-rabbit antibody. The detec-
tion of the signal and counterstaining of the nuclei was
performed by incubation of the samples with streptavidin
Alexa Fluor conjugate (1 �g/ml; Molecular Probes, Eu-
gene, OR) and 4,6-diamidino-2-phenylindole (DAPI) (50
ng/ml; Roche Applied Science) in PBS for 30 minutes at
room temperature. After a brief wash, the slides were
mounted in Fluoromount-G and viewed using a Zeiss
fluorescence microscope (Carl Zeiss, Thornwood, NY).
Pictures were taken at random using a Hammamatsu
digital camera and Openlab 2.2.5 software. The blue
DAPI-stained nuclei were artificially colored in green us-
ing Openlab software so that the overlapping blue sig-
nals with the red stain for pSmad give a better contrast
(yellow-orange). At each time point, 10 random fields
from each of five slides for each genotype were counted.
At day 4, six null mice and four wild-type mice were
analyzed, at day 10, three mice of each genotype were
analyzed, and at day 21, five mice of each genotype
were analyzed. Two slides were prepared from each
animal and the cells in 10 random fields in each slide
scored. The results are represented as the mean and SD
of the percentage pSmad2/3-positive nuclei (yellow-or-
ange signal) of the total cell (green plus yellow-orange
nuclei) number. Cells (1200 to 6000) were counted for
each sample and the P value at day 4 between the WT
and Ltbp-3�/� samples was �0.0277.

Results

Gross Abnormalities of Inbred Ltbp-3-Null Mice

At birth, inbred 129/SvEv Ltbp-3-null mice were indistin-
guishable from their wild-type and heterozygous litter-
mates. For the first 8 to 10 days, there were no morpho-
logical or weight differences observable between wild-
type and Ltbp-3-null mice. However, by 3 weeks of age
the body weight of the mutant animals was 20 to 80% of
the body weight of wild-type or heterozygous sex-
matched littermates, reflecting the severity of the pheno-
type. Half of the homozygous null mice had a mild phe-
notype because they were slightly smaller (30%) than
wild-type or heterozygous littermates, and these mice
survived for up to 6 months. The remaining Ltbp-3-null
animals had a severe phenotype. These animals weighed
up to 20 to 75% less than wild-type or heterozygous
littermates, and unlike the original outbred Ltbp-3-null
mice, which have a normal life span, animals with the
severe phenotype died at �28 days of age. Because all
of the inbred animals survived for at least 25 to 30 days,
the craniofacial abnormalities originally described in the
outbred mice36,40 were clearly visible. Therefore, the
penetrance of the skull defects in Ltbp-3�/� mice was
100% in both outbred and inbred mice, whereas a pre-
viously unobserved pathology resulting in premature
death appeared only in the Ltbp-3�/� 129SvEV inbred
mice. The fact that animals with the severe phenotype
were lethargic and dyspneic at the end of the 4th week
after birth suggested that the mice were dying of respi-
ratory failure.

Distal Space Enlargement of Ltbp-3-Null Mutant
Mouse Lungs

Although macroscopic analysis of the lungs from wild-
type and Ltbp-3-null mice revealed differences in lung
size starting at 2 weeks after birth, until this time, the
gross morphology, number of lobes, lung shape, and
lung/body weight ratios were similar between mutant and
wild-type or heterozygous littermates (data not shown).
Histological analysis of the lungs of Ltbp-3-null mice was
performed on mice 4, 6, 8, 10, 15, 18, and 20 to 30 days
of age. Throughout this period, the proximal airways and
vessels appeared normal. No differences between mu-
tant and normal lungs were noted until days 5 to 6 of
postnatal life. At day 6, the normal lungs are highly
branched, and the walls of the saccules have multiple
short buds that elongate to form the secondary septa. In
homozygous mutant mouse saccules at day 6, the buds
were either short or absent compared to the saccules of
wild-type mice (Figure 1, day 6). No differences between
heterozygous and wild-type animals were observed by
histological analysis or by the analyses for specific mark-
ers described below. This is consistent with what has
been described earlier for other Ltbp-3�/� phenotypes,
which are obvious only in the homozygote.32,36,40 The
decrease of secondary septa continued as the mice
aged and resulted in a progressive increase in the size of
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the alveolar ducts and their alveolar sacs as the lungs
developed (Figure 1, day 10). At this time, clear differ-
ences between the control and null lungs are evident at
low as well as at high magnification (Figure 1). By day 23,
the histological pattern in mutant lungs was character-
ized by a reduced number of airspaces and by a contin-
ued progressive increase in size of the alveolar ducts
(Figure 1).

To quantitate differences in alveolarization, the MLIs in
mutant and wild-type or heterozygous lungs were com-
pared. This measurement quantitates the distance be-
tween alveolar septae across the lung. Therefore, fewer
septa will yield larger MLI intercept numbers. The mutant
animals had a distal airspace enlargement compared to
wild-type animals (Figure 1). At day 6 after birth the MLI
in mutant lungs was 1.53-fold larger than that of wild-type
lungs (MLI: 2.44 � 0.05 versus 1.59 � 0.19; P � 0.007).
The size of the airway space was 1.7 times bigger (MLI:
2.50 � 0.48 versus 1.49 � 0.27; P � 0.0003) in mutant
versus wild-type lungs at day 10, and increased up to
2.03-fold (MLI: 2.42 � 0.13 versus 1.2 � 0.21; P � 4.1
E-06) by day 23. Thus, the 129/SvE Ltbp-3�/� mice with
the severe phenotype had a progressive developmental
emphysema resulting from an inhibition of septation dur-
ing the alveolarization phase of lung development.

As a second approach to computing differences in
alveolization of control and mutant lungs, we counted the
numbers of secondary crests in specimens from the two
mouse types. At day 6 after birth control mice had 24.9 �
2.6 crests per field, whereas the null mice had 14.9 �
0.46 (P � 1.2 E-06). By day 21, the control mice had
41.2 � 3.6 and the null mice had 26.4 � 1.5 crests per
field (P � 0.06) indicating diminished alveolar septation
in the Ltbp-3�/� mice.

Analysis of Alveologenic Factors

We previously reported that Ltbp-3 is expressed in the
lung at E13 and E16 based on in situ hybridization as-
says.40 Northern blot analyses using RNAs obtained from
wild-type mice confirmed the presence of Ltbp-3 mRNA
in adult lung tissue.36 To identify the cell type(s) that
expresses Ltbp-3, we performed in situ hybridization
analyses on lung sections from pups and adult mice
using an Ltbp-3-specific probe. At day 10, the Ltbp-3
mRNA was diffusely expressed in the pulmonary paren-
chyma and in the alveolae, mainly in alveolar type II cells
(Figure 2A).

During normal alveologenesis, differentiation from ep-
ithelial to alveolar cells precedes terminal septation.2

Thus, the early defects in alveologenesis may result from
deficient alveolar cell production. To determine whether
epithelial cell differentiation is affected in the Ltbp-3-null
inbred mice, immunohistochemical staining using an an-
tibody to surfactant protein B, a marker of differentiated
alveolar type II and Clara cells, was performed. The
staining patterns of lungs from mutant and heterozygous
animals revealed no differences in either the localization
or concentration of antigen in distal airways at days 4 or
21 (data not shown). However, specimens from 10-day-
old mice displayed increases in type II cells in the mutant
lungs compared to wild-type or heterozygous lungs (Fig-
ure 2B). Quantitation of the percentage of cells positive
for surfactant B at day 10 indicated that the mutant lungs
contained almost twice the percentage of positive cells
as wild-type lungs (20.6 � 0.96% versus 12.1 � 0.34%;
P � 0.0013). Electron microscopic analysis of normal and
mutant lungs showed that the alveolar type II cells con-
tained lamellar bodies indicating that surfactant was pro-
duced (data not shown). These results suggest that the
differentiation of the distal epithelium is transiently af-
fected between days 4 and 21 by the lack of Ltbp-3.

Elastin is important for the proper development and
function of the lung.48,49 Elastin, a structural protein of the
ECM, confers elastic properties on the pulmonary alveo-
lar interstitium. Mice deficient in Ltbp-4 show a fragmen-
tation of their elastic fibers associated with a develop-
mental emphysema.37 Moreover, as TGF-� affects elastin
gene expression22,50, alterations in TGF-� binding pro-
teins might be expected to affect elastin levels. To eval-
uate whether the pulmonary abnormalities in Ltbp-3-null
mice reflect alterations in elastin fiber structure and dep-
osition, we examined the distribution and morphology of
the elastic fibers in lung sections prepared with Hart’s
stain. The number of elastin fibers and the intensity of the

Figure 1. Histology of lungs from wild-type and Ltbp-3�/� mice at days 6,
10, and 23 after birth. The arrows point to the initial budding septae. Scale
bars: 500 �m (row 2); 100 �m (rows 1, 3, and 4).
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staining was similar in mutant and wild-type mice (Figure
2C). Elastin was detected in the mesenchyme surround-
ing the airways and blood vessels as well as at the tips of
the growing septa, even though the number of septa
were diminished in mutant lungs. Analysis of mutant and
wild-type lungs by electron microscopy confirmed the
presence of elastin and the absence of fragmentation of
the elastic fibers (data not shown).

Because myofibroblasts have been implicated in the
control of lung development,13 we examined the number
and distribution of these cells by staining specimens with
an antibody against �-SMA. Immunohistochemical anal-
ysis for �-SMA revealed that the number of myofibro-
blasts (not shown) and distribution of �-SMA (Figure 2D)
is equivalent in lungs from inbred Ltbp-3-null mice com-
pared to wild-type animals, apart from those structural
changes that reflect the differences in alveolarization.
Because collagen gene expression is highly sensitive to
TGF-� levels, we examined the collagen content and
distribution in lungs from mutant and normal animals by
Masson’s Trichrome staining. No significant differences
were found in collagen distribution or staining intensity
other than those relating to the primary structural differ-
ences in the lungs (data not shown).

Proliferation and Apoptosis

There is rapid cell proliferation during early and mid-
gestational lung organogenesis. At postnatal days 2 to 4,
the number of proliferating cells substantially increases to
support postnatal growth.51 To examine proliferation in
normal and mutant lungs, we labeled the cells by intra-
peritoneal injection of BrdU. At day 21, the number of
BrdU-positive cells, revealed by immunohistochemistry
was equivalent in homozygous null mice compared to
wild-type or heterozygous mice (Table 1). However, a
significant increase in BrdU-positive cells was apparent
in the mutant lungs at days 6 and 10, despite the smaller
total number of cells resulting from the reduced alveolar-
ization. Similar data were obtained using immunostaining
for PCNA, another marker of dividing cells (Table 1).
Therefore, there appears to be transient enhanced pro-
liferation of alveolar type II cells in mutant mice at the
approximate mid-point in normal lung alveolarization.

The observed increases in cell proliferation as evi-
denced by PCNA and BrdU labeling appeared to be in
contradiction with the obvious decrease in cellularity of
the Ltbp-3-null lungs. We reasoned that enhanced apo-
ptosis in the mutant lungs might account for the overall
decreased number of lung cells. Therefore, we measured
the amount of apoptosis in wild-type and mutant lungs
using the TUNEL assay (Table 1). Increased numbers of
TUNEL-positive cells were detected both at days 4 to 6
and at day 10 in mutant lungs compared to wild-type or
heterozygous lungs. At day 10 there was significant vari-
ability in the mutant samples. The reason for this is un-
clear but may reflect differences between mild and se-
vere phenotypes that cannot be distinguished at this age.

PSmad2/3

The loss of either Ltbp-3 or Ltbp-4 is associated with
decreases in TGF-� activity in bone,36 lung,37 and co-
lon.37 Therefore, we attempted to determine whether de-
creased levels of TGF-� could be observed in mutant
129/SvEv versus wild-type lungs. We were unable to
detect alterations in TGF-� levels by direct immunohisto-
chemistry for TGF-� (data not shown). Therefore, we

Figure 2. Lung cell markers. A: Ltbp-3 expression in the lung. In situ
hybridization using a probe from the 3� UTR of Ltbp-3. Ltbp-3 transcripts
were detected in alveolar type II cells (arrows). There was no signal in
Ltbp-3�/� lungs. B: Surfactant B levels in wild-type and mutant lungs. Lung
samples were analyzed at 10 days by immunohistochemistry for surfactant-
containing cells as described in Materials and Methods. Ltbp-3�/� lungs show
more surfactant B-producing cells than wild-type lungs at this day. Arrows
point to positive cells. A representative experiment is shown. C: Elastin
staining in the lungs of 10-day-old wild-type and Ltbp-3�/� lungs. The
arrows point to the elastin at the tips of the newly forming septa. The elastin
does not appear to be fragmented. D: Staining for �-SMA (arrows) in
wild-type and mutant lungs at day 10. Similar patterns were observed at days
6 and 21 (data not shown). Each assay was repeated at least five times.
Representative experiments are shown.
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used an indirect approach and measured the distribution
of Smad2/3. Smad2 and Smad3 are normally found in the
cytoplasm. On TGF-� signaling, the two Smads are phos-
phorylated (pSmad2/3), and they move into the nu-
cleus.52 Therefore, we examined the distribution of
pSmad2/3 in the lungs of wild-type and mutant mice
(Figure 3). At days 4 to 6 after birth, the samples from the
mutant lungs had significantly less nuclear pSmad2/3
than cells from wild-type lungs (27.7 � 6.21% versus
37.9 � 7.23%; P � 0.028). Decreased levels of nuclear
pSmad2/3 in mutant lungs were not observed at the later
time points (data not shown). Therefore, latent TGF-�
activation and TGF-� signaling appear to be altered only
at early times during lung development in Ltbp-3-null
animals. These early differences may result in the subse-
quent morphological effects.

Discussion

In this article, we describe an analysis of the develop-
ment of the alveoli in Ltbp-3-null mice. The Ltbp-3-null
mutation, when placed in a 129SvEv background, pro-
duces animals with developmental emphysema. Fifty
percent of Ltbp-3�/� animals display severe emphysema
and die at �day 30 after birth; the other half has a milder
phenotype as these animals live longer, are not as se-
verely growth impaired, and have a moderate emphy-
sema. The emphysematous phenotype is observed in all

inbred mutant animals, to varying degrees, and is also
apparent in those outbred animals with a severe skeletal
phenotype (data not shown). Why the lung phenotype is
more severe in the 129SvEv background is unclear, but
the effect of modifier genes on TGF-�-related phenotypes
has been described.53

Our analysis of developing lungs in inbred Ltbp-3-null
mice suggests the following sequence of events during
lung maturation. At days 4 to 6 in mutant animal lungs
there is a decrease in the level of nuclear pSmad2/3
indicating diminished TGF-� signaling. This alteration in
pSmad levels is transient because no differences be-
tween mutant and wild-type lungs were observed at days
10 or 21. The change in TGF-� signaling corresponds to
the earliest time when morphological differences in the
lungs of the two animal types can be discerned. At days
4 to 6, there is also an increase in the number of TUNEL-
positive cells in Ltbp-3-null compared to wild-type lungs.
Because TGF-� is known to suppress apoptosis,54 the
enhanced number of TUNEL-positive cells may also re-
flect decreased TGF-� signaling. (It should be appreci-
ated that the TUNEL assay would also detect DNA frag-
mentation caused by other nonapoptotic processes such
as necrosis. However, because there was no indication of
necrosis, we consider this possibility unlikely.) At day 10,
pSmad2/3 levels have normalized in the mutant lungs,
but the enhanced rate of apoptosis continues. At this
time, differences in mitotic rate between mutant and wild-
type lungs become apparent as measured by both BrdU
incorporation and PCNA staining. The number of cells
producing surfactant B is also increased in the Ltbp-3-
null compared to wild-type lungs on day 10. We suggest
that the increase in mitosis is an attempt of the lung to
compensate for cell loss at the earlier days (days 4 to 6).
Enhanced cell proliferation is observed during the pro-
gression of adult destructive emphysema55 and may be a
general property of the lung in response to an imbalance
of different cell types. The increase in surfactant-contain-
ing alveolar type II cells is the product of the higher
mitotic rate. The number of alveolar type II cells remains
high even though the absolute number of cells in the
distal part of the lung is considerably lower in mutant
versus wild-type lungs. It is interesting that the number of
myofibroblasts, which have been implicated in the differ-
entiation of the lung56 and which can be affected by
TGF-� levels,54 is equivalent in normal and mutant lungs
at the times analyzed.

The TGF-�s contribute to lung differentiation at multiple
points because disturbances in their action result in vari-

Figure 3. pSmad2/3 nuclear staining in wild-type and Ltbp-3�/� lungs. To
visualize TGF-� signaling in the lungs of wild-type and mutant mice, lung
sections were stained with an antibody to pSmad2/3 and Alexa Fluor and the
numbers of nuclei with positive staining computed. The positive pSmad2/3
signal is red. Cell nuclei are stained with DAPI and the normal blue product
was artificially colored green. Therefore, cells with nuclear pSmad2/3 appear
yellow-orange because of the red-green overlap. The data from 4-day-old
animals are presented. The assay was performed four times with similar
results.

Table 1. Cell Growth in Wild-Type and Ltbp-3�/� Lungs

Day BrdU PCNA TUNEL

WT Ltbp-3�/� WT Ltbp-3�/� WT Ltbp-3�/�

6 3.03 � 0.028 6.46 � 0.232 5.17 � 0.033 10.01 � 0.124 1.318 � 0.13 2.656 � 0.110
10 3.33 � 0.90 6.35 � 0.11 5.37 � 0.242 11.15 � 0.224 0.737 � 0.079 1.63 � 0.042
21 1.32 � 0.012 1.378 � 0.109 1.75 � 0.022 2.18 � 0.142 N.D. N.D.

Data are presented as the percentage of total cells that stained positive for the specific marker tested. Data represent result averages and SE. For
each experiment, five slides were used and 10 fields per slide were counted. The number of animals used for each experimental group is given in
Materials and Methods. N.D., not done. The P values were BrdU: day 6, �0.033; day 10, �2E-06; day 21, �0.359; PCNA: day 6, �0.005; day 10,
�7.8 E-6; day 21, �0.257; TUNEL: day 6, �0.0008; day 10, �0.067.
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able phenotypes depending on the period in which the
signaling change occurs and whether there is underex-
pression or overexpression of a specific TGF-� iso-
form.16,24,25,37 In the animals described here, TGF-� ac-
tion has not been directly permuted. Instead, we have
created mice deficient in Ltbp-3. Ltbp is thought to assist
in the release of TGF-� from cells, to sequester latent
TGF-� in the ECM, and to participate in the activation of
latent TGF-� by certain activators.28,57 In situ hybridiza-
tion assays indicate high levels of Ltbp-3 expression by
alveolar type II and Clara cells of the developing and
newborn lung. Our studies reveal that Ltbp-3-null mice
have decreased TGF-� signaling between days 4 to 6
after birth, but this difference is transient. Our inability to
detect persistent differences in TGF-� signaling at later
times during alveolarization indicates that other mole-
cules or mechanisms for controlling TGF-� activation are
operative at these times.

With respect to how latent TGF-� is activated in the
lung, it is important to consider the two mouse models
most similar to Ltbp-3�/� mice in both their physiological
outcome and their genetic manipulation: fibrillin-1 and
Ltbp-4 hypomorphic mice. Fibrillin-1 hypomorphic mice
develop an emphysema comparable to that of Ltbp-3-null
mice with respect to age and histology.16 However, there
are several important differences between the emphy-
sema in fibrillin-1 hypomorphic and Ltbp-3-null mice. The
lack of alveolarization is more pronounced in the fibrillin-1
hypomorphic mice than in Ltbp-3-null mice because the
emphysema is evident at birth and the mice eventually
develop an inflammatory response, Moreover, the lack of
septation in fibrillin-1 hypomorphic mice is associated
with increased, not decreased, TGF-� signaling. The in-
crease in TGF-� signaling is persistent and has been
measured at multiple days, although the affected mice
die by days 10 to 14.16 The authors propose that in
fibrillin-1 hypomorphic animals LTBP in the large latent
complex is unable to associate with fibrillin-1-containing
microfibrils. The lack of proper sequestration permits in-
appropriate activation of latent TGF-� because of its mis-
localization, and these high levels of TGF-� impair cell
proliferation.

Ltbp-4 hypomorphic mice also develop an emphy-
sema that is similar but not identical to that of Ltbp-3-null
animals. This emphysema occurs earlier than that in
Ltbp-3�/� mice because the disease initiates at the sac-
cular phase. Ltbp-4 hypomorphic animals do not die
early, although they do develop additional pathologies.37

The cells in the lung release less TGF-�, implying that the
emphysema is related to a TGF-� deficit. Thus, although
fibrillin-1 and Ltbp-4 hypomorphic lungs are similar his-
tologically, the causes of impaired alveolarization are
quite different; enhanced active TGF-� in fibrillin-1 hypo-
morphic mice versus decreased TGF-� in Ltbp-4 hypo-
morphic mice. Finally, unlike the lungs of fibrillin-1
hypomorphic and Ltbp-3-null mice, the elastin in the
lungs of Ltbp-4 hypomorphic animals is fragmented. Be-
cause elastin is reported to be crucial for septa forma-
tion,56 the decrease in organized elastic fibrils may ex-
plain the Ltbp-4 mutant lung phenotype.

How can these three different mutations, Ltbp-3�/�,
Ltbp-4 hypomorph, and fibrillin-1 hypomorph, cause phe-
notypes that are similar but not identical? We believe that
the explanation derives from the pleiotropic action of
TGF-�, its bimodal activity in certain circumstances, and
the unique manner in which TGF-� is presented in the
extracellular milieu. Within the developing lung, the
TGF-� isoforms have multiple activities. The TGF-�s are
potent modulators of matrix synthesis both by enhancing
the expression of multiple ECM molecules including elas-
tin, and by regulating ECM catabolism.58 In addition,
TGF-� has both growth inhibitory and growth promoting
activities depending on the concentration of the growth
factor, the cell target, the matrix, and the overall constel-
lation of growth factors. Thus, decreased levels of TGF-�,
as reported for Ltbp-3 and Ltbp-4 mutant mice, may
prevent lung cell differentiation, whereas excess TGF-�,
as reported for fibrillin-1 hypomorphic animals, may in-
hibit normal lung cell proliferation.

TGF-� can associate with both Ltbp-3 and Ltbp-4 in
the newborn lung. Ltbp-1 is also expressed in the lung59

yielding a situation in which three molecules that bind
TGF-� are all produced in the same tissue. Although
expression of these TGF-� mediators may be restricted to
unique cell types, numerous cells in vitro have been
shown to produce multiple LTBPs.29 We hypothesize that
TGF-� complexes containing different LTBPs and pro-
duced by the same cell are not redundant and are local-
ized to unique sites within the ECM. The differential lo-
calization of the large latent complex based on LTBP
isoform permits unique activation mechanisms to gener-
ate active TGF-� in both a temporal and spatial-specific
manner. This hypothesis also suggests that the inappro-
priate presentation of soluble latent TGF-�, as in the
fibrillin-1 hypomorphic mouse, might yield inappropriate,
excessive activation and TGF-� signaling. Although this
hypothesis has several attractive features, it remains to
be proven experimentally.
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