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Connective tissue growth factor (CTGF) is a member of an emerging
family of immediate-early gene products that coordinates complex
biological processes during development, differentiation, and tissue
repair. Overexpression of CTGF is associated with mechanical ven-
tilation with high tidal volume and oxygen exposure in newborn
lungs. However, the role of CTGF in postnatal lung development and
remodeling is not well understood. In the present study, a double-
transgenic mouse model was generated with doxycycline-inducible
overexpression of CTGF in respiratory epithelial cells. Overexpres-
sion of CTGF from Postnatal Days 1-14 resulted in thicker alveolar
septa and decreased secondary septal formation. This is correlated
with increased myofibroblast differentiation and disorganized elas-
tic fiber deposition in alveolar septa. Overexpression of CTGF also
decreased alveolar capillary network formation. There were in-
creased a—smooth muscle actin expression and collagen deposition,
and dramatic thickening in the peribronchial/peribronchiolar and
perivascular regions in the double-transgenic lungs. Furthermore,
overexpression of CTGF increased integrin-linked kinase expression,
activated its downstream signaling target, Akt, as well as increased
mRNA expression of fibronectin. These data demonstrate that
overexpression of CTGF disrupts alveologenesis and capillary for-
mation, and induces fibrosis during the critical period of alveolar
development. These histologic changes are similar to those ob-
served in lungs of infants with bronchopulmonary dysplasia.
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Despite recent advances in neonatal intensive care and surfac-
tant therapy, bronchopulmonary dysplasia (BPD) remains a ma-
jor cause of morbidity and mortality in extremely premature
infants (1). The lung pathology of BPD is characterized by
decreased alveolarization, dysmorphic capillary formation, and
variable interstitial fibrosis (2, 3). Increasing evidence suggests
that BPD is the consequence of developmental arrest of the
immature lung in response to injury and deranged repair pro-
cesses (4, 5). Therefore, better understanding of the molecular
mechanisms of postnatal lung development and remodeling will
provide new insights into the pathogenesis of BPD, and open
the possibility of novel preventive and therapeutic strategies.
Many studies indicate that transforming growth factor (TGF)-
B is a potential causal factor in the pathogenesis of BPD (6, 7).
Transgenic overexpression of TGF-B in the lungs of newborn
mice results in alveolar hypoplasia and fibrosis resembling BPD-
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CLINICAL RELEVANCE

This work demonstrates that overexpression of connective
tissue growth factor during the critical alveolar developing
period disrupts alveolarization and capillary formation and
induces fibrosis in mice. These results provide new insights
into the molecular mechanisms of postnatal lung develop-
ment and the pathogenesis of bronchopulmonary dysplasia.

like architecture (8). Connective tissue growth factor (CTGF),
a prototypical member of the CCN family of proteins, is closely
related to TGF-B (9). The CCN family contains six members of
early gene products (CTGF/Fisp12, Cyr61/Cef10, Nov, rCOP-1/
WISP-1, Elm-1/WISP-2, and WISP-3), with a high degree of
amino acid sequence homology and 38 conserved cysteine
residues (10-12). CTGF is a ligand of the integrin complexes
(13). Integrin-linked kinase (ILK) is a serine/threonine kinase
that couples integrins to downstream signaling pathways, leading
to activation of a diverse array of cellular processes, including cell
adhesion, proliferation, migration, differentiation, extracellular
matrix (ECM) production, and angiogenesis (14-19). CTGF is
best known for its role as a downstream mediator and a coac-
tivator of TGF-B fibrogenic effects. Overexpression of CTGF and
TGF-B were found in many forms of adult pulmonary fibrosis in
clinical studies and animal models (20-22). Increasing evidence
suggests a potential role of CTGF in embryonic and neonatal
lung development and remodeling. A recent study has shown that
CTGF gene expression is increased in mouse lungs from Post-
natal Days 14 to 28, correlating with increased abundance of
phopho-Smad2, an intracellular TGF-B-signaling transducer
(23). Studies from our laboratory have demonstrated that TGF-
B induces CTGF expression in the mesenchyme of embryonic
lung explants, and CTGF inhibits branching morphogenesis (24).
We and other investigators have demonstrated that mechanical
ventilation with high tidal volume and hyperoxia exposure up-
regulates CTGF expression in newborn rat lung, suggesting a role
of CTGF in postnatal lung injury and repair (25, 26). CTGF gene
mutation in mice results in newborn death with respiratory
failure due to rib cage deformity and lung hypoplasia (27, 28).
However, the exact role of CTGF in postnatal lung development
and remodeling remains to be defined.

Much of the knowledge on lung development has been
generated through studies using transgenic mouse models with
lung tissue—specific expression of target genes directed by gene
promoter of surfactant protein (SP-C) or Clara cell secretory
protein (CCSP) (29). To determine the role of CTGF in
postnatal lung development, we have generated a doxycycline-
inducible double-transgenic mouse model with conditional over-
expression of CTGF in respiratory epithelial cells directed by
the CCSP gene promoter. Our data demonstrate that over-
expression of CTGF in the postnatal lung disrupts alveolariza-
tion, decreases capillary formation, and induces fibrosis. Thus,
overexpression of CTGF in airway epithelium leads to lung
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histological changes similar to those observed in lungs of TGF-$
transgenic mice and infants with BPD.

MATERIALS AND METHODS

Generation of Double-Transgenic Mice with Conditional
Overexpression of CTGF in Respiratory Epithelium

The study protocols were reviewed and approved by the Animal Care
and Use Committee at the University of Miami (Miami, FL). The
conditional and tissue specific overexpression of CTGF was achieved by
mating two lines of transgenic mice, the CCSP-reverse tetracycline-
responsive transactivator (rtTA) mice, bearing the rtTA under the
control of the 2.3-kb rat CCSP gene promoter, and the tetracycline
operator (TetO)-CTGF mice, containing TetO and minimal cytomeg-
alovirus (CMV) promoter and CTGF transgene (Figure 1A). The
CCSP-rtTA mice were provided by Dr. Jeffrey Whitsett (Cincinnati
Children’s Hospital, Cincinnati, OH), and have been previously de-
scribed (29, 30). The TetO-CTGF mice were generated in the University
of Miami Transgenic Facility. To generate the TetO-CTGF mice, a 1-kb
cDNA fragment containing the open reading frame of the human CTGF
gene was excised from a pbluescript plasmid construct. The cDNA
fragment was blunt-end ligated into the EcoRV site of a plasmid
construct containing the Teto-CMV promoter and the bovine growth
hormone polyadenylation sequences (provided by Dr. Whitsett). The
orientation of the CTGF cDNA insert was confirmed by DNA
sequencing. The expression cassette was liberated by nuclease digestion,
microinjected into fertilized eggs of C57/B6J mice, and implanted into
pseudopregnant host mice, as previously described (30). The transgenic
founder mice were identified by PCR reaction of tail DNA with primers,
5'-CCGTACTCCCAAAATCTCCA-3' and 5'-GCGATGCAATTT
CCTCATTT-3' that span the junction between the TetO and the CTGF
cDNA. To generate double-transgenic mice, the homozygous CCSP-
rtTA mice were mated to the heterozygous TetO-CTGF mice. The
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Figure 1. Generation of double-transgenic mouse model with
conditional overexpression of connective tissue growth factor
(CTGF) in respiratory epithelium. (A) Mating homozygous Clara
cell secretory protein (CCSP)-reverse tetracycline-responsive
transactivator (rtTA) mice to heterozygous tetracycline operator
(TetO)-CTGF mice produced double-transgenic pups containing
CCSP-rtTA and TetO-CTGF transgenes. Administration of doxy-
cycline (Dox) to the dams from Postnatal Days 1-14 induced
overexpression of CTGF in airway epithelium. (B) PCR analysis of
tail DNA with CCSP-rtTA and TetO-CTGF primers identified
CCSP-rtTA single-transgenic (STG) mice (lanes 1 and 3) and
CCSP-rtTA/TetO-CTGF double-transgenic (DTG) mice (lanes 2
and 4) without (lanes 17 and 2) and with (lanes 3 and 4) Dox
administration. (C) Western blot analysis demonstrated high
level of CTGF protein expression in DTG lungs exposed to Dox
(lane 4) compared with extremely low levels of CTGF protein
expression in STG lungs without (lane T) and with (lane 3) Dox
treatment and in DTG transgenic lungs without Dox treatment
(lane 2). (D) STG lungs without Dox administration. (E) DTG
lungs without Dox exposure. (F) STG lungs treated with Dox. (G)
Immunohistochemistry revealed extensive CTGF expression in
bronchiolar and alveolar epithelium only in Dox-treated DTG
lungs (arrows). Magnification, 40X. Scale bars, 50 pm.

newborn mice were genotyped by PCR of tail DNA with CCSP-rtTA
primers, 5'-AAAATCTTGCCAGCTTTCCCC-3' and 5'-ACTGCCC
ATTGCCCAAACAC-3' and TetO-CTGF primers. To induce CTGF
expression in the lungs of newborn pups, the nursing dams were fed with
doxycycline containing water (1 mg/ml) from Postnatal Days 1 to 14.
Previous studies have demonstrated the efficacy of such feeding regimen
in inducing transgene expression (29). Additional litters were given
regular drinking water to determine whether CTGF is induced in the
absence of doxycycline treatment.

Tissue Preparation

Mice were killed on Postnatal Days 6 and 14, and lungs were infused
with 4% paraformaldehyde via a tracheal catheter at 20 cm H,O of
pressure for 5 minutes and then fixed in 4% paraformaldehyde solution
overnight at 4°C. Fixed lung tissues were paraffin embedded and 5-pm
sections were processed. Additional lungs were also collected for total
RNA and protein isolation.

Lung Histology, Morphometry, and Histochemistry

Lung tissue sections were stained by standard hematoxylin and eosin
method for histology and morphometry. Morphometric analysis was
performed by MetaMorph Imaging System (Molecular Devices, Sun-
nyvale, CA). Briefly, five random images were taken under 20X
magnification on each hematoxylin and eosin-stained lung tissue
section. The images were thresholded using equal threshold levels for
all groups to obtain consistent results. To determine the mean alveolar
airspace area, the air spaces were distinguished from tissues based on
intensity, and the number of pixels acquired for each air space was
converted to square micrometers (31). To determine the mean cord
length (MCL), the images were viewed under a field of equally spaced
vertical lines. The MCL was calculated as the average of total length of
lines overlying alveolar air space in each image (32). The secondary
septa were manually counted on the same images and expressed as the
average of total number of secondary septa per image. Lung tissue
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Figure 2. CTGF disrupted alveolarization. His-
tological examination on hematoxylin and eo-
sin (H&E)-stained lung tissue sections at
Postnatal Day 14 demonstrated normal alveolar
morphogenesis with thin septa and well formed
secondary septa in STG lungs without (A) and
with (C) Dox administration, and in DTG lungs
without (B) Dox exposure. Administration of
Dox disrupted alveolarization with hypercellular
septa and poorly formed secondary septa in
DTG lungs (D). Mean alveolar airspace area (E),
mean chord length (MCL) (F), and number of
secondary septa (G) were significantly de-
creased in Dox-treated DTG lungs at Postnatal
Day 14. Similar changes in lung histology (STG
[H]; DTG [/]), mean alveolar airspace area (J),
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Dox treatment. Insets are higher magnification
x views of secondary septa indicated by the
arrows. n = 3 in groups without Dox adminis-
tration; n = 4 in groups with Dox administra-
tion at Postnatal Day 14; n = 4 in STG group;
and n = 5 in DTG group at Postnatal Day 6.
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sections were also stained with Hart’s staining to detect elastic fiber
and Picro Sirius Red staining to detect collagen.

Immunohistochemistry and Immunofluorescence Staining

The primary antibodies used in immunohistochemistry and immunoflu-
orescence staining included: goat anti-CTGF and anti-CCSP 10 kD
antibodies from Santa Cruz Biotechnology (Santa Cruz, CA); a mouse
anti-a—smooth muscle actin (a-SMA) antibody from Sigma (St. Louis,
MO); a rabbit anti-pro-SP-C and a goat anti-ILK antibody from
Chemicon (Temecula, CA); a rat anti-platelet endothelial cell adhesion
molecule (PECAM)-1 antibody from BD Biosciences (San Jose, CA)
and an anti-phosphorylated Akt (p-Akt) antibody from Cell Signaling
Technology Inc. (Danvers, MA). Briefly, tissue sections were deparaffi-
nized in xylene and rehydrated through graded ethanol into PBS. The
sections were incubated with respective primary antibodies overnight at
4°C. For immunohistochemistry, the tissue sections were then incubated

** P < 0.005. Magnification, 20X. Scale bars,

+ Dox 50 um
wm.

with biotinylated secondary IgGs for 1 hour at room temperature. The
cell-bound biotinylated secondary antibodies were detected with either
streptavidin-biotin—alkaline phosphatase complexes and substrates or
streptavidin-biotin—peroxidase complexes and 3,3’-diaminobenzidine
(DAB) substrates (Vector, Burlingame, CA). For immunofluorescence
staining, the tissue sections were then incubated with AlexaFluor 488- or
AlexaFluor 594-labeled secondary antibodies (Invitrogen, Carlsbad,
CA) for 1 hour at room temperature. After being washed with PBS,
the tissue sections were counterstained with 4’,6-diamidino-2-phenyl-
indole (DAPI; Vector) and mounted with glycerol.

Measurement of Capillary Density

Capillary density was quantified by measuring the area of PECAM-1
immunostaining relative to the total area of alveolar tissue with
MetaMorph Imaging System (Molecular Devices), as previously de-
scribed (33).
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Figure 2. (continued)

Cell Proliferation and Apoptosis

Proliferating cells were identified by immunofluorescence staining with
an anti-proliferating cell nuclear antigen (PCNA) antibody (Santa
Cruz Biotechnology). Apoptotic cells were detected by a terminal
deoxynucleotidyl transferase—-mediated deoxyuridine triphosphate nick
end-labeling (TUNEL) kit according to the manufacturer’s protocol
(Roche Applied Science, Indianapolis, IN). The tissue sections were
counter stained with DAPI to identify all nuclei. The PCNA- and
TUNEL-positive nuclei (red signals) and DAPI-stained nuclei (blue)
were examined under a fluorescent microscope in 10-12 randomly
selected fields from each section. The proliferating or apoptotic cell
index was expressed as the ratio of proliferating or apoptotic nuclei to
DAPI stained nuclei.

Western Blot Analysis

Total protein was extracted from frozen lung tissues with a RIPA
buffer according to manufacturer’s protocol (Santa Cruz Biotechnol-
ogy). The protein concentrations were measured by BCA protein assay
using a commercial kit from Pierce Biotechnology Inc. (Rockford, IL).
Samples of total protein (50-100 ng) were fractionated by SDS-PAGE
on 4-12% Tris-glycine precast gradient gels (Invitrogen) and then
transferred to nitrocellulose membranes (Amersham, Piscataway, NJ).
The membranes were incubated overnight at 4°C with respective pri-
mary antibodies for CTGF, vascular endothelial growth factor (VEGF)
(Santa Cruz Biotechnology), ILK, and p-Akt, and then incubated for
1 hour at room temperature with horseradish repoxidase—conjugated
secondary antibodies. Antibody-bound proteins were detected with en-
hanced chemiluminescence methodology (Amersham). Membranes were
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then stripped with 0.2 N NaOH and reincubated with primary antibodies
reactive with a normalization protein, B-actin, and total Akt. The inten-
sities of protein bands were quantified by Quantity One Imaging Anal-
ysis Program (Bio-Rad, Hercules, CA).

RNA Isolation and Quantitative Real-Time RT-PCR

Total RNA was isolated from frozen lung tissues and treated with
DNase to remove possible DNA contamination, as previously de-
scribed (25). Total RNA (1 pg) was reverse transcribed in a 20-pl
reaction by using a first-strand cDNA synthesis kit according to
manufacturer’s protocol (Invitrogen). The real-time RT-PCR was
performed on an ABI Fast 7500 System (Applied Biosystems, Foster
City, CA). Each reaction included diluted first-strand cDNA, CTGF,
a-SMA, collagen type I, al (collal), fibronectin, elastin, emilin 1 or
B-actin primers, and master mix containing TagMan probes, according
to the manufacturer’s instructions (Applied Biosystems). Real-time
RT-PCR conditions were 95°C for 10 minutes, followed by 40 cycles of
95°C for 15 seconds, and 60°C for 30 seconds. RNase-free water was
used as a negative control. For each target gene, a standard curve was
established by performing a series of dilutions of the first-strand
cDNA. The mRNA expression levels of target genes were determined
from the standard curve and normalized to B-actin.

Data Presentation and Statistical Analysis

Results are expressed as means (=SD). Comparison between two
groups was performed with Student’s ¢ test. Comparison among four
groups was performed by one-way ANOVA, followed by Student-
Newman-Keuls test. A P value less than 0.05 was considered significant.
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Figure 3. CTGF increased myofibroblast differentiation
and caused abnormal elastic fiber deposition in alveolar
septa. Immunohistochemistry detected a—smooth muscle
actin (a-SMA) expression in cells at the tips of secondary
septa in Dox-exposed STG lungs (arrow [A]). In Dox-
exposed DTG lungs, a-SMA was detected irregularly and
with increased abundance in alveolar septa and on the
surface of alveolar septa (arrows [B]). (C) Quantitative real-
time RT-PCR revealed significant increase in a-SMA mRNA
expression in Dox-treated DTG lungs. Hart’s staining
detected organized elastin fibers at the tips of secondary

b b ~ T A | E '4/ - {’ \: \M_" s w1 septa and along parts of alveolar septa in Dox-treated STG
_,/_}, sl _‘-/ ! A .{!ﬂ b = Ly ¢ lungs (arrow [D]). In Dox-treated DTG lungs, elastin fibers
£ Vil ¢ \4‘( ,'-.' ~ Y o <75 V) W \ were localized along alveolar septa, at poorly formed

o f 5 . _':"", “ '\5'/_'\ "'Aﬁ secondary septa that are fragmented and irregular, and

- . { = é ) " “!:,'\ 5'4" \ / in thick alveolar septa (arrows [£]). Quantitative real-time
[, o ( i e w.: pl\ Q RT-PCR analysis demonstrated increased mRNA expres-
¥ . = S ;"“\ 1 sions of elastin (F) and emilin1 (G) in Dox-exposed DTG

A lungs. n = 4/group; *P < 0.001, **P < 0.05. Magnifica-
tion, 40X. Scale bars, 50 pm (A and B), 100 pm (D and E).
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RESULTS

Conditional Overexpression of CTGF in Respiratory Epithelial
Cells of the Postnatal Lung

Mating CCSP-rtTA mice to TetO-CTGF mice produced single-
transgenic pups containing CCSP-rtTA or TetO-CTGF, and
double-transgenic pups containing both CCSP-rtTA and TetO-
CTGF transgenes, which were identified by PCR of tail DNA
with CCSP-rtTA and (TetO),-CTGF primers (Figure 1B).
Western blot analysis demonstrated extremely low levels of
CTGF protein in lungs from CCSP-rtTA single-transgenic mice
with or without doxycycline administration, and from double-
transgenic mice without doxycycline administration (Figure
1C). However, treatment with doxycycline for 14 days from
Postnatal Day 1 induced high-level expression of CTGF protein
in double-transgenic lungs (Figure 1C). Immunohistochemical
analysis confirmed that CTGF is undetectable in lungs from
single-transgenic mice with or without doxycycline treatment

and double-transgenic mice without doxycycline administration
(Figures 1D-1F). Intensive expression of CTGF was detected in
the nonciliated proximal airway epithelium and in subsets of
alveolar epithelial cells in double-transgenic lungs (Figure 1G).
Thus, we have generated a mouse model with doxycycline-
inducible overexpression of CTGF in respiratory epithelium,
and there was no leakage of transgene. Mice survived during the
2 weeks of administration of doxycycline. Body weights were
similar between the single- and double-transgenic mice (11.18 =
1.75 versus 10.24 + 1.57; P = 0.24).

Conditional Overexpression of CTGF
Disrupted Alveolarization

Overexpression of CTGF from Postnatal Days 1 to 14 resulted
in dramatic changes of lung structure. On histologic examina-
tion at Postnatal Day 14, the single-transgenic lungs with or
without doxycycline exposure, and the double-transgenic lungs
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without doxycycline treatment, displayed normal alveolar de-
velopment (Figures 2A-2C), suggesting that neither doxycy-
cline exposure nor CCSP-rtTA/TetO-CTGF double transgenes
alone affects lung development. However, there were simplified
alveoli accompanied by hypercellular septa in the double-
transgenic lungs exposed to doxycycline (Figure 2D). Further
morphometric analysis demonstrated a 27% and a 31% de-
crease in the mean alveolar airspace area and MCL, respec-
tively, in double-transgenic lungs treated with doxycycline
compared with the single-transgenic lungs with or without
doxycycline exposure and the double-transgenic lungs without
doxycycline treatment (Figures 2E and 2F). The secondary
septa were also decreased by 34% (Figure 2G). These histolog-
ical and morphological changes were also observed at Postnatal
Day 6, but to a lesser extent (Figures 2H-2L). Thus, over-
expression of CTGF in respiratory epithelium disrupted alveo-
larization in postnatal lungs. Because the most dramatic
changes of lung histology and morphology were detected at
Postnatal Day 14 compared with Postnatal Day 6, the following
analyses were performed at Postnatal Day 14.

Conditional Overexpression of CTGF Increased Myofibroblast
Differentiation, Leading to Disorganized Elastic
Fiber Deposition

Alveolar myofibroblasts plays a pivotal role in normal alveolar
development. Myofibroblasts located at the tip of secondary
crests produce elastin that is crucial for alveolar septation.
Alveolar myofibroblasts express a-SMA; we therefore exam-
ined a-SMA expression and elastin deposition in lung tissues
from doxycycline-treated mice to determine the mechanisms of
CTGF-induced abnormal alveolar development. As demon-
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Figure 4. Effects of CTGF on cell proliferation and apopto-
sis. Immunofluorescence staining with an anti—proliferating
cell nuclear antigen (PCNA) antibody detected proliferating
cells (arrows) in Dox-administrated STG (A) and DTG (C)
lungs. (D) Quantification of proliferating cell index demon-
strated increased proliferating cells in Dox-treated DTG
lungs. Apoptotic cells (arrows) were detected by a TUNEL
assay in Dox administrated STG (B) and DTG (D) lungs. (F)
Quantification of apoptotic index revealed no difference in
these lungs. n = 4/group; *P < 0.05. Magnification, 40X.

strated in Figure 3, a-SMA was localized in the cells at the tips
of secondary septa in single-transgenic lungs (Figure 3A). In
contrast, cells positively stained for a-SMA were detected on
alveolar surfaces and in alveolar septa in double-transgenic
lungs (Figure 3B). Expression of a-SMA mRNA was increased
by 40% in double-transgenic lungs (Figure 3C). These results
suggest that overexpression of CTGF increases myofibroblast
differentiation in alveolar septa in postnatal lungs. To discern
whether increased myofibroblast differentiation alters elastin
expression, Hart’s staining on lung tissue sections was per-
formed to examine elastin deposition. In single-transgenic
lungs, elastin was detected in an organized fashion at the tips
of secondary septa and in portions of the alveolar surfaces
(Figure 3D). However, in double-transgenic lungs, elastin was
detected with increased intensity and disorganized fashion on
alveolar surfaces and in septa (Figure 3E). We analyzed mRNA
expression of elastin and found a nearly threefold increase in
double-transgenic lungs (Figure 3F). We also analyzed mRNA
expression of emilin 1, an elastin-related gene, and found more
than fivefold increases in double-transgenic lungs. Therefore,
increased alveolar myofibroblast differentiation caused by
CTGF leads to increased and disorganized elastic fiber de-
position in the postnatal lungs, and this may play a role in
CTGF disruption of alveolarization.

Effect of Conditional Overexpression of CTGF on Cell
Proliferation, Apoptosis, and Epithelial Cell Differentiation

To further determine the mechanisms of CTGF disruption of
alveolarization and thickening of septum, cell proliferation
was examined by immunofluorescence staining with a PCNA-
specific antibody on lung tissue sections from doxycycline-
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Figure 5. CTGF disrupted capillary development. Immu-
nohistochemistry using an anti-platelet endothelial cell
adhesion molecule (PECAM)-1 antibody detected intense
signal in intra-acinous vessels (arrowhead) and capillary
networks (arrow) in Dox-treated STG lungs (A and
C). PECAM-1 was detected with intense signal in intra-
acinous vessels (arrowhead) but with dramatically de-
creased intensity and continuity in capillary networks
(arrow) in Dox treated DTG lungs (B and D). (E) Quanti-
fication of capillary density determined by the percentage
of PECAM-1-stained area versus alveolar tissue area. (F)
Western blot analysis of vascular endothelial growth factor
(VEGF) protein expression. n = 4/group; *P < 0.01.
Magnification, 40X. Scale bars, 100 pm.
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treated single- and double-transgenic mice. The proliferating
cell index was increased 48% in the alveolar septa in double-
transgenic lungs (Figures 4A-4C). TUNEL staining demon-
strated few apoptotic cells, and there was no difference between
the two groups (Figures 4D-4F). To determine the effect of
CTGF on airway epithelial cell and alveolar type II cell
differentiation, protein expression of CCSP and pro-SP-C were
examined in lung tissue sections from doxycycline-treated
single- and double-transgenic mice. The localization and in-
tensity of CCSP and pro-SP-C stainings were similar between
the single- and double-transgenic lungs (data not shown).

Overexpression of CTGF Decreased Capillary Formation

To determine the effect of CTGF on pulmonary vascular
development, expression of PECAM-1, a surface marker for
endothelial cells, was assessed by immunohistochemistry in
doxycycline-treated single- and double-transgenic lungs. In
single-transgenic lungs, PECAM-1 staining revealed extensive
capillary networks located in the thin alveolar septa (Figures SA
and 5C). PECAM-1 was also detected with intense signal in
intra-acinous blood vessels (Figure 5SA). In double-transgenic
lungs, PECAM-1 was detected with strong intensity in intra-
acinous blood vessels, which was similar to the control lungs
(Figure 5B). However, PECAM-1 staining was dramatically
decreased in the capillary networks in alveolar septa (Figures
5B, 5D, and 5E). Quantification of capillary density confirmed
the immunohistochemistry finding. Western blot analysis was
performed to examine VEGF expression, and showed no
significant difference between single- and double-transgenic
lungs (Figure 5F).

Overexpression of CTGF Leads to Fibrosis

Histological examination was performed on lung tissue sections
from doxycycline-exposed single- and double-transgenic mice.
Overexpression of CTGF resulted in dramatic thickening in the
peribronchial/peribronchiolar and perivascular regions in dou-
ble-transgenic lungs (Figure 6B). Special staining for collagen
with Picro Sirius Red revealed increased collagen deposition in
these regions (Figure 6D). Expression of (collal) mRNA was
also increased in the double-transgenic lungs (Figure 6E). The
expansion of the interstitial myofibroblast population plays
a critical role in excessive deposition of ECM. Dual immuno-
fluorescence staining was performed with CTGF- and a-SMA-
specific antibodies, and detected increased oa-SMA-positive
cells in bronchial/bronchioles and blood vessels adjacent to
CTGF-expressing cells in double-transgenic lungs (Figure 7).
There were also a-SMA-expressing cells detected in the
surrounding mesenchyme (Figure 7). These results indicate that
overexpression of CTGF induces fibrosis.

Overexpression of CTGF Activates ILK Signaling

To further investigate the potential signaling pathways mediat-
ing CTGF-induced abnormal lung development and remodel-
ing, immunohistochemistry and Western blot were performed
to examine ILK expression and Akt phosphorylation, a signa-
ling molecule downstream of ILK (19), in lung tissues from
doxycycline-administered single- and double-transgenic mice.
In single-transgenic lungs, ILK was sparsely detected with weak
intensity in bronchiolar epithelial cells (Figure 8A). However,
ILK was abundantly detected with strong intensity in bronchi-
olar epithelial cells and with weak intensity in surrounding
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mesenchymal tissues and alveolar septa in double-transgenic
lungs (Figure 8B). Western blot analysis confirmed that expres-
sion of ILK protein was increased in double-transgenic lungs
(Figure 8C). Correlating with ILK expression, p-Akt was
undetectable in control lungs (Figure 8D), but strongly detected
in bronchiolar epithelial cells and weakly detected in surround-
ing mesenchymal tissues and alveolar septa in double-transgenic
lungs (Figure 8E). Enhanced Akt phosphorylation in double-
transgenic lungs was also demonstrated by Western blot analysis
(Figure 8F). Fibronectin is one of the target genes of ILK-Akt
signaling; we therefore examined fibronectin mRNA expres-
sion, and demonstrated a nearly threefold increase in double-
transgenic lungs (Figure 8G). These data suggest that ILK-Akt
signaling may mediate CTGF responses in postnatal lung
development and remodeling.

DISCUSSION

In the present study, we investigated the role of CTGF in
postnatal lung development and remodeling with a doxycycline-
inducible double-transgenic mouse model to overexpress CTGF
in respiratory epithelial cells under the direction of the CCSP
gene promoter. We demonstrated for the first time that over-
expression of CTGF in the lungs of postnatal mice during the
first 2 weeks of life disrupts alveolarization and capillary
formation and induces fibrosis. These findings are similar to
the histological changes observed in lungs of infants with BPD.

The lung structure of premature infants born at 24 to 28
weeks gestational age, who are at high risk for BPD, is at later
canalicular and early saccular stage, with minimal airspace and
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Figure 6. CTGF induced fibrosis. Histologic examination on
H&E-stained lung tissue sections revealed dramatic thicken-
ing of peribronchial/peribronchiolar and perivascular regions
in Dox-administrated DTG lungs (B) compared with STG
lungs (A). Picro Sirius Red staining demonstrated increased
collagen deposition in these regions in DTG lungs (D)
compared with STG lungs (C). Insets are higher magnification
views of the area indicated by the arrows. Quantitative real-
time RT-PCR demonstrated significantly increased mRNA
expression of collagen type |, a1 (col1al) (E) in DTG lungs.
n = 4/group; *P < 0.01. Magnification, 40X (A and B), 20X
(C and D). Scale bars, 50 pm.

thick saccular wall (4, 34). Mechanical ventilation and oxygen
exposure play a key role in the pathogenesis of BPD, leading to
deranged lung development and remodeling. We and others
have previously demonstrated that both mechanical ventilation
with high tidal volume and oxygen exposure up-regulate CTGF
expression in the postnatal rat lungs (25, 26). Moreover, chronic
hyperoxia exposure of newborn mice from Postnatal Days 1 to
14 impaired alveolarization that correlates with activation of
TGF-B signaling and induction of CTGF gene expression (35).
Taken together, these results suggest a potential role of CTGF
in the pathogenesis of BPD. The lung of the newborn mouse is
at the saccular stage, which will rapidly form alveoli in the first 2
weeks of life (36). Although CTGF gene expression was
detected, CTGF protein expression was extremely low during
this period. We therefore used the doxycycline-inducible dou-
ble-transgenic mouse model to overexpress CTGF in respira-
tory epithelial cells from Postnatal Days 1-14 to study the
effects of aberrant CTGF expression on alveolarization and
remodeling. The CCSP-rtTA—directed overexpression of CTGF
was detected primarily in the nonciliated bronchial and bron-
chiolar epithelial cells, as well as in subsets of alveolar type II
cells, which is similar to the results of previous studies using the
same promoter system (29, 30). Our previous study demon-
strated that mechanical ventilation with high tidal volume
induces CTGF expression in bronchiolar epithelium and alve-
olar septa (25). Therefore, the expression pattern observed in
this study would provide an ideal model to study the effects of
CTGF overexpression on postnatal lung development and
remodeling. Indeed, our data have provided compelling evi-
dence that links CTGF with abnormal postnatal lung develop-
ment and remodeling.
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We have demonstrated that overexpression of CTGF during
the critical alveolar developing period disrupts alveolarization.
Fewer and simplified alveoli accompanied by hypercellular septa
were observed in doxycycline-administrated double-transgenic
lungs at Postnatal Days 6 and 14. Morphometric analysis in-
dicated decreased alveolar airspace area in these lungs. The
alveolar development was normal in single-transgenic lungs
with or without doxycycline treatment, and in double-transgenic
lungs without doxycycline exposure. These data indicate that
the lung abnormalities observed in this model are not caused by
the off-target effects of CCSP-rtTA or doxycycline toxicity. In
the developing lung, alveoli are created by the formation of
secondary septa that divide the terminal air spaces into thin-
walled sacs. Proper formation of secondary septa requires the
participation of alveolar myofibroblasts at the tips of developing
alveolar septa. These myofibroblasts actively express elastin,
and a well organized temporal elastic fiber formation and de-
position are critical for alveolar septation and normal alveolar
development (37-39). In mice deficient for platelet-derived
growth factor, there is a lack of myofibroblasts at the tips of
the alveolar septa, and, consequently, a lack of elastin fiber
deposition, leading to dilated and thin-walled distal air sacs in
neonatal lungs (40). In contrast, in a triple-transgenic mouse
model, overexpression of TGF-f in airway epithelium results in
increased myofibroblast formation in alveolar septa, leading to
thick-walled and fewer alveoli at 2 weeks postnatal age (8).
Overexpression of CTGF in this model resulted in increased
alveolar myofibroblast differentiation resembling that observed
in TGF-B transgenic lungs. In addition, overexpression of
CTGEF increased elastin and emilin 1 mRNA expression, and
caused increased and disorganized elastic fiber deposition, as
well as poor and decreased secondary septal formation. These
data further support the important role of coordinated temporal

Figure 7. CTGF increased a-SMA expression in mesenchymal
tissues surrounding conducting airways and blood vessels.
Dual immunofluorescence staining was performed on lung
tissue sections from Dox-administrated STG and DTG lungs
with an anti-CTGF antibody (red signal) and an anti-a-SMA
antibody (green signal) and DAPI nuclear staining (blue
signal). CTGF (A) was undetectable and «-SMA (arrowheads
[C]) was detected in bronchial/bronchiolar walls and vessels
in STG lungs. In DTG lungs, CTGF (arrow [B]) was detected in
airway epithelium and a-SMA (arrowheads [D]) was detected
with increased intensity in bronchial/bronchiolar walls adja-
cent to CTGF-expressing cells, and in vessels and surrounding
mesenchymal tissues. E represents a merged image of A and
C; and F represents a merged image of B and D. Magnifica-
tion, 40X.

and spatial myofibroblast differentiation and elastic fiber orga-
nization in alveologenesis.

Overexpression of CTGF increased cell proliferation in
alveolar septa, but did not affect cell apoptosis or epithelial
cell differentiation in the postnatal lungs. Previous studies have
demonstrated that CTGF gene mutation results in decreased
proliferation and increased apoptosis in lungs of embryos at
Embryonic Day 18.5 (28). However, CTGF gene mutation did
not change SP-C protein expression, but increased cytoplasmic
glycogen, suggesting delayed epithelial cell maturation (28).
These results indicate that CTGF plays a more prominent role
in regulating cell proliferation than epithelial cell differentiation
during embryonic and postnatal lung development.

The impaired alveolarization was associated with abnormal
alveolar vascular network formation in this study. Overexpres-
sion of CTGF resulted in decreased PECAM-1 expression in the
alveolar vascular networks, but did not change PECAM-1
expression in the intra-acinous blood vessels in the postnatal
lung. VEGF plays a key role in regulating alveolar epithelial and
endothelial interaction, thus leading to the establishment of gas—
blood exchange units (41). A recent study demonstrated that
selective inactivation of VEGF in respiratory epithelium results
in defects in both alveolar septation and capillary formation (42).
Previous studies have indicated that CTGF is able to bind to
VEGEF in the ECM, thus decreasing the VEGF angiogenic effect
(43-45). In this study, we have examined VEGF expression, and
did not show any differences between the two groups. We
speculate that two possible mechanisms are involved in de-
creased capillary development in this model. First, CTGF pro-
duced by the alveolar epithelial cells may bind to VEGF locally,
which decreases VEGF binding to its receptors on the capillary
endothelial cells, thus decreasing capillary formation. Second,
previous studies have demonstrated that impaired alveolarization
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Figure 8. CTGF activated integrin-linked kinase (ILK)-Akt
signaling. Immunohistochemistry was performed with anti-
ILK and anti-p-Akt antibodies on lung tissue sections from
Dox-treated STG and DTG mice. In STG lungs, ILK was
detected with low intensity in bronchiolar epithelial cells
(arrow [A]), and p-Akt was undetectable (D). In DTG lungs,
ILK (arrows [B]) and p-Akt (arrowheads [E]) were detected with
strong intensity in bronchiolar epithelial cells, and weakly in
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leads to impaired capillary formation, or vice versa. Impaired
alveolarization caused by overexpression of CTGF in this model
could lead to decreased capillary formation.

Variable interstitial fibrosis is observed in BPD lungs in
clinical studies and experimental animal models (4, 46-—48).
Previous studies have demonstrated the critical role of CTGF in
inducing lung fibrosis in adult rats and mice (21, 49). In this
study, overexpression of CTGF resulted in lung fibrosis during
the critical alveolar developing period. Besides thickening of
alveolar septa, there was dramatic thickening in the peribronchial/
peribronchiolar and perivascular regions in double-transgenic
lungs. The collagen deposition and expression of a-SMA in these
regions were dramatically increased by CTGF. CTGF stimulates
fibroblast-to-myofibroblast differentiation, as well as epithelial-
to-mesenchymal transdifferentiation, leading to fibrosis (50, 51).
Future studies are needed to explore the cellular and molecular
mechanisms of CTGF-induced alteration of myofibroblast dif-
ferentiation leading to abnormal alveolar development and
fibrosis in postnatal lungs.

We have demonstrated that overexpression of CTGF in-
creases ILK expression in bronchiolar epithelial cells during the
alveolar developmental period. ILK is an intracellular serine/

ok

surrounding mesenchymal tissues and alveolar septa. Western
blot demonstrated that overexpression of CTGF increased ILK
expression (C) and activated Akt (F) in DTG lungs. Quantita-
tive real-time RT-PCR demonstrated increased fibronectin
mRNA expression in DTG lungs (G). n 4/group; *P <
0.001, **P < 0.05. Magnification, 40X. Scale bars, 50 pm.

DTG

threonine protein kinase that couples integrins to downstream
signaling pathways involved in a variety of cellular functions
during development and remodeling. Increasing evidence in-
dicates that ILK plays a key role in mediating TGF-B- and
CTGF-induced renal tubular epithelial-to-mesenchymal trans-
differentiation, which is believed to play a critical role in renal
interstitial fibrogenesis (52, 53). In cultured human lung fibro-
blasts, overexpression of ILK induces Akt phosphorylation and
protects collagen matrix contraction-induced apoptosis (54). In
this study, overexpression of CTGF also enhanced Akt phos-
phorylation at the sites where ILK was induced. We have also
demonstrated that expression of fibronectin mRNA, one of the
ILK-Akt downstream target genes, is up-regulated in the
double-transgenic lungs. These data suggest that ILK-Akt
signaling pathway may be involved in CTGF-induced abnormal
postnatal lung development and remodeling.

Taken together, overexpression of CTGF disrupts alveolari-
zation and capillary formation, and induces fibrosis in the
postnatal lungs. The simplification of alveolarization and capil-
lary formation induced by CTGF has striking similarity to lung
pathologies observed in infants with BPD. The observation of
overexpression of CTGF correlating with activation of ILK-
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Akt signaling pathway highlights the potential role of the
CTGF-ILK-Akt pathway in the pathogenesis of BPD.
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