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Endothelial Injury in a Transforming Growth Factor
␤–Dependent Mouse Model of Scleroderma Induces
Pulmonary Arterial Hypertension
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Results. In the T␤RII⌬k-fib mouse strain, a constitutive pulmonary vasculopathy with medial thickening, a perivascular proliferating chronic inflammatory
cell infiltrate, and mildly elevated pulmonary artery
pressure resembled the well-described chronic hypoxia
model of pulmonary hypertension. Following administration of SU5416, the pulmonary vascular phenotype
was more florid, with pulmonary arteriolar luminal
obliteration by apoptosis-resistant proliferating endothelial cells. These changes resulted in right ventricular
hypertrophy, confirming hemodynamically significant
PAH. Altered expression of TGF␤ and VEGF ligand and
receptor was consistent with a scleroderma phenotype.
Conclusion. In this study, we replicated key features of systemic sclerosis–related PAH in a mouse
model. Our results suggest that pulmonary endothelial
cell injury in a genetically susceptible mouse strain
triggers this complication and support the underlying
role of functional interplay between TGF␤ and VEGF,
which provides insight into the pathogenesis of this
disease.

Objective. To delineate the constitutive pulmonary vascular phenotype of the T␤RII⌬k-fib mouse
model of scleroderma, and to selectively induce pulmonary endothelial cell injury using vascular endothelial
growth factor (VEGF) inhibition to develop a model
with features characteristic of pulmonary arterial hypertension (PAH).
Methods. The T␤RII⌬k-fib mouse strain expresses a kinase-deficient transforming growth factor ␤
(TGF␤) receptor type II driven by a fibroblast-specific
promoter, leading to ligand-dependent up-regulation of
TGF␤ signaling, and replicates key fibrotic features of
scleroderma. Structural, biochemical, and functional
assessments of pulmonary vessels, including in vivo
hemodynamic studies, were performed before and following VEGF inhibition, which induced pulmonary endothelial cell apoptosis. These assessments included biochemical analysis of the TGF␤ and VEGF signaling axes
in tissue sections and explanted smooth muscle cells.
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Pulmonary arterial hypertension (PAH) develops
in up to 10% of patients with systemic sclerosis (SSc;
scleroderma) and is a major cause of mortality (1,2). The
worse outcomes and poorer responses to therapy in
patients with SSc-related PAH compared with idiopathic
PAH suggest that clinical and pathologic differences
exist between different forms of precapillary pulmonary
hypertension (3). In SSc, the timing and frequency of the
development of PAH are consistent with a triggering
event in susceptible individuals (4). The pathologic
hallmark of advanced SSc-related PAH is vascular obliteration with endothelial proliferation, medial hypertrophy, and adventitial fibrosis. Endothelial injury and
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apoptosis have been reported, and perivascular inflammation has been observed (5–9).
Dysregulated angiogenesis, with high levels of
circulating vascular endothelial growth factor (VEGF)
and angiostatic factors, is thought to represent an aberrant repair mechanism (10,11). These changes are present in the arterial circulation of patients with other
forms of PAH, but pulmonary vascular changes may be
more widespread in SSc and involve the pulmonary
venous network (12,13); this may, in part, underlie the
clinical differences in mortality and response to therapy
in SSc-related PAH.
Genetic susceptibility to PAH in patients with
SSc has not yet been clearly shown. Although no association has been observed with the gene encoding bone
morphogenetic protein receptor type II, which underlies
some heritable PAH and idiopathic PAH (14), a role for
altered transforming growth factor ␤ (TGF␤) superfamily signaling remains possible. Recent studies have revealed polymorphisms in the endoglin gene (an accessory receptor for TGF␤ ligand that has been shown to
be altered in SSc) and KCNA5 in other forms of PAH
(15,16).
In this study, we replicated hallmark features of
PAH by administering the VEGF receptor inhibitor
SU5416 to T␤RII⌬k-fib mice, which have previously
been shown to develop several features of human scleroderma. We demonstrate a constitutive pulmonary
vascular phenotype reminiscent of the murine chronic
hypoxia model of pulmonary hypertension (PH), including changes in medial hypertrophy and raised pulmonary
arterial pressure. We show that administration of
SU5416 induces obliterative endothelial proliferation
characteristic of SSc-related PAH, thus providing insight
into the pathogenesis of SSc-related PAH and generating a novel mouse model of potential value in preclinical
studies of therapies for this important complication of
SSc.
MATERIALS AND METHODS
Generation of T␤RII⌬k-fib–transgenic mice. The generation of T␤RII⌬k-fib–transgenic mice has been described
previously (17,18). Mice were genotyped by polymerase chain
reaction, using primers specific to LacZ and an internal
control. Each experiment was performed by comparing at least
6 mice for each condition and sex-matched littermate controls,
and then the experiments were performed in triplicate. Mice
were ages 6–8 weeks in all of the experiments except the
hemodynamics experiments, in which (for technical reasons)
the mice were ages 12 weeks. Measurements were made by
observers blinded to treatment category or genotype. A 50mg/kg intraperitoneal injection of SU5416 (Sigma) in car-
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boxymethylcellulose vehicle was administered, as previously
described (19,20). The mice were housed in a clean conventional colony, with access to food and water ad libitum. Strict
adherence to institutional guidelines was practiced, and full
local ethics committee and Home Office approval were obtained prior to all animal procedures.
Long-term exposure to hypoxia. Mice undergoing exposure to hypoxic conditions were housed in a normobaric
hypoxia chamber (850-NBB Nitrogen Dry Box; Plas-Labs) for
3 weeks. Room air balanced with N2 achieved an FiO2 value
of 0.10. CO2-absorbent lime was added to maintain the CO2
content at ⬍1.0%. Gas tension and humidity values were
determined daily to ensure optimal conditions.
Histologic analysis. Lung and cardiac tissue specimens were immersed in 10% formal saline, gluteraldehyde,
RNAlater (Ambion), or liquid nitrogen. Formalin-fixed,
paraffin-embedded sections were stained with hematoxylin
and eosin (H&E), picrosirius red, or elastic–van Gieson for
immunohistochemical analysis, as previously described (21).
The primary antibodies were ␤-galactosidase, CD31, VEGF,
VEGF receptor 1 (VEGFR-1), VEGFR-2, CD3, CD19, and
CD68 (Abcam), TGF␤1 and p-Smad2/3 (Santa Cruz Biotechnology), latency-associated peptide (LAP) TGF␤1 (R&D Systems), ␣-smooth muscle actin (Sigma-Aldrich), Ki-67 (Dako),
and cleaved caspase 3 (Cell Signaling Technology). Sections
were viewed and measurements quantified with an Axioskop
Mot Plus microscope using AxioVision software (Zeiss). Vessel thickness was measured using the first 10 consecutive
H&E-stained sections of the right lung, comprising both
proximal and distal vessels in each case. Vessels that had been
sectioned obliquely or longitudinally were not included in the
analysis. Sections used for transmission electron microscopy
were stained with uranyl acetate and Reynold’s lead citrate and
viewed using a Philips 201 transmission electron microscope.
Colocalization was demonstrated by immunostaining, using
multichannel immunofluorescence microscopy.
In vivo measurement of right ventricular systolic pressure (RVSP) and hypertrophy. Hemodynamic measurements
of RVSP and mean arterial blood pressure were obtained in
12-week-old male T␤RII⌬k-fib mice and wild-type (WT) littermate mice (20–25 gm). The mice were anesthetized with
1.5% isoflurane and placed in a supine position onto a heating
blanket that was thermostatically controlled at 37°C. First, the
right jugular vein was isolated, and a Millar SPR-671NR
mouse pressure catheter with a diameter of 1.4F was introduced and advanced into the right ventricle to determine
RVSP. Next, mean arterial blood pressure was measured by
isolating the left common carotid artery and introducing a
pressure catheter. Both RVSP and mean arterial blood pressure measurements were recorded into a precalibrated PowerLab System (ADInstruments). The mice were killed by isoflurane anesthetic overdose, whole blood samples were collected,
the hearts were removed, and the weights of the right and left
ventricles were recorded.
Quantitative assessment of TGF␤1 in serum and
bronchoalveolar lavage (BAL) fluid. Total and free murine
TGF␤1 was quantified in serum and BAL fluid using a
conventional indirect competitive enzyme-linked immunosorbent assay according to the manufacturer’s instructions (R&D
Systems). The results were recorded using a Mithras LB 940
Microplate Reader.
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Primary pulmonary artery smooth muscle cell
(PASMC) culture, analysis, and staining. En bloc mouse heart
and lung was microdissected in Hanks’ balanced salt solution.
The pulmonary artery was identified from its origin in the right
ventricle and followed to division and entry into the lungs.
Surrounding fat and connective tissue were stripped, and the
vessel was opened longitudinally. Collagenase digestion was
performed before explanting. After 24 hours, the fetal calf
serum concentration was reduced from 10% to 0.2%. For cell
hypoxia experiments, PASMCs were plated in separate 6-well
plates. The cells were serum-starved and treated with recombinant TGF␤1 (4 ng/ml). One plate was incubated in atmospheric oxygen conditions (labeled 21%), and the paired plate
was incubated inside a modular incubator chamber (BillupsRothenburg) containing humidified hypoxic gas (1% O2, 5%
CO2 in nitrogen) for 24 hours. Human PASMCs (PromoCell)
were cultured in standard conditions, as described above,
before lysis for Western blotting.
Cells were seeded for staining in chamber slides (BD
Bioscience), fixed with cold methanol, and permeabilized with
0.2% Triton in phosphate buffered saline before blocking with
isotype-matched serum for 30 minutes. The cells were then
stained for 1 hour with anti–␣-SMA or anti–␤-galactosidase
at 1:100 dilution, washed, and incubated with the appropriate
conjugated secondary antibody (Vector BioLabs) before
washing and mounting with Vectastain, and examined with an
Axioskop Z Fluorescence Microscope (Zeiss).
Aortic smooth muscle cell (SMC) culture. The aortae
were dissected, the adventitia stripped, and the vessel opened
longitudinally. After collagenase digestion (1 mg/ml) for 10
minutes at 37°C to remove the endothelium, the remaining
SMCs were grown by explant culture as described above for
PASMCs.
RNA quantitation and analysis. Total RNA was extracted, quantified, and subjected to quantitative reverse
transcription–polymerase chain reaction analysis, as described
previously (22). The minimum 260:280 ratio was 1.88. RNA
integrity values ranged from 9.1 to 10. The reference genes
Sdha, Rpl13, ActB, and Ubc were used to compute a normalization factor (23). The primer sequences for the genes of
interest were as follows: for mouse Vegf, forward 5⬘-CATCTTCAAGCCGTCCTGTGT-3⬘ and reverse 5⬘-CTCCAGGGCTTCATCGTTACA-3⬘ (assay efficiency 0.92; R2 ⫽ 0.990); for
mouse Vegfr-a, forward 5⬘-ACTGGACCCTGGCTTTACTG-3⬘ and reverse 5⬘-TCTGCTCTCCTTCTGTCGTG-3⬘ (assay
efficiency 0.90; R2 ⫽ 0.999).
Western blotting. Human PASMCs were lysed, homogenized with radioimmunoprecipitation assay buffer
(Sigma), and stored at ⫺70°C. Protein was fractionated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
using Tris glycine gels (Invitrogen) with a reference ladder
(SeeBlue Plus; Invitrogen), at 125V for 1.5–2 hours in Tris/
glycine running buffer (Bio-Rad), according to departmental
protocols, and electroblotted to nitrocellulose membranes
(Hybond-C; Amersham). Nonspecific binding was blocked by
membrane incubation with 5% nonfat dry milk in Tris buffered
saline–0.1% Tween 20 (Sigma) and incubated with a 1:1,000
dilution of primary antibodies (VEGF, VEGFR-1, and
VEGFR-2; Abcam). Blots were then developed by incubation
with biotinylated anti-rabbit or anti-mouse antibodies (1:1,000;
Vector BioLabs) as secondary antibodies, followed by incuba-
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tion with Vectastain ABC reagent (Vector BioLabs). Signal
was detected using an Amersham ECL luminescence detection
kit followed by exposure to photographic film (Hyperfilm
ECL; Amersham). Densitometry was performed using Mikro
Win 2000 software.
Statistical analysis. Except where indicated otherwise,
data are presented as the mean ⫾ SEM of n observations.
Statistical analysis was performed using Student’s t-test or
analysis of variance with post hoc correction for pairwise
comparisons, using Minitab software. P values less than 0.05
were considered significant.

RESULTS
Development of features characteristic of pulmonary vascular disease in T␤RII⌬k-fib–transgenic mice.
In addition to the development of interstitial fibrosis in
a minority of mice at 16 weeks of age (21), T␤RII⌬k-fib
mice consistently develop a structural pulmonary vasculopathy, as shown in Figure 1. H&E staining of the
pulmonary vasculature at low (Figure 1A) and high
(Figure 1B) power showed medial thickening and a
perivascular inflammatory cell infiltrate (Figure 1A),
with increased deposition of extracellular matrix around
vascular structures. Picrosirius red staining confirmed
increased perivascular collagen deposition, and elastic–
van Gieson staining revealed some architectural disruption of elastin in the larger pulmonary artery vessels
(Figures 1C and D). Immunostaining with ␣-SMA was
localized to the smooth muscle layer (Figure 1E).
Quantification of inflammatory cellular infiltrates and pulmonary vessel wall thickening was performed. Cell counts performed on high-power field
(hpf) images containing a central pulmonary vessel
showed higher cell numbers in transgenic mice (mean ⫾
SEM 176 ⫾ 9 nuclei/hpf in transgenic mice and 129 ⫾ 9
nuclei/hpf in WT mice; P ⬍ 0.008). Immunophenotyping
confirmed a proliferating (Ki-67 positive) chronic inflammatory infiltrate containing CD3⫹ and CD19⫹
lymphocytes and CD68⫹ macrophages (Figure 1F).
Vessel wall thickness was expressed as a ratio to
the internal circumference of each vessel. Transgenic
mice had thicker vessel walls overall, but particularly in
the smaller arterioles (diameter 30–60 m) (Figure 1G).
Examination of ␣-SMA–immunostained samples confirmed that the increased vessel wall diameter in transgenic mice was attributable to increased thickness of the
vascular SMC layer (mean ⫾ SEM ratios 0.21 ⫾ 0.01 in
transgenic mice and 0.14 ⫾ 0.01 in WT mice; P ⬍ 0.001).
Lung tissue from transgenic mice also showed muscularization in very small vessels, with a mean ⫾ SEM of
3.0 ⫾ 0.99 vessels of ⬍20 m in diameter/hpf containing
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Figure 1. T␤RII⌬k-fib–transgenic mice develop characteristic features of pulmonary vascular disease. A–E, Representative pulmonary arteriole
sections from transgenic and wild-type mice, stained with hematoxylin and eosin (H&E) (A and B), picrosirius red (C), elastic–van Gieson (EVG)
(D), and ␣-smooth muscle actin (␣-SMA) (E). F, Immunohistochemical staining of perivascular infiltrate for T cells, B cells, and macrophages from
transgenic mice (arrowheads). G, Pulmonary vessel wall thickness:circumference ratios in wild-type and transgenic mice. Bars show the mean ⫾
SEM of 1,000 pulmonary vessels. ⴱⴱ ⫽ P ⬍ 0.01. H, Muscularization of very small pulmonary vessels in the T␤RII⌬k-fib mouse strain (arrowhead).
Original magnification ⫻ 10 in A; ⫻ 20 in B–E; ⫻ 20 in F; ⫻ 40 in H.

␣-SMA compared with 1.8 ⫾ 0.93 of such vessels in
tissue from WT mice (P ⬍ 0.05) (Figure 1H). Other
hallmark features of advanced SSc-related PAH, such as
intravascular thrombus or plexiform lesions, were not
observed. No features suggestive of endothelial proliferation or apoptosis were evident. An examination of
endothelial ultrastructure by transmission electron microscopy showed no evidence of endothelial membrane
abnormalities (data not shown), in contrast to the alveolar epithelium in the same model (21).
A modest elevation of RVSP was consistently
observed in the transgenic mouse strain compared with
their WT littermates (for transgenic mice, mean ⫾ SEM
24.4 ⫾ 2.6 mm Hg; for WT mice, 18.1 ⫾ 1.3 mm Hg; P ⬍

0.05). There was no difference in the RV mass index
(Fulton index) between transgenic and WT mice.
Alteration of TGF␤ expression and signaling
within the pulmonary vasculature of T␤RII⌬k-fib mice.
Consistent with the phenotype of up-regulated TGF␤
signaling in fibroblasts and increased TGF␤ bioactivity,
immunostaining for LAP TGF␤1 and TGF␤1 was increased in the perivascular adventitia of transgenic mice
(Figures 2A and B). In transgenic mice, nuclear translocation of p-Smad2/3 was increased in the pulmonary
vessels in both the adventitial and smooth muscle layers
(Figure 2C). BAL fluid from transgenic mice contained
higher total TGF␤ compared with that from WT mice
(Figure 2D), despite normal serum TGF␤ levels (data
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Figure 2. Transforming growth factor ␤ (TGF␤) axis signaling is altered within the pulmonary vasculature of T␤RII⌬k-fib mice. A–C,
Representative images showing latency-associated peptide (LAP) transforming growth factor ␤1 (TGF␤1), TGF␤1, and p-Smad2/3 immunostaining
of pulmonary arteriole sections from transgenic and wild-type mice. Boxed area shows IgG control. Arrowheads indicate areas of positive staining.
Original magnification ⫻ 20. D, Total TGF␤ levels in the bronchoalveolar lavage fluid of transgenic mice and their wild-type littermates. Bars show
the mean ⫾ SEM. ⴱⴱ ⫽ P ⬍ 0.01.

not shown). These findings suggested that the increased
TGF␤ bioavailability and up-regulation of canonical
TGF␤ signaling in the skin and lungs of transgenic mice
also have effects on vascular SMCs that do not express
the transgene. The same findings were observed within
the aortic SMCs, as previously reported (22).

Pulmonary vascular responses to hypoxia in
T␤RII⌬k-fib mice. Based on the findings described
above, WT and transgenic mice were exposed to hypoxic
conditions for 3 weeks and compared with sex-matched
littermates kept in room air. These groups were identified as transgenic hypoxic, WT hypoxic, transgenic nor-

Figure 3. Pulmonary vascular response to hypoxia in the T␤RII⌬k-fib mouse strain. A, Representative images of hematoxylin and eosin–stained
pulmonary vascular wall sections from wild-type (WT) and transgenic (TG) mice exposed to hypoxia and control mice exposed to normoxic
conditions. Original magnification ⫻ 20. B, Vessel wall thickness:circumference ratio in WT and transgenic mice before and after exposure to
hypoxia. Bars show the mean ⫾ SEM. ⴱ ⫽ P ⬍ 0.05; ⴱⴱ ⫽ P ⬍ 0.01.
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Figure 4. Systemic vascular endothelial growth factor receptor inhibition causes pulmonary arterial hypertension in T␤RII⌬k-fib mice. A,
Representative images of hematoxylin and eosin–stained pulmonary arteriole sections from transgenic (TG) and wild-type (WT) mice treated with
SU5416 (S) or left untreated. Arrowheads indicate areas of endothelial proliferation. Original magnification ⫻ 20. B and C, Right ventricular systolic
pressure (RVSP) (B) and RV mass index (C) in WT and transgenic mice following treatment with SU5416. Bars show the mean ⫾ SEM of 3
independent replicate experiments. ⴱ ⫽ P ⬍ 0.05; ⴱⴱ ⫽ P ⬍ 0.01. LV ⫽ left ventricular.

moxic, and WT normoxic. All hypoxic mice lost weight
initially, which was regained by 3 weeks, indicating that
hypoxia was tolerated well.
The increased thickness:circumference ratio of
pulmonary arterioles seen in the transgenic normoxic
group was not further exacerbated by hypoxia; hypoxia
consistently increased the thickness:circumference ratio
compared with normoxia in WT mice (Figure 3B).
Hence, the transgenic normoxic mice had vessel wall
thickness comparable with that in the WT hypoxic group
but were refractory to further medial changes (Figure
3A). Following this period of hypoxia, some mice were
returned to normoxic conditions for 4 weeks. The SMC
changes present in WT hypoxic mice resolved, and no
further histologic change was observed in the transgenic
mice. These data suggested that although the constitutive pulmonary vascular phenotype of the T␤RII⌬k-fib
mouse strain replicates some of the structural features of
hypoxic PH in WT mice, it is a persistent phenotype that

is not further altered by hypoxia, unlike the reversible
structural and hemodynamic hypoxic phenotype seen in
WT mice.
Systemic VEGFR inhibition–induced proliferative pulmonary vasculopathy in T␤RII⌬k-fib mice. The
results of previous studies suggest that endothelial injury
using the small molecule tyrosine kinase inhibitor
SU5416 may induce obliterative pulmonary vasculopathy in rodents after long-term exposure to hypoxia
(19,20). Given the structural and hemodynamic similarities between the constitutive T␤RII⌬k-fib mouse pulmonary vascular phenotype and the chronic hypoxia
model, including medial hypertrophy without endothelial change and raised pulmonary artery pressure, we
induced endothelial injury by administering SU5416 to
T␤RII⌬k-fib mice. A single intraperitoneal injection
of SU5416 was sufficient to induce typical pathologic
changes, without exposure to an hypoxic environment.
Adult mice ages 6 weeks were used for this experiment
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Figure 5. SU5416-induced endothelial cell apoptosis and proliferation in the pulmonary vessels of T␤RII⌬k-fib mice. A, Representative images
showing cleaved caspase 3 and Ki-67 immunostaining of intrapulmonary arteriole sections from wild-type (WT) and transgenic (TG) mice before
treatment and on days 1 and 8 posttreatment. Arrowheads indicate positively stained cells. Original magnification ⫻ 20. B and C, Endothelial cell
apoptosis (as determined by the numbers of nuclei positive for cleaved caspase 3) (B) and proliferation (as determined by the numbers of nuclei
positive for Ki-67) (C) in WT and transgenic mice before and after treatment with SU5416. Data were derived from 120 random fields at 20⫻
magnification (n ⫽ 6 mice), comparing all time points. In C, cell counts were derived from only the medial and endothelial layers, to discount
perivascular inflammatory cells. Values are the mean ⫾ SEM. ⴱ ⫽ P ⬍ 0.05; ⴱⴱ ⫽ P ⬍ 0.01; ⴱⴱⴱ ⫽ P ⬍ 0.001. D, Representative images showing
immunostaining for CD31 (red) and cleaved caspase 3 (green). Arrowheads indicate apoptotic endothelial cells, demonstrated by colocalization
(yellow). Original magnification ⫻ 20. hpf ⫽ high-power field.

to avoid conflicting results due to the development of
spontaneous lung fibrosis, which occurs in some
T␤RII⌬k-fib mice after age 16 weeks.
H&E staining showed widespread luminal cell
proliferation with obliteration of some small and
medium-sized vessels (Figure 4A). Overall, 39.7% of
vessels were obliterated in transgenic mice, with none
obliterated in the WT mice treated with SU5416 or
vehicle alone, although minor degrees of cellular proliferation arising from the endothelium were seen in WT
mice treated with SU5416 (Figure 4A). Sirius red staining revealed no exaggerated fibrosis in any group 21 days
after SU5416 treatment, and CD31 immunostaining
confirmed that the luminal cell proliferation observed in

transgenic mice was derived from the endothelium (data
not shown).
RVSP was elevated in transgenic mice following
treatment with SU5416 (Figure 4B). Moreover, the RV
mass index was also increased, suggesting RV hypertrophy in treated transgenic mice (Figure 4C). This confirms that the elevation in RVSP had hemodynamic
significance not present constitutively in transgenic
mice. VEGF inhibition in the T␤RII⌬k-fib mouse strain
consistently induced hemodynamically significant PAH,
leading to RV hypertrophy.
Endothelial cell apoptosis and proliferation in
the lungs following SU5416 treatment. To further investigate the mechanism for this PAH phenotype, we
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Figure 6. Gene expression patterns in pulmonary arterial smooth muscle cells (PASMCs) in response to hypoxia in the T␤RII⌬k-fib mouse strain.
A, Representative images showing ␤-galactosidase immunostaining of PASMCs and lung fibroblasts from wild-type (WT) and transgenic (TG) mice.
Original magnification ⫻ 20. B, Expression of vascular endothelial growth factor (VEGF) and VEGF receptor 1 (VEGFR-1) mRNA in PASMCs.
Bars show the mean ⫾ SEM. ⴱ ⫽ P ⬍ 0.05; ⴱⴱ ⫽ P ⬍ 0.01. C, Representative images showing immunostaining for VEGF ligand, VEGFR-1, and
VEGFR-2 in pulmonary arterioles. Insets, Higher-magnification views of the boxed areas. Arrowheads indicate positive staining. Original
magnification ⫻ 20.

examined cellular apoptosis (caspase 3 cleavage) and
proliferation (Ki-67 staining) before and on day 1, day 8,
and day 21 following SU5416 administration (Figures
5A–C). There was no apoptosis and little cell proliferation in the lungs of untreated adult WT mice, but
transgenic mice expressed Ki-67 in the previously described perivascular infiltrates. After SU5416 administration, apoptosis occurred on day 1 in endothelial cells
from both WT and transgenic mice and was not evident
at other time points. On day 1 posttreatment, more cells
stained for cleaved caspase 3 in the lung parenchyma of

transgenic mice compared with the lung parenchyma of
WT mice, perhaps reflecting capillary endothelial cell
apoptosis in the lungs of the transgenic mice.
No difference in proliferation within the vessels
was seen on day 1. Subsequently, proliferating endothelial cells were present in the vessels of transgenic mice
(maximal on day 8), which is consistent with an exaggerated proliferative response to the initial apoptotic event.
Endothelial cell proliferation was most clearly seen
within the obliterative lesions of transgenic mice. These
data are congruent with those from previous studies in
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rat models and suggested that the vessel obliteration is
attributable to apoptosis-resistant endothelial cell clones.
Colocalization of cleaved caspase 3 and CD31 confirmed
that endothelial cells were undergoing apoptosis in the
pulmonary vessel walls of transgenic mice (Figure 5D).
Taken together, our data demonstrate that endothelial cell injury occurring in the context of perturbed
vascular remodeling/repair due to altered TGF␤ signaling in vascular adventitia and smooth muscle may trigger
a phenotype reminiscent of PAH. The broader phenotype of the T␤RII⌬k-fib mouse model and the results of
earlier studies of epithelial injury and lung fibrosis are
consistent with a central role of perturbed TGF␤ signaling in fibroblasts as a pivotal pathogenic factor in the
development of SSc-related complications, including
PAH.
Gene expression patterns in T␤RII⌬k-fib mouse
PASMCs. The altered constitutive pulmonary vascular
phenotype of the T␤RII⌬k-fib mouse strain and exaggerated response to VEGFR-2 inhibition in the pulmonary arterial circulation led us to investigate gene expression responses in PASMCs, particularly responses to
hypoxic stress, and whether these differed from the
responses in vascular SMCs from other sites. PASMCs
were cultured in hypoxic conditions and compared with
aortic SMCs from the same mice and with PASMCs
cultured under standard conditions.
First, ␤-galactosidase staining of PASMCs confirmed that they did not express the transgene (Figure
6A). More than 99% of cells expressed ␣-SMA, with no
difference in expression or distribution between transgenic and WT mouse cells. Growth curves showed no
significant differences (data not shown). Key gene expression differences in the VEGF signaling axis were
present in the PASMCs from transgenic mice. Transgenic mouse PASMCs cultured in 21% oxygen expressed
amounts of VEGF and VEGFR-1 similar to those
expressed by WT mouse cells kept at 1% oxygen, and
up-regulation of receptors in response to 1% oxygen was
observed (Figure 6B). VEGFR-1 expression was 2-fold
higher in transgenic mouse PASMCs than in aortic
SMCs (mean ⫾ SEM copy number 6,345 ⫾ 836 versus
3,360 ⫾ 289; P ⬍ 0.01), but the expression patterns in
response to 1% oxygen and TGF␤ were similar.
Figure 6C shows representative images of immunohistochemical staining for the expression of VEGF
ligand and VEGFR. VEGF ligand expression within
SMCs was up-regulated in transgenic mice. In WT mice,
VEGF expression was confined to the endothelium.
VEGFR-1 expression was present in the smooth muscle
layer and was not increased in transgenic mice.
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VEGFR-2 expression was predominantly endothelial
and was increased in transgenic mice. Thus, increased
TGF␤ activity in the pulmonary vasculature of transgenic mice results in up-regulated VEGF axis signaling,
but this may confer a risk of increased susceptibility to
endothelial cell apoptosis once VEGF axis signaling is
temporarily inhibited by SU5416. The higher VEGF
expression levels following inhibition in the transgenic
mice may then be responsible for the exaggerated endothelial cell proliferation seen in the vessels of transgenic
mice. Of interest, when exogenous TGF␤ was administered to normal cultured human PASMCs, the effects on
VEGF and VEGFR-1 expression were similar to those
observed in transgenic mouse PASMCs (data not
shown). This supports the underlying role of increased
TGF␤ activity in the transgenic mice and suggests that a
similar mechanism could apply in human PASMCs.
DISCUSSION
In this study, we have added to earlier work
evaluating a novel transgenic mouse model of scleroderma by defining, for the first time, the pulmonary
vascular phenotype of the T␤RII⌬k-fib mouse strain.
Our findings provide fundamental insight into potential
pathogenic mechanisms that are very relevant to human
disease and especially to the development of SScassociated PAH. In the T␤RII⌬k-fib mouse strain, alterations in TGF␤ and VEGF signaling within the
pulmonary circulation were confirmed, together with a
structural vasculopathy reminiscent of murine chronic
hypoxic PH, with smooth muscle hypertrophy, inflammatory changes, and modest elevations in RV pressure.
Furthermore, experimental pulmonary endothelial cell
injury with an inhibitor of VEGF signaling induced
obliterative endothelial proliferation and remodeling of
the right ventricle. Our study provides compelling evidence for the role of altered TGF␤ signaling in pulmonary vasculopathy and the importance of VEGF in
endothelial cell homeostasis. This combination of genetic and pharmacologic perturbation is relevant to the
pathogenesis of human SSc-related PAH.
The T␤RII⌬k-fib mouse model has fibroblastspecific perturbation of TGF␤ signaling: a kinasedeficient nonsignaling TGF␤ receptor results in paradoxical excessive TGF␤ signaling and a phenotype prone
to fibrosis (17,18), with increased susceptibility to minor
lung epithelial injury (21) and a systemic vasculopathy
associated with a fibrotic left ventricular cardiomyopathy
(22). The observation that fibroblast-specific transgene
expression results in an activated phenotype in epithe-
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lium and SMCs is testament to the likelihood of bystander effects on other cell types and a key regulatory
and homeostatic role for resident fibroblasts. Upregulation of VEGF ligand and VEGFR is likely to lead
to increased VEGF axis activity in vivo, which may
underlie some of the changes in the vascular SMC layer
seen in both the transgenic mice and the WT hypoxic
mice. In this study, we demonstrate that TGF␤1 upregulates VEGF signaling in human PASMCs, which is
consistent with previous reports (24–26).
We propose that up-regulated VEGF signaling in
transgenic mice becomes a critical factor for pulmonary
endothelial cell homeostasis and survival and reflects
detrimental effects of increased TGF␤ exposure on
vascular endothelial cells and SMCs (27). Our in vitro
experiments show up-regulated VEGF signaling in
PASMCs compared with aortic SMCs from transgenic
mice, but in vivo experiments are not directly comparable with the situation in vivo, where PASMCs subsist in
an environment with lower oxygen concentrations than
those in which aortic SMCs subsist.
Similar to what occurs in the chronic hypoxia
model, increased activity of the VEGF ligand/receptor
axis may render pulmonary arterial endothelial cells
from transgenic mice more susceptible than those from
WT mice to the effects of SU5416. Paradoxically, upregulated VEGF signaling also leads to enhanced proliferation and reduced apoptosis of endothelial cells and
underlies the exaggerated intimal and luminal changes
seen after SU5416 exposure. This severe obliterative
vascular disease is reminiscent of SSc-related PAH. A
key strength of our model is that it obviates the need for
long-term exposure to hypoxia in generating a PAH-like
pathology, although both this and the chronic hypoxia
model could be considered an extreme phenotype in
comparison with the human disease. Potential interplay
between the constitutive fibroblast-dependent upregulation of TGF␤ activity, increased VEGF ligand
and receptor expression, and the impact of transient
SU5416-mediated pharmacologic inhibition of VEGFR-2
leads to the development of a PAH-like phenotype in
this transgenic mouse strain.
It is probable that changes in the vascular tree
within the lungs of patients with SSc-related PAH reflect
an aberrant fibrotic response to a vascular insult. Dysfunctional myocardial adaptive responses to pressure
overload of the right ventricle due to subclinical inflammatory and fibrotic myocardial disease may also contribute to the clinical picture (28,29). Furthermore, when
pulmonary fibrosis coexists, the contribution to symptoms and pulmonary pressure must not be understated.
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At 16 weeks of age, 25% of T␤RII⌬k-fib mice develop
spontaneous mild pulmonary fibrosis, and although
younger mice were used in this study (to avoid this
confounder), the propensity for pulmonary fibrosis and
fibrotic ventricular change in this model (18,22) does
reflect this clinical situation. Thus, the investigation of
older T␤RII⌬k-fib mice would be relevant to investigate
the interplay of lung fibrosis, PAH, and fibrotic myocardial disease.
When characterizing SSc-related PAH in particular, there are some important considerations. Venoocclusive disease has been reported more frequently in
SSc-related PAH than in idiopathic PAH (12,13), although there is no evidence of venous involvement in the
T␤RII⌬k-fib mouse model. The relative role of inflammation in the pathogenesis of SSc-related PAH when
compared with idiopathic PAH is also relevant. There is
perivascular inflammation in both idiopathic PAH and
SSc-related PAH, and detailed characterization of these
inflammatory infiltrates in patients with idiopathic PAH
was recently described (30). Gene expression analyses
have identified inflammatory signatures in both idiopathic PAH and SSc-related PAH (31). SSc-related
PAH has been labeled a prototypic inflammatory disease due to the autoantibody associations and identification of early inflammatory cell recruitment (7), but the
precise role of inflammation in the pathogenesis of
either condition remains unclear.
The contribution of endothelial cells to the
pathogenesis of PAH is uncertain but highly relevant to
this study. Data supporting a role for endothelial cell
perturbation in SSc-associated vasculopathy and PAH
in vivo are available from several studies, but information regarding direct functional mechanisms is lacking.
It is likely that healthy endothelial cells interact with
SMCs and fibroblasts for vessel homeostasis, and it is
plausible that VEGF-mediated pathways modulate endothelial cell responses to hypoxia.
Both vascular pathology and fibrosis have been
described in genetic mouse models of SSc. Caveolin
1–knockout mice were shown to have high TGF␤ bioactivity, with abnormal endothelial function and increased RV pressure without the cardinal features of
PAH (32). The Fra-2–transgenic mouse strain has altered activated protein 1 signaling and severe fibrosis of
the lung and kidney, resulting in early mortality. Ubiquitous transgene expression and an inability to distinguish endogenous from transgenic expression of Fra-2
complicate analysis of the mechanism of fibrosis and
vasculopathy, although the model has clear relevance to
cases of SSc in which lung fibrosis and PH coexist (33)
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and a predominant fibrotic phenotype. A major strength
of the present study is the use of a model that clearly
reflects the likely pathogenetic mechanism underlying
SSc-associated vascular disease and the potential to
aggravate the phenotype with a relevant trigger. Aberrant TGF␤ signaling is widely recognized to be related to
SSc pathogenesis, and this model provides a plausible
mechanism for the secondary alterations in related
signaling pathways resulting in the development of vasculopathy.
In conclusion, in this study we replicated features
of human SSc-related PAH in a relevant transgenic
mouse model and defined likely pathogenic mechanisms
underlying this novel phenotype. Thus, we suggest a
paradigm in which a background TGF␤-dependent pulmonary vasculopathy renders mice susceptible to endothelial cell proliferation after injury, leading to hallmark
features of SSc-related PAH. In addition to providing
mechanistic insights, this model also provides a platform
for preclinical interventional studies of this important
complication of SSc and for exploration of potential
treatment strategies that attenuate other mediators or
signaling pathways that might be regulated by TGF␤ or
VEGF.
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