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Abstract—Transgenic mice overexpressing the calcium binding protein, S100A4/Mts1, occasionally develop severe
pulmonary vascular obstructive disease. To understand what underlies this propensity, we compared the pulmonary
vascular hemodynamic and structural features of S100A4/Mts1 with control C57Bl/6 mice at baseline, following a
2-week exposure to chronic hypoxia, and after 1 and 3 months “recovery” in room air. S100A4/Mts1 mice had greater
right ventricular systolic pressure and right ventricular hypertrophy at baseline, which increased further with chronic
hypoxia and was sustained after 3 months “recovery” in room air. These findings correlated with a heightened response
to acute hypoxia and failure to vasodilate with nitric oxide or oxygen. S100A4/Mts1 mice, when compared with C57Bl/6
mice, also had impaired cardiac function judged by reduced ventricular elastance and decreased cardiac output. Despite
higher right ventricular systolic pressures with chronic hypoxia, S100A4/Mts1 mice did not develop more severe PVD,
but in contrast to C57Bl/6 mice, these features did not regress on return to room air. Microarray analysis of lung tissue
identified a number of genes differentially upregulated in S100A4/Mts1 versus control mice. One of these, fibulin-5, is
a matrix component necessary for normal elastin fiber assembly. Fibulin-5 was localized to pulmonary arteries and
associated with thickened elastic laminae. This feature could underlie attenuation of pulmonary vascular changes in
response to elevated pressure, as well as impaired reversibility. (Circ Res. 2005;97:596-604.)
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amilial idiopathic pulmonary arterial hypertension (PAH)
is associated with mutations in bone morphogenetic
receptor II (BMPR-II), but the inheritance pattern is that of a
dominant gene with low penetrance, in that only ⬇20% of
affected family members develop the disease.1,2 This coupled
to the fact that genetically engineered mice with abnormalities in BMPR-II have pulmonary hypertension but fail to
reproduce the pathology seen in patients with pulmonary
vascular obstructive disease (PVD)3,4 indicates that multiple
genetic and environmental cofactors may be necessary for the
disease to develop. A potential modifier gene is the calciumbinding protein, S100A4/Mts1, because a small subpopulation (⬇5%) of transgenic mice ⬎1 year of age, that
overexpress S100A4/Mts1, develops PVD.5 Furthermore,
heightened expression of S100A4/Mts1 is observed in the
neointima and adventitia of occlusive and early plexiform

lesions in patients with a congenital heart defect or idiopathic
PAH.5 S100A4/Mts1 is induced in malignant metastatic
breast cancer6 and although its intracellular properties have
been implicated in the motility of cancer cells,7 it is also
secreted and can stimulate angiogenesis.8 Moreover, recombinant S100A4/Mts1 promotes proliferation and migration of
cultured pulmonary artery (PA) SMC.8a Although these data
suggest possible mechanisms underlying abnormal cellular
responses associated with PVD in S100A4/Mts1 overexpressing mice, they do not address why the pathology only occurs
in a small percentage of these animals. We hypothesized that
other factors suppress the cellular effects of S100A4/Mts1 in
the overexpressing mice, and that hypoxia-mediated vasoconstriction might derepress this protective mechanism. We
therefore subjected S100A4/Mts1 and age- and gendermatched control C57Bl/6 background (nonlittermate) mice to
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2 weeks of hypoxia and also followed their “recovery” in
room air for up to 3 months.

Materials and Methods
Experimental Design
Transgenic mice overexpressing S100A4/Mts1 (obtained from
N.S.A. and E.L., Danish Cancer Society, Copenhagen, Denmark)
were generated as described.9 For chronic hypoxia, oxygen levels
were maintained with the ProOx 110 system (BioSpherix) and
carbon dioxide levels monitored continuously using the TelAire
7001 monitor (TelAire). All studies were performed under a protocol
approved by the Animal Care Committee at Stanford University
following the guidelines of the American Physiological Society.

Hemodynamic Measurements
Right ventricular systolic pressure (RVSP) was measured in nonventilated mice as described10 and systemic blood pressure determined
by direct carotid catheterization, both using the PowerLab/4SP
recording unit (AD Instruments).
Downloaded from http://circres.ahajournals.org/ by guest on July 25, 2017

Right Ventricular Hypertrophy
Righte ventricular hypertrophy (RVH) was measured as described10
by the weight of the right ventricle relative to body weight and
relative to left ventricle⫹septum.

Morphometric Analysis
Transverse lung sections were stained by Movat pentachrome or with
an alpha-smooth muscle actin antibody (DakoCytomation, Carpinteria, Calif). From all mice, we took the same full section in the
mid-portion of the lung parallel to the hilum, and embedded it in the
same manner. Muscularization was assessed by comparing fully and
partially muscularized alveolar wall and duct arteries to total
peripheral PAs. The total number of peripheral arteries was calculated as a ratio of number of arteries/100 alveoli in each field and
verified using sections in which the endothelial cells were stained by
an antibody to von Willebrand factor.11 All morphometric analyses
were performed by one blinded observer.

Cardiac Output Measurement
Cardiac output (CO) was assessed using a Siemens Sequoia C512
ultrasound machine and calculated by ([Pi⫻(Aod)2⫻VTI⫻HR]/4),
where Aod is aortic diameter, VTI is velocity time integral and HR
is heart rate.

Micro CT Imaging
The eXplore Locus Micro CT Scanner (GE Medical Systems) was
used to acquire nondestructing 3D images of barium-infused12 whole
lung specimens. The barium was infused by hand with similar gross
and microscopic end points of precapillary filling of all small vessels
at alveolar duct and wall level. Images were scanned at 45 m
resolution using eXplore Evolver software. Qualitative assessment of
distal arborization was performed by 2 independent blinded observers. Left PA measurements were made using eXplore Reconstruction
Utility software.

Pulmonary Vascular Reactivity
Continuous RVSP measurements were obtained in ventilated, anesthetized (1% to 2% isoflurane) mice at baseline (40% oxygen),
during 5 minutes of acute hypoxia (10% oxygen), followed by the
addition of inhaled nitric oxide (NO) (40ppm) for 5 minutes, and
with return to 40% oxygen.

Vascular Compliance
Compliance measurements of the left-common carotid artery, left
branch PA, and ascending aorta were made as previously described
with assessments of external diameter of the vessel for each level of
intravascular pressure applied.13
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Ventricular Function (Elastance)
Ventricular elastance of anesthetized (1% to 2% isoflurane) mice
was assessed as previously described14 using the Aria System (Millar
Instruments). Signals from the catheter were digitized using the
Powerlab system and stored for offline analysis using the PVAN
software (Pressure-Volume Analysis, Millar Instruments).

Microarray Analysis
Microarray studies of whole lung tissue, data acquisition, analysis,
and statistical analysis were performed as previously described.15

Quantitative RT-PCR Analysis
RNA was extracted from mouse whole lung tissue or from human
PA-SMCs by Trizol preparation. RNA was reverse-transcribed using
Superscript II (Invitrogen) as per manufacturer’s instructions. Gene
expression levels were quantified using preverified Assays-onDemand TaqMan primer/probe sets (Applied Biosystems). Expression level of each gene was normalized to 18S ribosomal RNA using
the comparative delta-CT method.

Western Immunoblots for Fibulin-5
and S100A4/Mts1
Proteins were resolved on 4% to 12% Bis-Tris gels with a 1:100
concentration of the rabbit polyclonal antibody, BSYN1923, raised
against rat fibulin-5 polypeptide (supplied by H.Y., University of
Texas Southwestern Medical Center, Dallas) or a 1:2000 concentration of rabbit polyclonal S100A4/Mts1 antibody (supplied by
N.S.A., Danish Cancer Society, Copenhagen, Denmark). The specificity of the antibody was determined by its failure to cross-react
with other S100 proteins5 and by negative immunostaining of
sections from the knockout mice (unpublished observations). The
specificity of the fibulin antibody is also evident by failure of
immunodetection in the knockout mouse.16 Normalization for protein was performed by reprobing the membrane with the control
house-keeping gene, S6 (Cell Signaling Technology, Beverly,
Mass).

Immunohistochemistry
Immunohistochemistry, using techniques previously described,10
was performed on lung sections perfused with saline and fixed in
10% formalin. Polyclonal fibulin-5 antibody (1:100) and a speciesspecific secondary reagent were used based on the avidin-biotin
peroxidase method (Vector Laboratories).

Cell Culture
Human PA SMCs (Cascade Biologics, Portland, Ore) were grown to
70% confluence and cultured for 48 hours in media with 0.1% serum
before stimulation with recombinant S100A4/Mts1 (500 ng/mL;
supplied by Drs Ambartsumian and Lukanidin) for 0, 1, 6, 12, 24,
and 48 hours. Quantitative RT-PCR for fibulin-5 was performed as
described above.

Electron Microscopy
Transmission EM was performed as described17 and measurements
of internal and external elastic laminae and medial width were made
of PAs at the respiratory bronchiolus level. Assessments were made
using Open Laboratory software (Improvision) of 5 to 10 separate
images per sample acquired at equidistant points.

Elastin and Elastase Assays
To measure desmosine content in the tissues as a marker of insoluble
elastin, the lungs at the hilum, the central pulmonary artery from
pulmonary valve to bifurcation, and the thoracic aorta (top of the
arch to the diaphragm) of control C57Bl/6 and Mts1 overexpressing
mice were harvested. Tissues were hydrolyzed, and desmosine
quantified by a ninhydrin based radioimmunoassay.18 Values were
related to total protein, to the tissue segment, and to body weight.19
Elastase activity was measured in whole lung tissue by a modification of a method previously described19 using fluorescein-conjugated
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Figure 1. Pulmonary hypertension in S100A4/Mts1 mice. S100A4/Mts1 and control C57Bl/6 mice were exposed to hypoxia (10% oxygen) followed by room air “recovery” for 4 weeks and 3 months. Right ventricular systolic pressure (RVSP) measurements (A) and ratio
of the weight of the right ventricle (RV) to that of left ventricle (LV) plus septum (B) as an index of right ventricular hypertrophy (RVH). C,
Representative photomicrograph of lung tissue stained by Movat pentachrome showing a hypoxia-induced increase in arterial muscularization (upper) and graphic representation of the presence and degree of muscularization of alveolar duct Pas (lower). Arrows denote
alveolar duct-associated arteries. D, Representative photomicrograph of lung tissue stained by Movat pentachrome showing a hypoxiainduced decrease in arterial number (upper) and morphometric analysis of fully and partially muscularized alveolar duct (AD) and wall
PAs relative to 100 alveoli (lower). Arrows denote alveolar duct and wall arteries. Bars represent mean⫾SEM (A and B, n⫽12 to 20; C
and D, n⫽8 to 12); *P⬍0.05 compared with C57Bl/6 normoxic mice; †P⬍0.05 compared with C57Bl/6 hypoxic mice; ‡P⬍0.05 compared with S100A4/Mts1 normoxic mice. (P values ⬍0.05 are not distinguished to simplify the annotations.)

bovine neck ligament elastin (EnzChek Elastase Assay Kit, Molecular Probes, Eugene, Ore).

Statistical Analysis
Values from multiple experiments are expressed as mean⫾SEM.
Statistical significance was determined using one-way analysis of
variance followed by Fisher least significant difference test of
multiple comparisons to establish differences between individual
groups. A P value of ⬍0.05 was considered as significant. The
number of mice or samples in each group is indicated in the figure
legends.

Results
Hemodynamic and Morphometric Assessments
We measured RVSP as an indication of pulmonary arterial
pressure (PAP) and observed a mild elevation in the S100A4/
Mts1 compared with C57Bl/6 mice under baseline room air
conditions (P⬍0.01). Following 2 weeks of chronic hypoxia
(10% oxygen), a greater elevation in RVSP was observed in
the S100A4/Mts1 compared with the C57Bl/6 control mice.
Moreover, in contrast to C57Bl/6 mice, the elevated RVSP in

the S100A4/Mts1 mice did not regress even following return
to room air for 3 months (P⬍0.01) (Figure 1A). In keeping
with the elevation in RVSP, we also observed more severe right
ventricular hypertrophy (RVH) in the S100A4/Mts1 versus
C57Bl/6 mice that was sustained during room air recovery only
in the S100A4/Mts1mice (P⬍0.01) (Figure 1B).
Despite the more severe elevation in RVSP and RVH at
baseline and following hypoxia, S100A4/Mts1 and C57Bl/6
mice showed a similar degree of muscularization of distal
vessels at alveolar duct and alveolar wall level and a similar
reduction in the number of peripheral arteries at alveolar duct
and wall level, calculated relative to 100 alveoli. This feature
was confirmed using an antibody to von Willebrand factor to
mark endothelial cells. However, consistent with the sustained elevation in RVSP in S100A4/Mts1 mice following
return to room air, there was persistent muscularization of
peripheral arteries (P⬍0.02) (Figure 1C), and a tendency for
their number to remain reduced, compared with C57Bl/6
mice, in which values returned to normal levels (Figure 1D).
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S100A4/Mts1 versus C57Bl/6 mice (Figure 3B) or in the
other vessels studied (data not shown).
No significant difference in mean systemic arterial pressure was noted between the groups, and a comparable
baseline and hypoxia-induced elevation in hematocrit value
and reduction in body weight was observed. However,
echocardiographic assessment revealed a reduced cardiac
output (CO) in the S100A4/Mts1 versus C57Bl/6 mice both at
baseline (P⬍0.0001) and following chronic hypoxia
(P⬍0.01) (supplemental Table I, available online at http://
circres.ahajournals.com). These results suggested that there
was a greater elevation in pulmonary vascular resistance in
the S100A4/Mts1 compared with C57Bl/6 mice.
Consistent with the reduced CO in the S100A4/Mts1
versus C57Bl/6 mice was a decrease in left ventricular
function assessed by real-time continuous pressure-volume
analysis of cardiac elastance14 (P⬍0.05) (Figure 3C through
3E). End-diastolic pressure measurements were slightly
higher in the S100A4/Mts1 versus C57Bl/6 mice (P⬍0.05)
(supplemental Table II). Despite these indices of cardiac
dysfunction that were measured under anesthesia, no frank
evidence of heart failure judged by tachypnea or ascites, was
observed in the S100A4/Mts1 mice at baseline or following
hypoxia, and trichrome staining of heart tissue sections
showed no increase in fibrosis relative to controls (data not
shown).

Microarray Analysis of Lung Gene Expression
Figure 2. Micro CT imaging of barium-filled pulmonary arteries.
Representative photomicrographs of micro CT images of whole
lungs infused with barium gelatin from a C57Bl/6 (A) or a
S100A4/Mts1 (B) mouse exposed to 2 weeks of hypoxia. 3D
reconstructions of the pulmonary arterial trees were obtained
using a threshold of 7000 arbitrary digital units. C and D,
Images captured at a less sensitive threshold (14 000 arbitrary
digital units). E, Direct diameter measurements along the length
of the left PA from hilum to periphery in S100A4/Mts1 vs
C57Bl/6 mice at baseline and after hypoxia. Diameters were
obtained using the GE eXplore Reconstruction software. Bars
represent mean⫾SEM (n⫽6); *P⬍0.04 compared with C57Bl/6
normoxic mice; †P⬍0.02 compared with Mts1 normoxic mice.

We observed no qualitative difference in pulmonary arterial arborization in 3D reconstruction of micro-computed
tomography (CT) imaging of barium-infused lung samples
comparing S100A4/Mts1 and control mice (Figure 2A and
2B). However, measurements of lumen diameter along the
length of the left PA revealed reduced values in the S100A4/
Mts1 mice versus C57Bl/6 animals in normoxia (P⬍0.04)
(Figure 2C, 2D, and 2E). A similar hypoxia-induced reduction in lumen diameter was noted in both groups relative to
normoxia controls (P⬍0.04 and 0.02 respectively).
The increase in RVSP in the S100A4/Mts1 versus C57Bl/6
mice at baseline was associated with a higher level of RVSP
in response to acute hypoxia (10% oxygen for 5 minutes)
(P⬍0.01), but a similar percent increase. However, S100A4/
Mts1 mice showed no significant attenuation in RVSP in
response to nitric oxide or 40% oxygen in contrast to the
C57Bl/6 group where values returned to baseline levels
(Figure 3A). There were no statistically significant differences in the compliance of the branch pulmonary artery of

Differences in gene expression in S100A4/Mts1 versus control C57Bl/6 mice were assessed to explain the more severe
PAH but relative attenuation of vascular disease during
hypoxia, as well as the impaired regression following return
to normoxia. There were 390 features exclusively upregulated
in hypoxic S100A4/Mts1 versus C57Bl/6 mice, 226 known
genes and 164 expressed sequence tags or poorly annotated
features. A relatively smaller number of known genes, 147,
were significantly upregulated in S100A4/Mts1 versus
C57Bl/6 mice under normoxic conditions. Supplemental
Table III summarizes some of the genes that were upregulated in S100A4/Mts1 versus C57Bl/6 mice under hypoxic
conditions (P⬍0.05 for all comparisons) and selected for
follow-up study for their functional relevance to vascular
remodeling, eg, proteases, matrix components, growth and
survival factors, or vasoreactive molecules. We were able to
confirm significant elevation of the transcript in 2 of the 6
genes, and trends in 3 of the 6 by qRT-PCR. We also
confirmed significant suppression of one transcript, bone
morphogenetic protein receptor 1 (BMP-RI) by qRT-PCR
(data not shown). We did not pursue the elevation in matrix
metalloproteinase 2 in S100A4/Mts1 versus control mice
during hypoxia, because the elevation in the activity of the
enzyme by gelatin zymography was comparable in both
groups in hypoxia relative to room air controls (data not
shown).
Among the annotated genes that distinguished the S100A4/
Mts1 from the C57Bl/6 mouse, only one, fibulin-5 (DANCE
or EVEC), was significantly increased on microarray, both
under normoxia and with chronic hypoxia. Fibulin-5, a
calcium-dependent elastin-binding protein, is a necessary
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Figure 3. Vasoreactivity, arterial compliance ventricular elastance. A, RVSP measurements in S100A4/Mts1 vs C57Bl/6 mice at baseline
(40% oxygen), during acute hypoxia (10% oxygen), hypoxia plus NO (40 ppm), and a return to 40% oxygen. B, Compliance measurements of the large arteries. Pressure-volume loops were made in C57Bl/6 (C) and S100A4/Mts1 (D) mice during baseline normoxic conditions. E, Maximum left ventricular elastance derived from the pressure-volume loop analysis was decreased in S100A4/Mts1 mice
compared with C57Bl/6 animals. Bars represent mean⫾SEM, (A, C through E, n⫽8; B, n⫽6); *P⬍0.05 compared with C57Bl/6 normoxic mice; †P⬍0.05 compared with C57Bl/6 hypoxic mice; ‡P⬍0.05 compared with S100A4/Mts1 normoxic mice. (P values ⬍0.05
are not distinguished to simplify the annotations.)

component of normal elastin fiber assembly.16,20 We speculated that an increase in fibulin-5, could cause deposition of
more elastin, altering the hemodynamic characteristics of the
pulmonary vessel wall and also limit remodeling, particularly
SMC proliferation.21,22

Fibulin-5 and Elastin
Analysis by qRT-PCR indicated only a trend toward heightened fibulin-5 mRNA expression in the lung at baseline and
following hypoxia in S100A4/Mts1 versus C57Bl/6 control

mice (Figure 4A). Densitometric analyses of the Western
immunoblots of whole lung tissue, revealed a trend toward
higher levels of fibulin-5 in S100A4/Mts1 versus C57Bl/6
mice in normoxia, but a significant difference between the
groups in hypoxia (P⬍0. 03) (Figure 4B). Although the data
are not quantitative, we were able to localize heightened
immunoreactivity for fibulin-5 to the PA muscular media as
a consistent feature in vessels of different airway levels in
S100A4/Mts1 versus C57Bl/6 mice in normoxia. Hypoxia per
se appeared to induce a slight increase in fibulin-5 immuno-
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Figure 4. Fibulin-5 expression in S100A4/Mts1 mice and cultured pulmonary artery smooth muscle cells. A, Quantitative RT-PCR for
fibulin-5mRNA in RNA from whole lung tissue of S100A4/Mts1 and C57Bl/6 mice exposed to room air or to 2 weeks of hypoxia.
Expression levels of each gene were normalized to 18S ribosomal RNA and expressed as a fold change in gene expression compared
with the control C57Bl/6 normoxic animals. B, Representative Western immunoblot showing expression of fibulin-5 protein in whole
lung tissues of S100A4/Mts1 vs C57Bl/6 mice exposed to room air or hypoxia (top) and densitometric analysis of fibulin-5 protein, normalized to the internal housekeeping gene, S6, is shown in the bar graph (bottom). C, Representative photomicrographs of paraffinembedded mouse lung tissue sections after immunoperoxidase staining for fibulin-5. Strong positive staining was noted particularly in
the media of pulmonary arteries (arrows) of S100A4/Mts1 mice at baseline and after chronic hypoxia. D, Quantitative RT-PCR for
fibulin-5mRNA in RNA extracted from human PA-SMCs stimulated with recombinant S100A4/Mts1 at indicated time points. Data represent mean⫾SEM, (A, C, and D, n⫽4; B, n⫽3); †P⬍0.05 compared with all groups. *P⬍0.03 vs C57BLl/6 hypoxia.

reactivity, a feature accentuated in the S100A4/Mts1 mice
(Figure 4C). To determine whether S100A4/Mts1 could
induce expression of fibulin-5, we incubated human PASMCs with recombinant S100A4/Mts1 for 48 hours and
detected elevated fibulin-5 mRNA levels by qRT-PCR with a
peak at 24 hours (P⬍0.05) (Figure 4D).
The elevation in fibulin-5 in S100A4/Mts1 versus
C57Bl/6 mice, at baseline and following exposure to
chronic hypoxia, was associated with increased thickness
of the internal (Figure 5B) and external (Figure 5C) elastic
laminae, as assessed by transmission EM in arteries at the
level of the respiratory bronchiolus (P⬍0.05 for all comparisons). Moreover, an increase in medial width, associated with hypertrophy of the SMCs, was also noted in the
hypoxic S100A4/Mts1 relative to control mice (P⬍0.05)
(Figure 5D). In contrast to previous reports,23 we did not
observe fragmentation of elastin with hypoxia, but this
might reflect the level of vessel being assessed. In addition, in room air mice, we measured total lung elastin by
desmosine radioimmunoassay and values were increased in

S100A4/Mts1 versus the C57Bl/6 group (P⬍0.001) (Figure 5E), when normalized to body weight. Normalization
of elastin in the central pulmonary artery or in the aorta to
tissue segment rather than to total protein determines an
absolute increase in elastin unobscured by elevation of
other proteins in a hypertrophied organ,19 but differences
were not significant when normalizing the elastin to
segment or to total protein (data not shown).
We determined whether the increased elastin could also be
attributed to suppression of vascular elastase activity. Compared with a persistent steady-state lung elastase activity in
control room air mice, an increase in elastase activity was
noted in the C57Bl/6 mice after 2 days of hypoxia (P⬍0.02),
that returned to control values by day 14 (Figure 5F). No
significant increase in elastase activity relative to baseline
was evident in S100A4/Mts1 mice after 2 days of hypoxia,
but values were also not significantly different from C57Bl/6
mice at this time point. At 14 days after hypoxia, values in
S100A4/Mts1 mice were reduced relative to C57Bl/6 mice
(P⬍0.01).
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Figure 5. Elastin quantification, medial hypertrophy, and elastase activity. A, Representative electron photomicrographs of S100A4/
Mts1 and C57Bl/6 PAs at the respiratory bronchiolus level (16 to 18 m) as seen by transmission EM, at ⫻10 0000 magnification.
Computed width of both the internal (B) and external (C) elastic laminae at baseline and in association with chronic hypoxia. D, Measurement of medial wall thickness as seen by EM. E, Desmosines were measured in whole lung of room air S100A4/Mts1 and C57Bl/6
mice and normalized per weight of the animal. F, Elastase activity in S100A4/Mts1 and C57Bl/6 mice exposed to room air or hypoxia at
indicated time points. Elastase activity was assayed in triplicate from whole lung tissue using fluorogenic elastin. Data represent
mean⫾SEM, (A through D, n⫽3; E, n⫽6; F, n⫽4 to 6); *P⬍0.05 compared with C57Bl/6 normoxic mice; †P⬍0.05 compared with
C57Bl/6 hypoxic mice; ‡P⬍0.05 compared with S100A4/Mts1 normoxic mice; #P⬍0.001 compared with C57Bl/6 mice.

Discussion
S100A4/Mts1 mice had greater RVSP and RVH at baseline,
in response to acute and chronic hypoxia, and after “recovery” in room air when compared with C57Bl/6 controls.
Pulmonary vascular changes were, however, similar in both
groups in room air and after chronic hypoxia, but regression
was attenuated in the S100A4/Mts1 mice. We related these
features to reduced cardiac function and to increased fibulin-5
and thicker elastic laminae, that could alter vascular tone,
attenuate the severity of the vascular changes21,22 expected for
the level of pulmonary artery pressure and resistance,24 and
impair reversibility.

Our studies underscore the importance of considering the
impact of altered cardiac function, on the pulmonary hypertensive phenotype. In severe PAH, the dilated RV can lead to
impaired LV filling and reduced CO.25 In the S100A4/Mts1
mice, a reduced CO accompanied a very mild elevation in
RVSP. Thus, we pursued a load-independent assessment of
cardiac function and documented reduced ventricular elastance through pressure-volume curves. The S100 family of
calcium-binding proteins, are expressed in cardiac myocytes,26 and although S100A4/Mts1 and S100A11 are elevated in response to myocardial injury,27 their selective
impact on cardiac function is not known. Although the
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measurements of left ventricular dysfunction were made
under anesthesia, all mice were similarly treated. In an
attempt to further evaluate the cause of the impaired LV
function, we assessed elastin in the aorta, but found no
significant differences in S100A4/Mts1 versus control mice.
Although measurements were not made at the same time,
the mildly elevated left ventricular end-diastolic pressure
derived from the pressure volume loops might explain the
increase in RVSP in the S100A4/Mts1 mice at baseline and in
response to acute and chronic hypoxia. However, this would
be unlikely to account for the lack of vasodilatation in
response to nitric oxide or oxygen28 and the failure to return
to baseline levels of RVSP despite 3 months of “recovery” in
room air. Thus we turned our attention to features that might
explain a difference in vascular tone as well as attenuated
remodeling relative to that expected for the elevation in PA
pressure and estimated pulmonary vascular resistance.24
Normal assembly of elastin fibers prevents SMC proliferation,22 and impaired elastin fiber assembly promotes this
response.21 In transgenic mice lacking the elastin gene, excess
proliferation of SMCs was identified as causing occlusion of
coronary arteries resulting in the animals’ demise in the
immediate postnatal period.29 Along the same lines, our
group has shown that there is degradation of elastin in the
pathogenesis of pulmonary vascular disease,19 and that elastase inhibitors can suppress smooth muscle cell proliferation,
and associated pulmonary hypertension.10,12,30 Thick elastic
laminae, documented by electron microscopy, were associated with elevated desmosine levels in S100A4Mts1 versus
control mice even in room air, and reduced elastase activity
was documented in chronic hypoxia. It is interesting that the
thick elastic laminae still permit hypertrophy of the SMCs
during hypoxia, likely in response to the elevated pressure.
Although these SMC were immunoreactive for alpha-smooth
muscle actin, it would be interesting to assess other markers
of differentiation. We could not document an increase in
elastin in the large central pulmonary artery nor could we find
a change in compliance in those vessels, suggesting that the
features are limited to intraparenchymal vessels. Although
the increase in elastin could have been related to airways in
the lung tissue, this was not evident on microscopic analysis
using a stain that recognizes elastin.
We speculate that in the S100A4/Mts1 mice, the increase
in elastin limits the extent of abnormal muscularization of
distal PAs,24 by suppressing pericyte proliferation and differentiation to SMCs. Fibulin-5 stabilization of the elastic fibers,
through its ability to promote cell attachment via cell surface
integrins.31 might also prevent endothelial cell apoptosis,
accounting for reduced loss of vessels32 relative to the
elevation in pressure.24 This feature could also repress smooth
muscle apoptosis and regression of muscularization of distal
vessels following return to room air. Only a tendency toward
impaired “recovery” of the number of peripheral vessels was
apparent in the S100A4/Mts1 compared with C57Bl/6 mice,
but it is possible that the antiproliferative effect of elastin
might also suppress the endothelial cell proliferation necessary for vascular regrowth. Lack of regression may, however,
simply be a feature of failure of vasodilatation on return to
room air.33 We did not assess capillary surface area which is
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increased in hypoxia,34 but our findings of loss of peripheral
arteries is similar to that noted by other groups.23
Although there may be a link between lack of reversibility
of vascular disease, and the propensity of a small subset of
older S100A4/Mts1 mice to develop PVD,5 we were unable
to show that a “second hit” with chronic hypoxia induced
these lesions (data not shown). It is possible that a different
kind of insult or some property of aging is required.
Despite the reduced lumen diameter of the intrapulmonary
arteries on microCT and the lack of vasodilation in response
to NO or oxygen, we were unable to document that the
increase in elastin correlated with a change in compliance of
the large central PAs. A mouse hemizygous for elastin also
showed normal compliance of these vessels,29 so evaluation
of the intrapulmonary arteries may be necessary to detect
abnormalities.
Microarray studies also revealed genes that, in addition to
fibulin-5, might be of further interest in explaining how
S100A4/Mts1 could induce PVOD in the small subset of
mice previously described.5 For example, we observed a
decrease in BMP-RI expression, in keeping with recent
observations in lungs of patients with acquired idiopathic
PAH.35
It is interesting that attenuation of vascular disease relative
to the severity of pulmonary hypertension, is observed in the
transgenic mouse with dominant negative3 or haplo insufficiency BMP-RII.4 Asymptomatic carriers of the idiopathic
PAH disease haplotype (mutation in BMP-RII), have abnormally elevated PA systolic pressures in response to exercise,36 but the structure of their pulmonary vessels is
unknown.
In conclusion, our studies underscore the complexity of
determining how environmental and genetic factors ultimately lead to the development of PVD. The low penetrance
of BMP-RII abnormalities in producing severe disease,1,2
may be related to our observation that altered expression of a
gene can trigger a compensatory mechanism. It is, perhaps,
through understanding why these compensatory mechanisms
fail, that we will identify critical risk factors and modifier
genes that can be targeted in developing new approaches to
treatment.
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Online Table 1
Final body weight, mean arterial pressure, hematocrit and cardiac output measurements

Normoxia

Hypoxia

FBW
(g)

MAP
(mmHg)

Hematocrit
(%)

Cardiac
Output
(ml/min)

24±1.8

74.8±2.9

42.2±0.4

17.5±2.6

S100A4/Mts1

24.5±1.1

70±3.7

43.3±0.5

12±2.0*

C57Bl/6

20.4±1.2

63±2.1*

61.3±0.4*

22.1±2.5

S100A4/Mts1

17.6±1.1‡

64±2.6‡

62.6±1.3*

14±0.8†

C57Bl/6

FBW indicates final body weight. MAP indicates mean arterial blood pressure.
*P<0.0001 compared to C57Bl/6 normoxia; †P<0.01 compared to C57Bl/6 hypoxia; ‡P<0.002
compared to S100A4/Mts1 normoxia.
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Online Table 2
Heart rate, end-diastolic pressure and dP/dt obtained from pressure/volume loops

Heart Rate

C57Bl/6

344±11.1

S100A4/Mts1

356±13.3

End-Diastolic Pressure,
(mmHg)

3.9±0.2

7.7±1.6*

*P<0.05 compared to C57Bl/6 mice.

1

dP/dtmax
(mmHg/s)

dP/dtmin
(mmHg/s)

6591±428

-4884±485

5428±554

-4792±606
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Online Table 3
Selected microarray data for S100A4/Mts1 vs. Control C57Bl/6 mice after chronic hypoxia

Function

Elevated Gene

Fold Increase

Proteases

Matrix metalloproteinase 2

1.58

Matrix

* Fibulin-5

1.21

Growth

** Tumor necrosis factor-α

1.31

** Stromal-derived factor 1

1.41

* Ephrin receptor B6

1.35

Vasoreactive * Endothelin 3

1.11

† Prostaglandin Synthase

1.23

*Trend by qRT-PCR, **Significant by qRT-PCR (P<0.05),
†Not confirmed by qRT-PCR.
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