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ABSTRACT: Mutations in genes encoding members of the transforming growth factor
(TGF)-B superfamily have been identified in idiopathic forms of pulmonary arterial
hypertension (PAH). We asked whether perturbations to the TGF-B/Smad2,3 signalling axis
occurred in a monocrotaline (MCT) rodent model of experimental PAH.

Expression of the TGF-f signalling machinery was assessed in the lungs and kidneys
of MCT-treated rodents with severe PAH, by semi-quantitative reverse-transcription
polymerase chain reaction (RT-PCR), real-time RT-PCR, and immunoblot. TGF-f signalling
was assessed in the lungs and in pulmonary artery smooth muscle cells (PASMC) from MCT-
treated rodents by Smad2 phosphorylation, expression of the ctgf gene, activation of the
serpine promoter in a luciferase reporter system, and by the induction of apoptosis.

The expression of Acvrll (a type I TGF-B receptor), Tgtbr2 (the type II TGF-3
receptor), endoglin (a type III TGF-B receptor), Smad3 and Smad4; as well as TGF-f3
signalling and TGF-B-induced apoptosis, were dramatically reduced in the lungs and PASMC,
but not the kidneys, of MCT-treated rodents that developed severe PAH.

Our data indicate that the TGF-f/Smad2,3 signalling axis is functionally impaired in
MCT-treated rodents with severe PAH, underscoring the potential importance of

TGF-B/Smad2,3 signalling in the onset or development of PAH.
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INTRODUCTION

Pulmonary vasoconstriction, vascular remodelling and thrombosis are the underlying causes of
increased pulmonary vascular resistance, and thus the elevated pulmonary artery pressure,
observed in patients with pulmonary arterial hypertension (PAH) [1, 2]. The vascular
remodelling observed in small, normally non-muscularised, pulmonary arteries involves an
increase in pulmonary artery smooth muscle cell (PASMC) mass, secondary to endothelial
dysfunction. Together, these changes result in medial hypertrophy, concentric obliteration of
the lumina, and the formation of complex vascular structures known as plexiform lesions [3].

Although PAH can be inherited (familial PAH; FPAH) or occur sporadically
(idiopathic PAH; IPAH) [4], the pathophysiological mechanisms at play during vascular
remodelling in PAH have not been identified. Candidate effector molecules include serotonin,
angiopoietin, and also bone morphogenetic proteins (BMPs), which form a branch of the
transforming growth factor (TGF)- superfamily of growth factors [1, 2]. Mutations in the
gene encoding the type II BMP receptor are considered, at least in part, to be the genetic basis
of FPAH, and BMP signalling has consequently received much attention in this context [1, 2,
5]. In contrast, signalling by the TGF-B branch of this superfamily of growth factors has
received comparatively little attention [6].

TGF-p signalling is initiated by binding of TGF-f ligand to the type Il TGF-3 receptor
(Tgtbr2, also called TPRII) [7]. This promotes complex formation with one of two type I
TGF-p receptors, either Tgfbr1 [activin-like kinase (ALK)-5] or Acvrll (ALK-1) [7]. Complex
formation may be assisted by accessory type III TGF- receptors, either Tgfbr3 (betaglycan) or
endoglin (the eng gene product, CD105). Signals are transmitted by intracellular signalling
Smad molecules, notably Smads 2, 3 and 4 [7], and TGF-f signalling may be antagonised by

the inhibitory Smads, Smad6 and Smad7 [7].



Mutations and polymorphisms in genes encoding TGF-B signalling machinery, and
their functional consequences, have been implicated in many lung pathologies, including
sarcoidosis [8] and chronic obstructive pulmonary disease [9]. With respect to PAH, mutations
have been identified in eng [10] and acrvil [11, 12] genes in patients with hereditary
haemorrhagic telangiectasia and coexistent PAH, as well as in children with IPAH [13].
Somatic mutations in #gfbr2 have been reported in endothelial cells within plexiform lesions of
IPAH patients [14]. Therefore, mutations in all three types of TGF-f receptors have been
described in PAH. Furthermore, reduced expression of genes encoding TGF-3 and Tgfbr3
has been demonstrated in IPAH patients [15]. Endothelial cells of plexiform lesions in IPAH
patients exhibit reduced expression of TGF-f receptors and Smad proteins [6], and
dysregulated TGF-f signalling is observed in pulmonary artery smooth muscle cells (PASMC),
where TGF-f3 promoted the proliferation of PASMC from IPAH patients [16], but exhibited an
opposite (growth inhibitory) effect on PASMC from healthy donors [16, 17]. Together, these
data overwhelmingly implicate dysregulated TGF-f signalling in PAH, although no study to
date has examined TGF-f/Smad signalling in an animal model of PAH. In this study, we set
out to investigate whether perturbations to the TGF-/Smad2 signalling axis occurred during

monocrotaline-induced pulmonary hypertension, a popular but poorly understood animal

model for human PAH.



MATERIALS AND METHODS

Animals and haemodynamics - The animal ethics authority of the government of the State of
Hessen approved all animal procedures. Pulmonary hypertension was induced in adult male
Sprague-Dawley rats by a single intraperitoneal injection of MCT (60 mgkg"'; Sigma, St.
Louis, USA). Haemodynamic measurements and lung extraction were performed as described

previously [18].

RNA isolation, semi-quantitative and real-time polymerase chain reaction - Total RNA was
isolated from fresh lung tissue using a Qiagen RNeasy kit (Qiagen, Hilden, Germany), and
screened by semi-quantitative reverse transcription (RT) polymerase chain reaction (PCR) [19]
using the intron-spanning primers indicated in table 1. Cycle numbers lie in the logarithmic
phase for each PCR. Quantitative changes in gene expression were also analysed by real-time
RT-PCR by the AAC; method [20], using the primer pairs indicated in table 1, and the

hydroxymethylbilane synthase (hmbg) gene as reference.

Protein isolation and immunoblotting - Protein extraction, gel -electrophoresis and
immunoblotting were performed as described previously [19, 21]. Blots were probed with
antibodies to Acvrll (1 pg.ml”'; R&D Systems, Minneapolis, USA), Tgfbrl (1:1500) and
Tgfbr2 (1:1000; Santa Cruz, San Fransisco, USA), phospho-Smad2(Ser465/467), Smad3 and
Smad4 (all 1:1000; Upstate, Charlottesville, USA), Smad2 (1:1000; Zymed, San Fransisco,
USA), and B-actin (1:1000; Cell Signaling Technology, Danvers, USA). Peroxidase-

conjugated secondary antibodies were from R&D Systems (Wiesbaden, Germany).



Immunohistochemistry - Elastin and H&E staining, and immunofluorescence was performed
on 3 um tissue sections [18], with antibodies against smooth muscle actin (SMA; 1:850;
Sigma, Taufkirchen, Germany), von Willebrand factor (1:800; Dako, Hamburg, Germany);
Tgfbrl (R-20), Tgfbr2 (H-567) and proliferating cell nuclear antigen (PCNA; all at 1:100;
Santa Cruz, San Fransisco, USA), Smad3 and Smad4 (both at 1:50; Upstate, Charlottesville,
VA), Smad2 (R&D Systems, Minneapolis, USA), and phospho-Smad2 (Cell Signaling
Technology, Danvers, USA). Immune-complexes were visualised with a Histostain Plus Kit
(Zymed, San Fransisco, USA). Immunohistochmemistry was quantified by counting the
number of positive cells as a percentage of the total number of cells counted. It is important to
stress that those data reflect absolute changes (positive versus negative staining) in a signal,
and do not reflect intermediate changes (strong versus weak staining) in signal intensity;

therefore, data must be interpreted with caution.

Luciferase reporter assay - Primary rat PASMC were isolated from the second to the fifth
branch of the pulmonary artery as described previously [18] from saline-treated control or
MCT-treated rats. Early passage (first two passages) PASMC, seeded in 24-well plates (70%
confluent), were transiently transfected with LipofectAMINE (Invitrogen, Karlsruhe,
Germany) as described for human PASMC [22], with p(CAGA);,-luc, a reporter construct that
contains a TGF-B-responsive promoter derived from the serpinel gene, located upstream of a
firefly luciferase gene [23]. Alternatively, cells were transfected with pGL3-Basic (containing
a promoterless luciferase gene) or pGL3-Control (containing a constitutively-expressed
luciferase gene) both from Promega (Mannheim, Germany) as negative and positive controls,
respectively. Cells were incubated with TGF-Bf1 (R&D Systems, Wiesbaden, Germany;
2 ng.ml™) for 12 h, firefly luciferase activity assessed [19]. Values were normalised for the

transcriptional activity of the pGL3-control vector.



Assessment of apoptosis of PASMC - Early passage PASMC were seeded at 1 x 107 cells/well
in chamber slides and grown to *80% confluence. Quiescent cells [cultured in 0.1 % (v/v) FBS
for 48 h] were treated with TGE-B1 (2 ng.ml™'; 24 h) and apoptosis assessed using a terminal

deoxyribonucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labelling
(TUNEL) assay (Roche, Indianapolis, USA) [18]. Cells were scored for TUNEL and 4',6'-

diamino-2-phenylindole staining in twenty random fields per sample.

Statistical treatment of data - Data are presented as mean + S.D. Differences between groups
were analysed by ANOVA and the Student-Newman-Keul post-hoc test for multiple

comparisons, with a P value < 0.05 regarded as significant.



RESULTS

MCT causes severe PAH and vascular remodelling in rats

Administration of MCT caused pronounced vascular remodelling and PAH in rats four weeks
after administration. Vascular remodelling was evident by thickening of the vessel walls of the
small pulmonary arteries (fig. la-d), together with a significant 44% increase in the right
ventricle-to-left ventricle+septum ratio (table 2), indicative of right heart hypertrophy. These
changes were accompanied by a two-fold increase in right ventricular systolic pressure (table
2) indicative of severe PAH, and a 30% decrease in the partial pressure of oxygen in arterial
blood (table 2), although no significant change (11% reduction) in systemic arterial pressure

was observed (table 2).

Expression of TGF-f signalling machinery is reduced in the lungs of MCT-treated rats
A dramatic decrease in expression of mRNA encoding Tgtbr2, endoglin, Acvrll, Smad3 and
Smad4 was observed by real-time RT-PCR in the lungs of rats four weeks after MCT treatment
(fig. 1e). Similarly, downregulated expression of genes encoding Tgfbr2, Averll, Smad3 and
Smad4 was observed in lungs, but not kidneys, of rats four weeks after MCT administration,
by semi-quantitative RT-PCR (fig. 1f). The mRNA levels of the endothelial markers pecam!
and vwf were unaltered at two and four weeks post-MCT treatment (fig. le), indicating no
major loss of endothelium at these time-points. We employed the hmox! gene as a control,
since its expression is elevated in the lungs of MCT-treated rats that develop PAH [24].

Since changes in mRNA expression do not always reflect changes in the protein
expression [25], we also assessed protein expression by immunoblot. Consistent with our RT-
PCR data, significantly reduced levels of Tgfbr2, Avcrll, Smad3 and Smad4 were observed in

the lungs of MCT-treated rats four weeks after MCT administration (fig. 2).



Antibodies against Acvrll did not yield any signal over background staining on lung
sections (data not shown). However, both Tgfbrl and Tgtbr2 exhibited strong staining in the
airway epithelium in saline-treated rats (fig. 3a-b, e-f). Staining for Tgfbr1 was also evident in
the smooth muscle and endothelium of saline-treated rats (fig. 3a-b). In the case of Tgtbrl, the
staining exhibited similar intensity and pattern in MCT-treated rats, although the background
was higher due to intense inflammtory cell infiltration (figs 3c-d, 4a). However, staining for
Tgtbr2 was noticeably weaker in the airway epithelial layer (fig. 3g-h), and tended towards
reduced levels in the vascular smooth muscle layer of small vessels of MCT-treated rats (fig.
4a). These data are consistent with our observations that mRNA and protein expression of
Tgtbrl and Tgfbr2 are reduced the lungs of MCT-treated rats.

In the case of Smad proteins, staining for Smad2 was strong, particularly in the airway
epithelium of both saline- and MCT-treated rats (figs 3j-1, 4a). In contrast, while intense
staining for Smad3 and Smad4 in the airway epithelium was observed for saline-treated rats
(figs 3m-n, g-r; 4a), this staining was markedly reduced in MCT-treated rats (figs 30-p, s-t; 4a).
Of interest, Smad4 exhibited a strong nuclear staining in the endothelium of saline-treated rats
(fig. 3s, inset), in approximately 77 + 6 % of cells counted, while this staining was largely lost
in MCT-treated rats (8 = 4 % of cells counted). Similarly, Smad4 staining exhibited a reduced
trend in the vascular smooth muscle of MCT-treated rats (fig. 4a), however, this trend did not
approach statistical significance. These data support our observations that the mRNA and

proteins levels of Smad3 and Smad4 are reduced in MCT-treated rats.

The TGF-f/Smad2,3 signalling axis is impaired in the lungs of MCT-treated rats
Our observations that MCT administration caused a dramatic reduction in the expression of
TGF-p receptors and Smads, suggested to us that TGF-3 signalling would be perturbed in the

lungs of MCT-treated rats. Indeed, while phospho-Smad2 staining was evident in the vascular
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smooth muscle and airway epithelium of lungs from saline-treated rats, this staining was
largely lost in lungs from MCT-treated rats (fig. 4b). Furthermore, baseline levels of phospho-
Smad2 (although not total Smad2 levels) were significantly reduced in whole lung extracts
from MCT-treated rats (fig. 4c, e) suggesting functional impairment of the TGF-B/Smad2,3
signalling axis. Interestingly, this decrease was evident before changes in TGF-f receptor or
Smad expression were evident by immunoblot (fig. 2a), suggesting other mechanisms at play
that downregulate TGF-3/Smad?2 signalling (perhaps in response to the massive inflammation
in lungs at two weeks post-MCT adminsitration), or that the receptor and Smad expression
changes were too subtle to be evident by immunoblot at this time-point.

Together, these data suggest that the expression of TGF-B-induced genes in the lung
would also be down-regulated. To test this idea, we examined mRNA levels encoding the ctgf
gene, which is a TGF-B-regulated gene that encodes connective tissue growth factor (CTGF).
As expected, the czgf mRNA levels were significantly lower in the lungs of MCT-treated rats,
although not in the kidneys (fig. 4d, f). Our data therefore indicate that MCT administration
specifically perturbs TGF-f3 signalling in the lungs of rats in this experimental model of PAH.

Given the important growth-regulatory roles of TGF-B, we also assessed cell
proliferation in lungs from MCT-treated rats by staining for PCNA. Few proliferating cells
were evident in lungs of saline-treated rats (fig. 5a, d). However, two-weeks after MCT
administration, increased cell proliferation was observed in the alveolar septae, smooth muscle
and endothelium of the lung (fig. 5b, e). Additionally, massive inflammatory cell infiltration
was evident two weeks post-MCT administration, evident from a dramatically increased
number of macrophages (arrows, fig. 5b). Four weeks after MCT administration, proliferating
cells were detected primarily in the smooth muscle layer of pulmonary arteries, although

proliferating cells were also evident in the airway epithelium and the interstitium (fig. Sc, f).
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The TGF-f/Smad2,3 signalling axis is impaired in PASMC from MCT-treated rats

Our data thus far have relied on experiments in whole lung homogenates, which reflect the net
TGF-p signalling capacity of the endothelium, epithelium, smooth muscle, and fibroblast and
inflammatory cell composition of the lung. We felt it relevant to examine TGF-f signalling in a
single cell type. Since PASMC (which are responsive to TGF-f3 [16, 17]) are accredited with a
key role in the pathogenesis of familial and non-familial forms of PAH [1], and we observe
increased PASMC proliferation in the lungs of rats after MCT treatement, we examined TGF-[3
signalling in PASMC isolated from the lungs of saline- or MCT-treated rats (fig. 5).

Baseline phospho-Smad?2 levels (but not total Smad2 levels) were reduced in PASMC
from MCT-treated rats, indicating that the TGF-/Smad2 axis was also functionally impaired
in PASMC. Specific induction of TGF-B signalling was investigated by transfecting the
P(CAGA)z-luc reporter plasmid [23] into PASMC derived from saline- or MCT-treated rats.
This plasmid contains a firefly luciferase gene, located downstream of a TGF-3 responsive
promoter derived from the serpinel gene. The induction of luciferase activity by TGF-f is
therefore a measure of TGF-f3 signalling. The ability of TGF- to induce luciferase expression
was markedly (two-fold) lower in PASMC from MCT treated rats (fig. 5b), confirming that the
TGF-B/Smad axis is functionally impaired in PASMC from MCT-treated rats.

Since TGF-B can induce apoptosis in PASMC [17], we reasoned that this effect would
be less apparent in PASMC from MCT-treated rats. Indeed, a more than two-fold reduction in
the induction of apoptosis by TGF- was observed in PASMC from MCT-treated rats, as
assessed by TUNEL staining. These data indicate that functional impairment of the
TGF-B/Smad signalling axis in PASMC from MCT-treated rats is physiologically relevant.
This idea is supported by the increased PASMC proliferation in the lungs of MCT-treated rats
we report here (PCNA staining; fig. 5), and the complete absence of apoptosis in PASMC

noted in MCT-treated rats in another study [18].
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DISCUSSION

A growing body of evidence points to a key role for dysregulated signalling by the
BMP/Smadl,5,8 axis of the TGF-3 growth factor superfamily in the onset or development of
PAH [1, 2, 4, 6, 12-16]. In contrast, a role for the TGF-/Smad2,3 axis in PAH has been
relatively unexplored. Therefore, the aim of this study was to establish whether the
TGF-B/Smad signalling axis was impaired in MCT-induced PAH in rats, a popularly used,
albeit poorly understood model for familial and idiopathic PAH.

We document here a dramatic down-regulation of expression of both TGF-f receptors,
and some of their associated Smad proteins, four weeks after MCT administration, by which
time pronounced pulmonary vascular remodelling and PAH were evident. Amongst the
receptors, a dramatic decrease in Acvrll and Tgfbr2 expression was evident, while expression
of Tgfbrl was unchanged. Similarly, expression of two key TGF-B intracellular signalling
molecules, Smad3 and Smad4, was decreased. These changes were restricted to the lung, since
they were not observed in the kidneys of MCT-treated rats. Furthermore, levels of both
phosphorylated Smad2 and of mRNA encoding CTGF were also down-regulated, indicating
diminished TGF-f signalling in the lungs, but not the kidneys, of MCT-treated rats with severe
PAH. In PASMC isolated from MCT-treated rats, both baseline and induced TGF-f signalling
were also reduced, compared with PASMC from saline-treated controls. This impaired TGF-f3
signalling was physiologically relevant, since PASMC from MCT-treated rats were resistant to
the pro-apoptotic effects of TGF-B. Taken together, our data demonstrate dramatically
impaired signalling by the TGF-f/Smad axis in the lungs of MCT-treated rats with severe
PAH.

Four-fold elevated levels of TGF-B have been described during MCT-induced PAH in

rats [26], and it has been suggested that this may underlie the increased expression of some
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extracellular matrix genes in this model. Our data would argue that this is not the case, but
rather that the two-fold increase in mRNA encoding tropoelastin, fibronectin and collagen Io;
levels observed in that study may have been induced by other fibrogenic cytokines, possibly
interleukin la and P, and tumour necrosis factor-o, since levels of all three cytokines are
elevated in MCT-induced PAH. Interestingly, induction of a dominant-negative Tgfbr2 gene in
hypoxia-induced PAH attenuated hypoxia-driven vascular remodelling and pulmonary
hypertension [27]. Those data suggest a protective role for Tgfbr2 in hypoxia-driven PAH, in
contrast to our data, which correlate reduced Tgfbr2 with increased abberant vascular
remodelling in MCT-induced PAH. Together, these data emphasise that the wvascular
remodelling in these two models is very different [28], an idea underscored by the recent
observation that bone marrow-derived progenitor cells can limit pulmonary vascular
remodelling induced by MCT, but not that induced by hypoxia [29].

A common feature of the vascular remodelling observed in all forms of PAH is the
increased muscularisation of small pulmonary arteries [1, 2]. This has, in part, been attributed
to the aberrant growth of PASMC, which exhibit impaired responses to stimuli that control
proliferation and apoptosis of PASMC. TGF-f is one of those stimuli, promoting the apoptosis
of healthy PASMC [17] and inhibiting the proliferation of healthy PASMC, and PASMC from
patients with Eisenmenger’s syndrome who exhibit PAH secondary to ventricular septal
defects [16]. However, PASMC from patients with IPAH or FPAH are resistant to the anti-
proliferative effects of TGF-B [16], suggesting that the failure of TGF- to control PASMC
growth in PAH may, in part, underlie the increased muscularisation of normally non-
muscularised small pulmonary arteries of patients with FPAH or IPAH. Data we present in the
present manuscript support this idea, since increased muscularisation of small pulmonary

arteries was also observed in MCT-treated rats with severe PAH, and PASMC from these rats
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were insensitive to the pro-apoptotic effects of TGF-B. Thus, impaired TGF-3 signaling in
PASMC appears to be a common feature of human IPAH and MCT-induced PAH.

In addition to PASMC, dysregulated TGF-f signalling is also likely to impact the
endothelium. Endothelial cells are peculiar in that they express two different type I TGF-f3
receptors: Tgfbrl and Acvrll. These two receptors mediate opposing effects by TGF-3 on
endothelial function, and together they balance the activation state of the endothelium.
Signalling by Acvrll promotes endothelial cell proliferation and migration [30], and endoglin
plays a key role in promoting these effects [31], thereby stimulating angiogenesis. In contrast,
signalling by Tgfbrl opposes Acvrll/endoglin signalling, and inhibits endothelial cell
proliferation and migration, and maintains the endothelium in a quiescent state [30]. We
present data in this report that demonstrated a significant down-regulation of both Acvrll and
endoglin expression in the lungs of MCT-treated rats, while Tbgbrl expression remained
unchanged. These data suggest that, in the context of TGF-3 signalling, the balance is tipped
strongly in favour of Tgfbrl signalling, which would maintain a quiescent endothelium in
MCT-induced PAH. This idea is supported by the observation that MCT has a cytostatic effect
on the rat pulmonary endothelium [32]. Clearly, however, this idea remains speculative since
we have not examined isolated endothelial cells in this study.

The data we present here support a role for reduced TGF-B signalling in promoting
PAH. This idea gains credence from observations that the converse situation, that is, increased
TGF-B signalling, can afford protection against PAH. For example, in patients with very
severe (GOLD stage IV) COPD, the expression of Smads 2,3 and 4 was normal, while that of
the inhibitory Smad, Smad7, was reduced [33], which would lead to potentiated TGF-3
signalling. In a separate study it was demonstrated that expression of Tgfbr2 was up-regulated
in the pulmonary arteries of patients with very severe COPD [34]. Together, these studies

suggested that TGF-f signalling is increased in COPD, leading Beghe et al. [34] to propose
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that up-regulation of TGF-f signalling in severe COPD has a protective (anti-proliferative)
role, perhaps explaining the low incidence of severe pulmonary hypertension seen in COPD
patients [35].

In sum, our data suggest that dramatically reduced expression of components of the
TGF-p signalling machinery results in impaired TGF-f signalling in the lungs of MCT-treated
rats. This dysregulated TGF-$ signalling may underlie the aberrant proliferation of PASMC
seen in MCT-induced PAH; and also has implications for the activation state of the
endothelium. Our data strongly support a role for impaired TGF-f3 signalling in the onset and
developments of sporadic and familial forms of IPAH, in which germline mutations in genes

encoding the TGF-f signalling machinery have already been reported.
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FIGURE LEGENDS

FIGURE 1. Monocrotaline induced pulmonary vascular remodelling and changes in
expression of the TGF- signalling machinery. Changes in medial wall thickness (evident by
elastin staining; a-b), and vessel muscularisation [visualised by dual-staining for von
Willebrand factor (brown) and smooth muscle actin (purple), and counterstaining with
haematoxylin; c-d], were investigated in small pulmonary arteries in rats 28 days after saline
(a, ¢) or monocrotaline (a, b) administration. Changes in the expression of genes encoding the
TGF-B signalling machinery were assessed in the lungs and kidneys of saline- or
monocrotaline-treated rats by (e) by quantitative real-time RT-PCR (black bars, 2 weeks;
hatched bars, 4 weeks; relative to saline-treated controls at 4 weeks) and (f) semi-quantitative
RT-PCR. Data represent the mean + S.D. 9, p < 0.05, relative to controls; *, p < 0.05, between

indicated groups (n = 4, per group). MCT, monocrotaline; wk, weeks.
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FIGURE 2. Changes in the protein expression of components of the TGF-B signalling
machinery in the lungs of monocrotaline-treated rats were assessed by immunoblot (a).
Quantitation of immunoblot data is illustrated in (b)-(g). *, p < 0.05, relative to controls (n =4,

per group). MCT, monocrotaline; wk, weeks.
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Figure 2
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FIGURE 3. Localisation of TGF-f receptors and Smads in lungs from saline- and
monocrotaline-treated rats. In the case of vessels, both large (internal diameter 400 - 800 pum)
and small (internal diameter 150 - 400 um; insets) resistance pulmonary arteries are illustrated.

a: airways; v: vessels. MCT, monocrotaline.
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FIGURE 4. Assessment of TGF-f signalling in the lungs of saline- and monocrotaline-treated
rats. (a) Expression of TGF- and Smad proteins was quantitated in the airway epithelium and
smooth muscle layer of small vessels in the lungs of saline-treated (black bars) and
monocrotaline-treated (hatched bars) rats, four weeks after treatment. Data are presented as the
mean number of positive cells = S.D. in eight representative fields; *, p < 0.05, between
indicated groups. (b) Localisation of phospho-Smad2 in lungs of saline- and monocrotaline-
treated rats. The areas demarcated in the upper two photomicrographs are enlarged in the lower
panels. Arrowheads indicate positive staining. (c) TGF-f signalling was assessed in the lungs
of saline- and monocrotaline-treated rats by phospho-Smad2 phosphorylation (c¢) and

expression of the ctgf gene (d). These data were quantified by densitometry in (e) and (f)
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respectively. *, p < 0.05, relative to controls (CTRL; n = 3-4, per group). MCT, monocrotaline;

wk, weeks.
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FIGURE 5. Assessment of cell proliferation in the lungs of saline-treated and monocrotaline-
treated rats by PCNA staining (red). Areas demarcated in the low magnification
photomicrographs in (a), (b) and (c¢) are magnified in (d), (e) and (f), respectively. Arrowheads
indicate positive PCNA staining in the smooth muscle layer of small resistance arteries, while

arrows in (b) indicate macrophages. MCT, monocrotaline.
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FIGURE 6. TGF-B signalling was impaired in pulmonary artery smooth muscle cells
(PASMC) from monocrotaline-treated rats, evident from reduced baseline phospho-Smad2
phosphorylation in non-quiescent cells (a); reduced activity of the TGF-B-responsive element
of the serpinel promoter in response to TGF-f1 stimulation (b); and in the reduction in number
of apoptotic nuclei observed in PASMC from monocrotaline-treated (black bars)) versus

saline-treated (hatched bars) rats, after TGF-B1 stimulation (c). *, p < 0.05, between indicated

groups.
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TABLE 2 Induction of pulmonary hypertension in rats by intraperitoneal monocrotaline
RSVP SAP RV/LV+S PaO,
(mm Hg) (mm Hg) (mm Hg)
Saline control 299+1.8 118.9 £ 23.1 0.30£0.02 202.8+12.9
MCT (2 week) 423+ 122 113.6 £23.1 0.33£0.05 210.5 £ 38.7
MCT (4 week) 63.5+£11.4* 105.5 £ 21.7 0.54 £ 0.09* 143.4 £ 29.0*

Data are presented as mean = S.D (n = 12 animals per group). MCT: monocrotaline; RSVP: right
ventricular systolic pressure; RV/LV+S: ratio of right ventricle mass to left ventricle plus septum
mass; SAP: systemic arterial pressure; PaO,: partial pressure of oxygen in arterial blood. *,

P<0.05 for MCT-treated mice versus saline-treated control mice.



