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Abstract

Pulmonary arterial hypertension is a fatal disease associated with pulmonary vascular remodeling and right ventricular hypertrophy.

Pre-clinical animal models that reproduce the human pulmonary arterial hypertension process and pharmacological response to

available therapies are critical for future drug development. The most prevalent animal model reproducing many aspects of

angioobliterative forms of pulmonary arterial hypertension is the rat Sugen/hypoxia model in which Sugen, a vascular endothelial

growth factor receptor antagonist, primarily causes initiation of endothelial injury and later in the presence of hypoxia promotes

proliferation of apoptosis-resistant endothelial cells. We previously demonstrated that exposure of human pulmonary microvascu-

lar endothelium to morphine and HIV-proteins results in initial apoptosis followed by increased proliferation. Here, we demon-

strate that the double-hit of morphine and Sugen 5416 (Sugen–morphine) in rats leads to the development of pulmonary arterial

hypertension with significant medial hypertrophy of pre-acinar pulmonary arteries along with neo-intimal thickening of intra-acinar

vessels. In addition, the pulmonary smooth muscle and endothelial cells isolated from Sugen–morphine rats showed hyperproli-

feration and apoptotic resistance, respectively, in response to serum starvation. Our findings support that the dual hit model of

Sugen 5416 and morphine provides another experimental strategy to induce significant pulmonary vascular remodeling and

development of severe pulmonary arterial hypertension pathology in rats without exposure to hypoxia.
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Introduction

Pulmonary arterial hypertension (PAH), Group 1 of the
pulmonary hypertension (PH) classification, comprises mul-
tiple etiologies such as drug-induced PAH1 and HIV-related
PAH,2 as well as hereditary (e.g. Bone Morphogenetic
Protein Receptor II) and idiopathic forms.3 Regardless of
the etiology, PAH is a progressive and incurable disease of
the pulmonary vasculature characterized by sustained pul-
monary vasoconstriction and pulmonary vasculature
remodeling of pre-capillary arterial vessels that eventually
progresses to right ventricular remodeling, right heart fail-
ure, and death.4 Preclinical animal models have, over the
last decades, contributed substantially to unraveling the
complex pathophysiology and pathobiology of PH.5 In

spite of these accomplishments, no available therapeutic
options consistently improve the (mal)adapted right ven-
tricular function or reverse the established plexogenic arter-
iopathy.6 Current knowledge using high pressure (increased
right ventricle (RV) afterload) PAH animal models still lack
an understanding of the RV-pulmonary axis and progres-
sion of RV dysfunction, as well as the pathophysiological
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role that angio-obliterative pulmonary vasculature remodel-
ing plays in RV failure.7

Of the PH animal models reviewed recently,6 the most
commonly utilized plexogenic arteriopathy PAH rat model
that most closely mimics the human phenotype is the Sugen
5416 (SU5416)/hypoxia/normoxia model.8 SU5416 is a
potent and selective vascular endothelial growth factor
(VEGF) receptor 19 and 210 antagonist. It has been well
established that SU5416 primarily causes initial endothelial
cell (EC) injury and later hyperproliferation of apoptosis-
resistant ECs,11 a characteristic of angio-obliterative (plexi-
form/complex) lesion formation in the development of
severe PAH.11 However, a recent study suggests that pul-
monary EC injury alone is insufficient to cause severe PAH,
thus highlighting the requirement of additional factors in the
development of PAH12 and importance of a ‘‘double-hit or
multiple hits’’ mechanism that also applies to PAH animal
models.2,13–16

Similar to the injurious effects of SU5416 on pulmonary
ECs, morphine has been shown to cause both apoptosis and
proliferation of vascular ECs.17–19 We previously reported
that the combination of morphine with HIV-infection
accentuates pulmonary vascular remodeling characterized
by formation of neointimal fibrotic or plexiform lesions in
Simian Immunodeficiency Virus (SIV)-infected Rhesus
macaques.20 In addition, our laboratory has reported that
morphine and HIV-proteins cause initial endothelial apop-
tosis which is followed by proliferation of primary human
pulmonary microvascular ECs; these events corresponded to
an initial inactivation of VEGF receptor (VEGFR) and a
later increase in VEGFR phosphorylation during chronic
exposure to morphine and HIV-protein.20,21

Here, we hypothesize that a double-hit of SU5416 and
morphine may induce PAH in wild-type rats and potentially
serve as a new PAH animal model. This study aims to
develop a preclinical animal model of PAH that recapitu-
lates altered hemodynamic and remodeled vasculature
phenotypes that characterize PAH in human patients.

Material and methods

Animals

Male Sprague Dawley (SD) rats (n¼ 10–12/group) weighing
180–220 g (ENVIGO, Indianapolis, IN, USA) were admin-
istered a single subcutaneous (SC) injection of SU5416,
20mg/kg body weight (SU5416, Cayman Chemicals, USA)
with intraperitoneal (IP) injections of morphine (10mg/kg
body weight; Sigma) once daily for 35 days (Sugen–
morphine (SuMo) group) or were administered only
SU5416 once (Sugen group) or only morphine (morphine
group) for 35 days. The control rats were administered vehi-
cle for SU5416 (1% carboxymethylcellulose in saline with
0.4% Tween-80) once (SC) followed by IP injections of
saline, once daily for 35 days. The animals were housed at
the University of Kansas Medical Center (Kansas City, KS)

in strict accordance with the National Institutes of Health
(NIH) and Institutional Animal Care and Use Committee
guidelines. Water and food were available ad libitum and
the animals were housed individually under 12 h/12 h light–
dark cycle.

Catheterization and hemodynamics

Animals were anesthetized with a Ketamine/Xylazine mix-
ture (50mg/kg:10mg/kg, IP) and a midline incision was then
made near the neck region (ventral position) to insert the
catheters into the left carotid artery and right jugular vein.
A polyethylene catheter (BD IntramedicTM, Clay Adams�,
PE 50 (Inner Diameter: 0.58mm, Outer Diameter:
0.965mm)—ADInstruments) was placed in the aortic arch
via the left carotid artery, and a Millar 2.0 F single pressure
catheter (ADInstruments, Millar Instruments, SPR-513
Mikro-Tip�, Houston, TX) was advanced into the RV
through the right jugular vein. The adequate placement of
the catheters was established by the pressure waveform.
Mean arterial pressure (MAP) and RV systolic pressure
(RVSP) were measured on PowerLab Data Acquisition
System (ADInstruments Inc., Colorado Springs, CO,
USA) and analyzed with the LabChart System (AD
Instruments Inc., Version 8.0 Pro, Colorado Springs, CO,
USA).

Tissue harvesting

After hemodynamic measurements, the rats were euthanized
by exsanguination through the carotid artery. The catheter
was then removed, and the incision was extended to open
the thorax. Lungs were perfused first with normal saline
followed by whole body perfusion. The lung block was
removed, and the RV free wall of the heart was separated
from the left ventricle (LV) and weighed separately on a
digital scale. The RV/LVþ septum ratio (Fulton Index)
was then calculated to assess the RV hypertrophy
(RVH).22 A part of the RV and LVþ septum was fixed in
4% paraformaldehyde for histological and immunohisto-
chemistry analysis. The remaining heart tissue was snap
frozen in liquid nitrogen. Similarly, the lung lobes were dis-
sected, and the left lobe was snap frozen in liquid nitrogen
for EC isolation, RNA, and protein analysis, while the right
lobe was fixed in 4% paraformaldehyde for histological
evaluation as described elsewhere.23

Histochemical analysis

Paraformaldehyde-fixed lungs were paraffin-embedded and
sectioned. Prior to staining, the deparaffinization of sections
was carried out in xylene, followed by rehydration in
ethanol and then antigen retrieval in citrate buffer.
Immunohistochemical staining was performed for smooth
muscle cells (SMCs) with a-smooth muscle actin (Abcam,
USA), ECs with von Willebrand Factor VIII (vWF)
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marker (DakoCytomation, USA), and cell proliferation
marker—proliferating cell nuclear antigen (PCNA) (Cell
Signaling Technology, USA). Immunofluorescence staining
of the lung tissue sections was performed to check the
VEGFR3 (Novus Biologicals, USA) expression.
For immunofluorescence, AlexaFluor 488 and 594
(ThermoScientific Corporation, USA) were used for anti-
rabbit and anti-mouse secondary antibody, respectively,
and 4’, 6-diamidino-2-phenylindole was used to stain the
nuclei. Trichrome staining was carried out on the RV par-
affin-embedded fixed sections to assess the collagen depos-
ition in the RV.

Morphometric analysis

Quantification of vessel thickness was done by scanning the
paraffin-embedded slides into the Aperio� System.
Subsequently, pulmonary vessels were divided into three
groups based on diameter: those greater than 100 mm,
between 50 and 100mm, and less than 50 mm. Wall thickness
was determined by measuring the difference between the
outer diameter and inner diameter of each vessel and was
compared by equation: Median Wall Thickness¼External
Area – Internal Area. Approximately 12–15 vessels per lobe
from each size group were measured per rat and then
averaged.

Cardiomyocyte thickness was measured by calculating
the width of the cardiomyocytes of animals from each
group. Around 10 fields were imaged per section, and the
cardiomyocytes that were present in a similar orientation
with no change in width were measured for thickness from
the center of the nucleus. Approximately 30–40 cardiomyo-
cytes were measured and averaged for each animal per
group to get the average cardiomyocyte size.

Isolation of rat pulmonary arterial SMCs and
microvascular ECs

Rat pulmonary arterial SMCs (RPASMCs) were cultured
from isolated pulmonary artery. Briefly, the pulmonary
artery was digested with collagenase and elastase, and cul-
tured on six-well plates in rat smooth muscle cell media
(SMCM) (Cell Applications, USA).

Rat pulmonary microvascular ECs (RPMECs) were iso-
lated from lung lobe. Briefly, the lung tissue was washed in
chilled Dulbecco’s Minimum Essential Medium, chopped,
and digested with collagenase. The suspension was then
passed through 18G syringe to make single cell suspension
and nylon cell strainer (BD Biosciences, USA). The cells
were then treated with EC-specific antibodies CD31,
CD105, and biotin-conjugated Isolectin B4 and subse-
quently with IgG and streptavidin Magnetic-activated cell
sorting (MACS) microbeads (Miltenyi Biotec, USA). The
magnetic bead-labeled ECs were then pulled using MACS
Cell Separation columns (Miltenyi Biotec, USA). The cells
were cultured on six-well plate in rat endothelial cell media

(ECM) (Cell Applications, USA) and used for further
experiments.

Cell proliferation and apoptosis assays

For analysis of proliferation in isolated rat cells, both
RPASMCs and RPMECs (3� 103 cells/well) from control,
Sugen, morphine, and SuMo groups of rats were plated on
96-well plates and grown in complete rat SMCM and ECM,
respectively. For RPASMCs, complete SMCM was replaced
after 48 h with 0.1% Fetal Bovine Serum (FBS) containing
SMCM for 48 h to make them quiescent. Fresh 0.1% FBS
containing SMCM was added to the cells, and CellTiter 96�

Aqueous One Solution Cell Proliferation Assay (Promega,
Madison, WI) and CyQuant Assay were performed at day 2.
For RPMECs, after 24 h, the media was changed to 0.5%
containing ECM. Cell proliferation assay was performed at
days 2 and 4 according to the manufacturer’s instructions.
For analysis of apoptosis, 1.25� 104, RPMECs/well were
plated on 96-well plates in complete rat ECM. After 24 h,
the media was changed to 0.5% serum containing media.
Cell death/oligonucleosome detection ELISA (Millipore
Sigma, USA) was performed after 24 and 48 h according
to the manufacturer’s instructions.

Western blot analysis

Total protein was isolated from flash-frozen rat lung tissues
using radio immunoprecipitation assay lysis buffer followed
by Western Blot for VEGFR2 (Cell Signaling Technology,
USA) and VEGFR3 (Abcam, USA) expression. The NIH
ImageJ software was used for densitometry analysis of
immunoblots.

Statistical analysis

Statistical analysis was performed using one-way analysis of
variance with post-hoc Bonferroni correction for multiple
comparisons. p Values were calculated for all the analysis
using GraphPad Prism 7 software. Results were judged stat-
istically significant when the Bonferroni corrected p value
was less than 0.05. For correlation analysis, one-tailed
Pearson correlation coefficient was calculated using
GraphPad Prism 7 software, and significance was assessed
as p< 0.05.

Results

The combination of morphine with Sugen exacerbates
the increase in right ventricular pressure of
morphine-treated rats

We compared the hemodynamic measurements in SD rats
treated with SuMo (SuMo group), Sugen only (Sugen
group), or morphine only (morphine group) with untreated
control rats. As shown in Fig. 1(a), there was a significant
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increase in the RVSP measurement in SuMo group when
compared to the control group as well as the Sugen or mor-
phine alone groups. In contrast, there was no change in
MAP among all the four groups suggesting that the systemic
blood pressure did not contribute to the RV changes
(Fig. 1(c)). A significant RVH was also observed in the
SuMo group when compared to the control group as
demonstrated by a significant increase in the Fulton Index
(RV/LVþSeptum ratio) (Fig. 1(b)) that showed significant
correlation with increasing RVSP (Fig. 1(d)). The trichrome
staining of the RV demonstrated increased collagen depos-
ition and fibrosis in the SuMo group when compared to the
control or SuMo only groups (Fig. 1(e i)). Furthermore, a
significant increase in the cardiomyocyte size was associated
with an increase in the RVH in the SuMo group when com-
pared to the control group (Fig. 1(e ii) and (f)).

Enhanced pulmonary vascular remodeling in SuMo rats

As presented in Fig. 2 (a)–(c), increased thickening of the
smooth muscle layer was observed in both pre-acinar and
intra-acinar pulmonary arteries from the SuMo group as
compared with the other three groups. The median wall
thickness of the SMC layer of vessels< 50 mm, 50–100 mm
and >100 mm was calculated for all the four groups. Of all
the three groups of vessels, only the median wall thickness of

vessels >100 mm was observed to be significantly higher
in rats from SuMo group as compared to the controls
(Fig. 2(d)). Nevertheless, 50–100mm and <50 mm size vessels
also showed the trend of increased thickness in the SuMo
group. Additionally, greater extent of vessel muscularization
was observed in the rats from SuMo group with a significant
increase in the number of completely or partially muscular-
ized vessels of size< 50 mm (Fig. 2(e)) when compared with
other groups. We also observed many partially occluded
vessels due to increased smooth muscle proliferation and
in some cases due to increase in endothelial proliferation
and blebbing of ECs in the SuMo group (Fig. 2(b)).
Staining for the expression of PCNA provided evidence
for the presence of proliferative ECs within the intra-
acinar arterioles (Fig. 2(c)). These results suggest that mor-
phine acts as a second hit when combined with SU5416 in
stimulating EC proliferation as well as smooth muscle
thickening in the pulmonary vessels leading to development
of PAH.

Increased survival and proliferation of pulmonary
smooth muscle and ECs isolated from SuMo rats

We next tested the survival and proliferative ability of iso-
lated RPASMCs and RPMECs upon serum starvation. The
RPASMCs from SuMo rats showed a significantly higher

Fig. 1. Hemodynamics and RV hypertrophy in SD rats exposed to Sugen and morphine. Sprague Dawley rats were administered 20 mg/kg

Sugen5416 once and/or 10 mg/kg body weight of morphine daily for 35 days. Untreated controls were used for comparison. (a) Right ventricle

systolic pressure (RVSP); (b) Fulton Index; and (c) mean arterial pressure from n¼ 7 or more rats per group. Values are mean� SEM.

(d) Correlation between RVSP and Fulton Index (Pearson correlation coefficient r¼ 0.6165, p¼ 0.0217, n¼ 11 rats). (e) Masson’s trichrome

staining on formaldehyde-fixed, paraffin-embedded heart RV sections: (i) magnification 4� and (ii) magnification 40�; (f) Quantification of

cardiomyocyte size in Sugen and/or morphine-exposed rats.

Notes: Values are mean� SEM obtained from n¼ 6 rats per group.

**: p< 0.01, vs control; #: p< 0.05 vs Sugen; $: p< 0.05 vs morphine; MAP: mean arterial pressure; SuMo: Sugen–morphine.
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proliferation when compared with control and morphine-
treated rats as confirmed by both MTS and CyQuant
assay (Fig. 2(f)). In addition, RPMECs from SuMo rats
showed cell death resistance and better survival upon

serum starvation when compared to the control group,
both at 24 h and 48 h of serum starvation as determined
by cell death ELISA (Fig. 3(a)). Furthermore, RPMECs
from SuMo rats also demonstrated enhanced proliferation

Fig. 2. Immunohistochemical analysis of pulmonary vessels in SD rats exposed to Sugen and morphine. Right lung was harvested, fixed, paraffin-

embedded, and sectioned followed by immune-staining for von Willebrand factor (vWF) and a-smooth muscle actin (a-SMA). (a) and (b):

Representative pictographs showing remodeled pulmonary vessels of size 50–100 mm; (a)–(h): magnification 20�, Scale bar¼ 100mm; (i)–(j):

magnification 10�, Scale bar¼ 100 mm); and (b) intra-acinar vessels of size< 50mm (a)–(h): magnification 40�, Scale bar¼ 100mm; (i)–(j):

magnification 60�, Scale bar¼ 100 mm). (C) Immunofluorescence staining of vWF (green)/a-SMA (red) ((a)–(d)); and vWF (green)/PCNA (red) in

intra-acinar pulmonary vessels (e) Scale bar¼ 100 mm. (D) Median smooth muscle wall thickness was assessed by measuring inner and outer

diameter of remodeled arteries and arterioles. Values are mean� SEM of n¼ 6 rats per group. (E) Extent of muscularization in vessels< 50 mm

size was assessed by counting a-SMA positive vessels and total number of vessels in the right lung lobe from all groups and plotted as percent

muscularized vessels. Values are mean� SEM of n¼ 4 rats per group. (F) RPASMCs were plated on 96-well plates using complete SMCM and

were made quiescent for 48 h by changing to 0.1% serum containing media. MTS and CyQuant proliferation assay was performed at day 2 post

starvation.

Notes: Values are mean� SEM obtained from n¼ 3 rats.

***: p< 0.001, *: p<0.05 vs control; ##: p<0.01 vs Sugen; $$: p<0.01, $: p<0.05 vs Morphine SuMo: Sugen–morphine.
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both at days 2 and 4 in 0.5% serum containing media (Fig.
3(b)). These results suggest that the combined SuMo admin-
istration explains the proliferative capacity of ECs in vitro,
and that the combination treatment is responsible for the
lumen obliteration by ECs observed in the SuMo rats.

Lungs from SuMo rats show high VEGF receptor
expression

VEGFR blockade resulting in initial endothelial apoptosis
and later proliferation of apoptosis-resistant ECs has been
associated with the development of angio-obliterative PAH
in the Sugen/Hypoxia animal model.8,23 Furthermore, we
previously reported that chronic treatment with morphine
results in increased proliferation of ECs with an associated
increase in the total and phosphorylated VEGFR2.20

Therefore, we here analyzed the levels of VEGFR expres-
sion in the whole lung rat tissue lysates from all four groups.
Although we found only mild increase in VEGFR2 protein,
significant increase in the protein expression of VEGFR3
was observed in rat lung tissues from the SuMo group com-
pared to controls as well as when compared with Sugen
alone or morphine alone treated groups (Fig. 3(c)). The
morphine group also demonstrated a significantly higher
VEGFR3 expression when compared to control group
(Fig. 3(c)). The expression of VEGFR3 was further

confirmed by positive VEGFR3 staining (red fluorescence)
colocalizing with vWF-stained ECs (green fluorescence) in
the pulmonary vessels of lung tissue sections from SuMo
rats (Fig. 3(d)).

Discussion

Our study describes and partially characterizes a novel pre-
clinical PAH model in wild-type male SD rats. In this SuMo
model, SU5416 combined with morphine caused PAH that
presented with similar hallmarks as seen in human PAH.
The RVSP was significantly elevated in the group exposed
to the double-hit of morphine and SU5416. The histology
showed precapillary pulmonary arteriopathy with adventi-
tial and medial thickening with the lumen occlusion of
intra-acinar vessels consisting of smooth muscle and ECs.
In addition, isolated lung ECs demonstrated significant
apoptosis-resistance in vitro after exposure to SU5416 and
morphine in vivo. There was also a VEGFR-2 and -3
increased expression in the lungs from the SU5416–mor-
phine rats. To our knowledge, we have developed a novel
‘‘two-hit’’ preclinical PAH model in non-genetically modi-
fied rats that does not require hypoxia.

PAH, due to chronic and progressive occlusion of preca-
pillary pulmonary vessels, results in elevated pulmonary vas-
cular resistance and leads to RVH and dysfunction.8,24

Fig. 3. Proliferation in RPMECs and VEGFR expression in SD rats exposed to Sugen and morphine. RPMECs were plated on 96-well plates using

complete ECM and were starved next day by changing to 0.5% serum containing media. (a) Cell death detection ELISA was performed at 24 h and

48 h and (b) MTS proliferation assay was performed at days 2 and 4 post starvation. Values are mean� SEM obtained from n¼ 3 rats. (C)

Western blot analysis of VEGFR2 and VEGFR3 expression in whole lung lysates. Lower panel shows the densitometry analysis graphs. Values are

mean� SEM from n� 3 rats. (D) Immunofluorescence staining of paraffin-embedded lung sections for VEGFR3 (red fluorescence) and vWF

(green fluorescence).

Notes: Arrows show colocalization of vWF and VEGFR3. Scale bar¼ 50 mm.

****: p< 0.0001; ***: p< 0.001; **: p< 0.01; *: p< 0.05 vs control; ###: p<0.001 vs Sugen; $$: p< 0.01 vs morphine; SuMo: Sugen–morphine;

VEGFR: vascular endothelial growth factor receptor..

6 | SuMO model of PAH Agarwal et al.



Clinically, patients with PAH demonstrate elevations of the
RVSP and mean pulmonary arterial pressure, and histolo-
gically angio-obliterative pre- and intra-acinar pulmonary
vascular remodeling.25 The pathobiology underlying the
development of severe human PAH is incompletely under-
stood, predominantly due to the complexity of multiple cell–
cell interactions. Relevant animal models should reproduce
both the lung vascular histology and the PH observed in
humans with severe PAH.

Existing preclinical PAH animal models like the mono-
crotaline model26,27 or the SU5416 plus chronic hypoxia
(SuHx) model8,13 that develop plexogenic arteriopathy and
angio-obliterative lesions have been useful and advanced
our mechanistic understanding of the pathobiology under-
lying PAH. There are now several models where SU5416
serves as one of two hits as in the Su/OVA, AdTGF-
�1/SU5416, and Su/pneumonectomy models. These
models support the double-hit hypothesis of PAH develop-
ment.13,15,16,28–30 One hypothesis of PAH development,
based on animal models, is switching of initial apoptosis-
surviving EC to a hyperproliferative apoptosis-resistant
phenotype that progresses to complex, angio-obliterative
lesions formation.8,11,13,25. The study by Taraseviciene-
Stewart et al. in 2001 demonstrated a significant increase
in the caspase-3 and Terminal deoxynucleotidyl dUTP
Nick End Labeling-positive pulmonary ECs in SuHx
rats.13 However, concomitant to the development of severe
PH in this model, more PCNA-positive ECs were observed
in precapillary occluded vessels. Importantly, they reported
the prevention of pulmonary vascular endothelial prolifer-
ation and the development of angio-obliterative PH in SuHx
rats by a pan-caspase inhibitor.13

The VEGFs and its receptors (VEGFRs) likely play a
crucial role in the pathogenesis of PAH.31,32 Complex pul-
monary vascular lesions from human PAH patients have
shown high expression of VEGF and VEGF receptors.33,34

There are several splice variants of VEGF/VEGFR that
promote different functions.35 VEGFR-1 predominantly
acts as an anti-angiogenic factor, while VEGFR2 and
VEGFR3 are important in promoting angiogenesis.36,37

The VEGF ligands A, B, C, and D bind to these receptors
to mediate their mitogenic, pro-survival, and angiogenic
abilities. VEGF-B binds to VEGFR1, and VEGF-A pre-
dominantly binds to VEGFR2 upon activation by phos-
phorylation through receptor tyrosine kinases and regulate
EC proliferation through activation of proliferative signal-
ing pathways like PI3/AKT, ErK1/2 MAP Kinases, and
inhibiting caspase-3/Bcl2-mediated EC death and apop-
tosis.33 VEGF-C ligand binds to VEGFR3 and has been
elucidated to promote endothelial tip cell sprouting, a crit-
ical event in the process of angiogenesis.23,31,38 Over the
years, it has been demonstrated that blockade of VEGFR1
and VEGFR2 by SU5416 causes initial endothelial apop-
tosis, and a second trigger like hypoxia drives the

proliferation of apoptosis-resistant cells leading to develop-
ment of severe PAH. The findings reported by Al-Husseini
et al. showed that there is a high VEGFR3 expression in
SuHx rat model of PAH, as SU5416 only inhibits VEGFR1
and VEGFR2.23 VEGFR3, which can get activated without
active phosphorylation, remains uninhibited and alterna-
tively can interact with VEGF-C ligand to cause angio-oblit-
erative lesions as observed in the Sugen/hypoxia model of
PAH.23 Similarly, we also observed high expression of
VEGFR3 in lung tissues from SuMo rats, supporting a pos-
sible mechanism of VEGFR3-mediated endothelial
proliferation.

Furthermore, the dual proapoptotic and survival-enhan-
cing action of morphine of ECs has also been earlier
described.17 We earlier demonstrated that morphine, inde-
pendently as well as in combination with HIV-proteins, can
cause initial apoptosis and later proliferation of ECs both in
the cell culture system as well as in SIV-infected macaques.
Similarly, isolated ECs from rats with a dual hit of Sugen
and morphine also showed higher survival and proliferative
ability in response to the stress from serum starvation as
compared to control rats.

In summary, this study introduces a novel preclinical
PAH model in SD rats exposed to a double-hit of morphine
and SU5416 that demonstrates multiple characteristics of
the human disease. These include significant smooth
muscle hypertrophy of proximal vessels, new intimal lesions
in intra-acinar arteries, and RV hypertrophy with a moder-
ate increase in the RVSP. We speculate that a more chronic
administration with the same or higher non-toxic doses of
morphine may worsen the hemodynamic changes in these
rats. This novel model will provide an opportunity to fur-
ther investigate the PAH pathogenesis and it also suggests
that opioids might play a role in pulmonary vascular
diseases.
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