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MAJOR TECHNICAL ADVANCES
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Eric G. Johnson2, Csaba Galambos3, Gary W. Raff4, Xutong Sun5, Ting Wang5, Samuel R. Chiacchia1, Qing Lu5,
Stephen M. Black5, Emin Maltepe1, and Jeffrey R. Fineman1,6

1Department of Pediatrics and 6Cardiovascular Research Institute, University of California, San Francisco, San Francisco, California;
2Department of Veterinary Surgical and Radiological Sciences, School of Veterinary Medicine, and 4Department of Surgery, University of
California, Davis, Davis, California; 3Departments of Pathology and Laboratory Medicine, University of Colorado School of Medicine,
Children’s Hospital Colorado, Aurora, Colorado; and 5Department of Medicine, University of Arizona College of Medicine, Tucson,
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Abstract

The natural history of pulmonary vascular disease associated
with congenital heart disease (CHD) depends on associated
hemodynamics. Patients exposed to increased pulmonary blood flow
(PBF) and pulmonary arterial pressure (PAP) develop pulmonary
vascular disease more commonly than patients exposed to increased
PBF alone. To investigate the effects of these differing mechanical
forces on physiologic and molecular responses, we developed two
models of CHD using fetal surgical techniques: 1) left pulmonary
artery (LPA) ligation primarily resulting in increased PBF and 2)
aortopulmonary shunt placement resulting in increased PBF and
PAP. Hemodynamic, histologic, and molecular studies were
performed on control, LPA, and shunt lambs as well as pulmonary
artery endothelial cells (PAECs) derived from each. Physiologically,
LPA, and to a greater extent shunt, lambs demonstrated an
exaggerated increase in PAP in response to vasoconstricting stimuli
comparedwith controls. These physiologic findings correlated with a

pathologic increase in medial thickening in pulmonary arteries in
shunt lambs but not in control or LPA lambs. Furthermore, in the
setting of acutely increased afterload, the right ventricle of control
and LPA but not shunt lambs demonstrates ventricular–vascular
uncoupling and adverse ventricular–ventricular interactions. RNA
sequencing revealed excellent separation between groups via both
principal components analysis and unsupervised hierarchical
clustering. In addition, we found hyperproliferation of PAECs from
LPA lambs, and to a greater extent shunt lambs, with associated
increased angiogenesis and decreased apoptosis in PAECs derived
from shunt lambs. A further understanding of mechanical
force–specific drivers of pulmonary artery pathology will enable
development of precision therapeutics for pulmonary hypertension
associated with CHD.

Keywords: pulmonary vascular disease; congenital heart disease;
pulmonary hypertension; endothelial dysfunction; mechanical
forces

Pulmonary vascular disease (PVD)
associated with congenital heart disease
(CHD) remains an important source of
morbidity and mortality worldwide (1–3).
Although often considered as a single

entity, pulmonary vascular pathology
associated with CHD comprises a complex
and varied pathophysiology, dependent on
the associated hemodynamic aberrations
(4, 5). The natural history of PVD associated

with CHD reveals the differential—or
perhaps incremental—effects of increased
pulmonary blood flow (PBF) and increased
pulmonary arterial pressure (PAP). In
patients with increased PBF alone, as
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associated with pre–tricuspid valve
shunts such as atrial septal defects, the
development of PVD is uncommon and
presents late, among 5–15% of patients
by the fourth decade of life (6, 7).
Conversely, in patients exposed to
increased PBF and PAP, as associated with
post-tricuspid shunts such as ventricular
septal defects, PVD is common, progressive,
and develops early in life (3, 8, 9). The
different hemodynamic forces associated
with different CHD lesions are presumed
to account for observed differences in
natural history of PVD; however, the
underlying pathobiological mechanisms
are unknown.

Despite rapid advancement in the
number of therapies available to treat PVD,
mechanistic therapeutic targets remain
limited, and outcomes remain suboptimal.
In fact, current treatment regimens for
pulmonary hypertension are generally based
on illness severity rather than on underlying
mechanisms (10–12). Although most
pulmonary vascular therapies target the
distal pulmonary vascular bed, the
importance of increased stiffness in the
proximal or conducting pulmonary arteries
is increasingly recognized as an important
mediator of PVD. For example, increased
stiffness within the larger conducting
pulmonary vessels is associated with a
greater increase in right ventricular (RV)
afterload than total pulmonary vascular
resistance (13), and pulmonary artery (PA)
stiffness is correlated with survival among
children and adults with pulmonary
hypertension (14, 15). In addition,
decreased distensibility in conducting PAs
propagates increased pulse wave velocity to
the distal pulmonary vascular bed, and
mechanotransduction within pulmonary
artery endothelial cells (PAECs) in the
proximal pulmonary vessels is sensitive to
alterations in stiffness of the vascular
matrix (16). Thus, investigation of the
effect of hemodynamic forces on
conducting PAEC biology has important
pathobiological and therapeutic
implications.

Previously, we created a model of
increased PBF and pulmonary pressure
by placing a large GORE-TEX graft
(W. L. Gore & Associates, Inc.) between the
ascending aorta and PA in late-gestation
fetal lambs (17). This well-established
model mimics lesions such as a large
ventricular septal defects, and the
biochemical and gene expression alterations

described also mimic infants with CHD (18).
The purpose of this study was to establish a
novel ovine model of CHD with increased
PBF alone through fetal left pulmonary
artery (LPA) ligation and to compare the
effects on the pulmonary vasculature of this
increased PBF with our shunt model with
increased postnatal PA pressure and flow.
To our knowledge, this study is the first to
characterize the anatomic, physiologic,
histologic, and transcriptomic changes
associated with increased PA pressure and
flow compared with increased PBF alone.
Furthermore, given the essential role of
endothelial cell function and proximal PA
stiffness in both normal pulmonary vascular
physiology and pathology, we isolated
primary PAECs from the proximal PAs and
defined their transcriptomic expression
profile as well as proliferative capabilities.
Together, these data are the first to provide
insight into alterations in pulmonary
vascular biomechanical forces associated
with different types of CHD and associated
changes in endothelial cell function. A
portion of the work described in this article
was presented in abstract form at the
Pediatric Academic Societies Meeting in
2018 (19).

Methods

Animal Care
Animal care is described in detail in the data
supplement. All protocols and procedures
were approved by the Committee on Animal
Research at the University of California, San
Francisco.

Surgical Preparation and Reactivity
Testing
Detailed surgical preparation for both
the fetal LPA ligation and shunt models
is provided in the data supplement.
Briefly, late-gestation (z135 d) fetal
lambs underwent lateral thoracotomy
followed by placement of either an 8-mm
GORE-TEX graft between the ascending
aorta and main PA or ligation and
division of the LPA. After fetal surgery,
pregnant ewes recovered, and lambs
underwent spontaneous vaginal delivery
1–2 weeks after surgery. Unoperated twin
lambs served as control animals. Lambs
then underwent hemodynamic study at
4–6 weeks of age, including vascular
reactivity testing. See the data supplement
for details.

Imaging
The computed tomographic imaging
procedure is described in detail in the data
supplement.

PA Isolated Vessel Baths
PA ring segments were mounted in
myograph chambers and treated
with increasing concentrations of
norepinephrine. See the data supplement
for details.

Medial Thickness Determination
Briefly, right lower lobe segments were
analyzed from five animals in each
experimental group. PA vessels of 100 mm
or less were analyzed; 5–10 vessels were
analyzed from each animal; and three to
eight measurements taken per vessel. See
the data supplement for further details.

Pressure–Volume Loop Analysis
Pressure–volume loop analysis of myocardial
performance has previously been described
in detail (20) and is further delineated in
the data supplement.

Cell Culture, Apoptosis, and
Proliferation
PAECs were isolated and cultured as
previously described (21). Briefly, primary
PAECs were isolated via the explant
technique from the main PA. A segment of
the main PA was placed in a sterile dish
containing Dulbecco’s modified Eagle
medium with appropriate supplementation.
The segment was stripped of adventitia
with sterile forceps and opened
longitudinally, and the endothelial layer
was removed by gentle rubbing with a cell
scraper. Cells were grown in culture in
appropriate media. After several days,
moderate-sized aggregates of endothelial
cells were transferred using a micropipette,
grown to confluence, and then maintained
in culture. Further details and methods
used for apoptosis and proliferation
quantification are provided in the data
supplement.

RNA-Sequencing Analysis
RNA-sequencing and global analyses
were performed by Exiqon. In addition,
we used the Gene Ontology (GO)
database to investigate which biological
processes were significantly enriched
with differentially expressed transcripts
(DETs). Further details are provided in
the data supplement.
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Statistical Analysis
Changes within each animal before and after
an intervention were compared by the
paired t test, and changes between groups
were compared by the unpaired t test.
Nonparametric testing was used when
appropriate. Variables were compared
between multiple groups or within each
group over time by ANOVA for repeated
measures. Student-Newman-Keuls post hoc
testing was performed. P, 0.05 was
considered significant. Statistical analysis
was done using Prism 7.0d software
(GraphPad Software, Inc.).

Results

After establishing our surgical models, we
defined the morphology of the three models in
juvenile lambs (3 wk of age) using computed
tomography angiography (CTA) (Figure 1).
CTA of control animals demonstrated the
expected size ratio between aorta and PA with
a normal vascular arborization pattern. In
contrast, the CTA of the fetal LPA ligation
lamb shows an expected complete absence of
the LPA and left distal vasculature with mild
dilation of the remaining right main PA and
branches. Finally, CTA of the shunt lamb
demonstrates marked dilation of the main PA
segment with dilation and extended
recruitment of distal vessels, compared with
control.

When lambs from each model system
were 4–6 weeks of age, they underwent a
terminal hemodynamic study and in vivo

pulmonary vascular reactivity testing
(Table 1). There were no differences in
age and weight between the model lambs
at the time of study (data not shown). As
expected, both LPA and shunt lambs had
significantly higher right pulmonary artery
blood flow than control animals, although
right PA blood flow was twofold control in
LPA lambs, and threefold control in shunts.
Although LPA lambs had modest increases in
mean PAP compared with control animals
(196 3.6 vs. 146 1.8 mm Hg, respectively),
PAP was significantly higher in shunt lambs
(266 6.3 mm Hg; P, 0.01) than in both
control and LPA lambs. Furthermore, shunt
lambs had increased pulmonary pulse
pressure and greater difference between
diastolic and systolic pressure compared with
both control and LPA lambs, whereas
pulmonary pulse pressure was similar in
control and LPA lambs. This physiologic
difference has important pathologic
consequences, given the increase in cyclic
stretch associated with pulse pressure (22, 23).

Having established baseline
hemodynamics, we next administered
pulmonary vasoconstricting stimuli and
assessed differing responses in the intact
animals. In response to hypoxia (FIO2

, 10%),
shunt lambs had significantly increased
mean PAP compared with both control and
LPA lambs. Next, we administered the
thromboxane A2 mimic U46619 via
continuous infusion (1 mg/kg/min) to
induce pulmonary vasoconstriction. After
10 minutes, LPA lambs had a greater rise in
mean PAP than did control lambs, but the

increase in PAP was even higher in shunt
lambs (Figure 2A). This was not associated
with a decrease in RV contractility as
quantified by end-elastance (Ees)
(Figure 3A). Then, we isolated fifth-
generation PAs and assessed vasomotor
reactivity using a wire myograph system
(DMT). In response to increasing
concentrations of norepinephrine (13
1029 to 33 1026 M), all groups had an
increase in developed tension, as expected,
but this increase was significantly more
pronounced in PA rings obtained from
shunt animals than in PA rings from
control or LPA animals (Figure 2B).
Together, these data suggest that shunt
animals have exaggerated pulmonary
vascular reactivity compared with controls
and that LPA ligation lambs have an
intermediate phenotype with some
increased sensitivity to U46619 that was not
evident with other vasoconstricting stimuli.

Having assessed in vivo vascular
reactivity, we next sought to measure
cardiac performance using pressure–
volume loop analyses. We previously
demonstrated that the right ventricle
in shunt lambs has a unique ability to
increase contractility in response to
acute increases in afterload due to PA
banding (20). In this study, U46619 was
administered to increase RV afterload
and was maintained for several minutes;
a family of pressure–volume loops was
then generated by manipulating preload
with transient inferior vena cava occlusion.
Contractility was quantified using
the slope of the end-systolic pressure–
volume relationship (Ees). In response
to increased afterload, only shunt animals
had a significant increase in RV Ees
(3.46 0.4-fold baseline) compared
with control and LPA ligation animals
(1.66 0.5- and 0.86 0.5-fold baseline,
respectively) (Figure 3A). Furthermore,
we assessed ventricular–vascular coupling,
which is quantified via the relationship
between Ees and arterial elastance (Ea).
As shown in Figure 3B, both control and
LPA animals showed ventricular–vascular
uncoupling after acutely increased RV
afterload (U46619); control and LPA RV
Ees/Ea were both significantly decreased
compared with baseline (0.56 0.2- and
0.66 0.01-fold baseline, respectively),
whereas shunt animals maintained
ventricular–vascular coupling with
preserved RV Ees/Ea ratio (0.96 0.7-fold
baseline). These findings are consistent with

A B C

ShuntLPA ligationControl

4
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Figure 1. Three-dimensional reconstruction of computed tomography angiography of representative
(A) control, (B) left pulmonary artery (LPA), and (C) shunt lambs. Images are shown from the
posteroanterior perspective. LPA lamb computed tomography angiography demonstrates expected
hypoplasia of the LPA and veins. Shunt lamb computed tomography demonstrates dilation of main
pulmonary artery root with marked dilation of the distal left and right pulmonary arteries.
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our previous study but represent important
new findings because the type of afterload
challenge is different, with U46619 resulting
in more diffuse increases in vascular impedance
in contrast to the discrete afterload resulting
from PA banding.

Next, given the adverse effects that RV
dysfunction can have on left ventricular
(LV) filling, we examined indices of LV
diastolic function, particularly LV stiffness,
which is derived from the nonlinear slope of
the LV end-diastolic pressure–volume
relationship. In the presence of the
thromboxane A2 mimic, U46619, PAP—
and thus RV afterload—increases
significantly in all groups, as shown in
Figure 3A. LV afterload increases more
modestly (z20%) above baseline. During
U46619 administration, LV stiffness
increases to 1516 47% of baseline in

control animals and 1546 7% of baseline
in LPA lambs, whereas LV stiffness
decreases to 756 5% of baseline in shunt
animals (Figure 3C). Under baseline
conditions, LV volume rapidly rises during
early diastole with a smooth upstroke in all
three models. In contrast, with the addition
of RV afterload due to U46619, LV filling in
control and LPA lambs, but not in shunt
lambs, has a biphasic filling pattern with
early rapid filling that plateaus followed
by a second phase to complete LV end-
diastolic volume in late diastole due to atrial
kick (Figure 3D). This is indicative of
impaired LV diastolic function in the face
of RV afterload in control and LPA lambs
but not in shunt lambs. Steady-state data
under both baseline conditions and with
increased RV afterload are available in
Table E1 in the data supplement, together

with representative pressure–volume loops
in Figure E1.

Given our observations of increased
pulmonary vasoreactivity in shunt lambs,
we next examined pulmonary arteries
histologically for medial hypertrophy.
ACTA2 staining was performed on 5–10
pulmonary arteries of diameter 100 mm or
less from each animal. Medial thickness of
pulmonary arteries was significantly
increased in shunt lambs (12.96 2.8 mm)
compared with both control (7.46 0.4 mm)
and LPA lambs (9.26 1.1 mm) (Figure 4).
Our findings of increased PA muscularization
are consistent with prior studies of shunt
lambs (17) and our in vivo and ex vivo
vascular reactivity data.

Having defined the cardiovascular and
pulmonary vascular physiologic response to
differing chronic hemodynamic forces in

Table 1. Baseline Hemodynamics in Control, Left Pulmonary Artery Ligation, and Shunt Lambs

SBP
(mm Hg)

DBP
(mm Hg)

MAP
(mm Hg) HR (beats/min)

PA SBP
(mm Hg)

PA DBP
(mm Hg)

mPAP
(mm Hg)

DPAP
(mm Hg) RPAQ (L/min)

Control (n = 9) 976 12 576 8.6 706 9.4 1186 21 206 3.4 8.56 1.6 146 1.8 11.86 0.2 0.76 0.1
LPA (n = 8) 1066 17 586 14 746 15 1216 16 276 5.2* 126 3.3* 196 3.6* 14.86 3.2 1.46 0.3*
Shunt (n = 4) 1186 5.7* 366 8.5* 616 8.7 1266 17 356 9.2*† 186 5.1*† 266 6.3*† 186 0.4*† 2.06 0.2*†

Definition of abbreviations: DPAP = pulse pulmonary pressure; DBP = diastolic blood pressure; HR = heart rate; LPA = left pulmonary artery; MAP =mean
arterial pressure; mPAP =mean pulmonary arterial pressure; PA = pulmonary artery; RPAQ= right lung pulmonary artery blood flow; SBP = systolic blood
pressure.
In order to compare pulmonary blood flow between the three groups, RPAQ was estimated assuming 55% of total pulmonary blood flow for control and
shunt lambs.
*P, 0.05 versus control animal.
†P, 0.05 shunt versus LPA ligation lambs.
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Figure 2. Shunt animals have exaggerated pulmonary vascular reactivity. (A) After 10 minutes of hypoxia (fraction of inspired oxygen, 10%), mean
pulmonary artery pressure (PAP) increases by 9.06 1.1 mm Hg in control, 12.46 1.7 mm Hg in LPA, and 17.66 3.0 mm Hg in shunt lambs. With
administration of thromboxane A2 mimic, U46619 via continuous infusion 1 mg/kg/min, mean PAP increases by 6.76 4.8 mm Hg in control, 176 7.9 mm
Hg in LPA, and 256 8.6 mm Hg in shunt lambs. n = 7 control, n = 7 LPA, and n = 5 shunt. (B) Fifth-generation pulmonary arteries were isolated, mounted,
and prestretched. Increasing concentrations of norepinephrine (NE) were added (13 1029 to 33 1026 M). Pulmonary artery rings isolated from shunt
lambs generated significantly higher force at NE concentrations of 33 1027 up to 33 1026 M than did pulmonary artery rings isolated from control or LPA
lambs. n = 5 in each group. Error bars represent 6SD. *P, 0.05 compared with control and ¶P, 0.05 compared with LPA.
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Figure 3. Shunt animals have superior right ventricular (RV) and left ventricular (LV) myocardial performance after U46619 administration. RV contractility,
ventricular–vascular coupling, and LV diastolic function were quantified in all three groups at baseline and after the administration of the thromboxane A2

mimic, U46619, which significantly increases RV afterload and modestly increases LV afterload. (A) RV contractility was quantified by the slope of the end-
systolic pressure–volume relationship, end elastance (Ees). Compared with baseline, shunt animals significantly increased RV Ees after U46619
administration, whereas control and LPA animals did not have significant change in RV Ees from baseline. (B) Ventricular–vascular coupling was quantified
by the ratio of Ees to arterial elastance (Ea). Control and LPA animals had ventricular–vascular uncoupling after U46619 administration, whereas shunt
animals maintained baseline RV Ees/Ea ratio. (C) Diastolic function was quantified using LV stiffness, the nonlinear slope of the LV end-diastolic
pressure–volume relationship. After U46619 administration, LV stiffness increased in control and LPA animals, whereas LV stiffness decreased in shunt
animals. (D) After U46619 administration, in control and LPA animals, but not in shunt animals, LV filling over time changed from a smooth upstroke to a
biphasic pattern with an early plateau followed by a second filling period to end-diastolic volume due to atrial kick. Shunt animals did not have a change in
LV filling. Error bars represent 16 SD. *P, 0.05 compared with control. LVP = left ventricular pressure; LVV = left ventricular volume.
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our model, we next sought to examine the
gene expression profile of PAECs, which are
primarily affected by both shear (increased
PBF) and cyclic stretch (increased
pulmonary pressure). We first performed
RNA sequencing on PAECs derived
from control, LPA, and shunt lambs.
Principal clustering analysis (Figure 5A)
demonstrated excellent differentiation
between PAECs derived from each model,
as did dendrogram and unsupervised
hierarchical clustering heat map analysis
(Figure 5B). We next visualized
comparisons between each individual
group using volcano plots representing the
relationship between fold change and
significance. Volcano plots are shown in
Figure 5 for control versus LPA animals
(Figure 5C), control versus shunt animals
(Figure 5D), and LPA versus shunt
animals (Figure 5E). These data provide
visualization for transcriptome-level
differences between models. Although
important differences exist, the LPA
ligation model (increased PA flow only) is
the most similar to control, whereas shunt
lambs (increased PA pressure and flow)
have more differences in RNA expression,
in terms of both significance and fold
change. Top DETs among models are
detailed in Tables E2–E4. Taken together,
these data confirm that our observations of
different physiologic responses are also
evident at the transcriptional level in
PAECs derived from these models.

Given the clear physiologic changes
observed in shunt lambs, we hypothesized
that the scale of transcriptional changes
would be largest in shunt PAECs. Indeed,
this was the case: 609 transcripts were found
to be upregulated in shunt PAECs relative
to control cells and 947 downregulated
transcripts. There were relatively fewer
DETs observed in the comparison of LPA
and control PAECs in which 47 transcripts
were found to be upregulated and 147 were
found to be downregulated. Figures 6A and
6B illustrate the number of DETs shared
between each of the three comparisons,
revealing that there are a number of up-
and downregulated DETs shared between
LPA and shunt PAECs, —suggesting that
similar transcriptional pathways might be
impacted in response to increased PBF in
both LPA ligation and shunt lambs.

We next used the GO database to
characterize differences in up- and
downregulated genes in our models. Among
the 180 upregulated DETs in shunt lambs

that were distinct from both control and
LPA lambs, 131 could be mapped to human
homologs. These genes significantly
enriched 153 GO terms, a number of which
are especially relevant to pulmonary
hypertension pathophysiology, including
angiogenesis (GO:0001525) and vascular
development (GO:0001944), as illustrated in
Figure 6C. The majority of these terms
(75%) were associated with cell cycle and
proliferation—, providing transcriptional
evidence of the hyperproliferative
phenotype unique to shunt PAECs.
Additional pathways of interest include
the negative regulation of apoptosis
(GO:0043066) and the positive regulation
of protein metabolism (GO:0019538)
(Figures 6D and 6E). This phenotype is best
captured by the 27 DETs that significantly
enrich the term “Mitotic M-Phase”
(GO:0000087) illustrated in Figure 6F. Of
the 362 downregulated DETs at this
intersection, 219 could be mapped to
human homologs. These 219 genes
enriched 219 pathways—, the majority
of which were associated with organ
development, metabolism, and
biosynthesis. Ultimately, this pathway
analysis works to demonstrate the effect
of increased pressure and flow on gene
expression in PAECs, indicating that
aberrant hemodynamic conditions
contribute to the differential expression of
genes that likely play a role in the
development of the PVD.

Given that PAECs derived from these
CHD models have important transcriptome
differences, we next defined the functional
characteristics of PAECs derived from these
different lamb models. We first used a tube
formation assay in growth factor–restricted
Matrigel to characterize angiogenesis.
PAECs from LPA ligation animals had a
greater rate of angiogenesis than control
animals after 72 hours in Matrigel, as
quantified by the number of branch points.
However, PAECs derived from shunt
animals had an even greater rate of
angiogenesis than did either control or LPA
animals (Figure 7A). Next, we quantified
apoptosis using terminal deoxynucleotide
transferase–mediated dUTP nick end label
staining after tumor necrosis factor-a
stimulation to induce apoptosis. Control
PAECs had the greatest percentage of
apoptotic cells, followed by LPA PAECs,
with shunt PAECs exhibiting the greatest
resistance to apoptosis (Figure 7B). Then,
we used two different methodologies, cell

counting and 59-bromo-29-deoxyuridine
incorporation, to quantify PAEC
proliferation from each model. We found
that both total cell count (Figure 6C) and
59-bromo-29-deoxyuridine incorporation
(Figure 6D) demonstrated greater
proliferation in PAECs derived from shunt
animals than both control and LPA ligation
animals. Consistent with other models of
PVD (24, 25), these data collectively
demonstrate that PAECs derived from
shunts are more proliferative, apoptosis-
resistant, and prone to angiogenesis than
PAECs derived from either control or LPA
ligation lambs, although PAECs derived
from LPA ligation lambs do have an
intermediate phenotype, compared with
control and shunt animals, in their
resistance to apoptosis and propensity for
angiogenesis.

Discussion

The natural history of PVD associated with
CHD suggests distinct pathophysiologic
consequences of different hemodynamic
insults to the pulmonary vasculature. In this
study, we established the first fetal cardiac
surgical model of increased PBF alone (LPA
ligation) and compared that newmodel with
our established CHD model of increased
pulmonary pressure and flow (shunt lambs).
These studies demonstrated substantial
differences between the animals with
normal physiology, those with increased
PBF (LPA), and those with increased
pulmonary pressure and flow (shunt), both
in whole-animal physiologic responses to
vasoactive stimuli and in the proximal
PAEC transcriptome. These large animal
models represent a seminal development in
the ability of preclinical studies of PVD
associated with CHD to characterize
responses in the intact animal as well as
endothelial cells derived from primary cell
culture.

This study links whole-animal
physiology, cardiac and pulmonary
hemodynamics, microanatomy, and specific
PAEC properties. PAECs are constantly
under the influence of hemodynamic forces,
including shear stress, the tangential friction
force acting on the vessel wall due to
blood flow (26); hydrostatic pressure,
the perpendicular force acting on the
vascular wall (27); and cyclic strain, the
circumferential stretch of the vessel wall
(28). Mechanosensors on these cells detect
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these forces and transduce them into
biochemical signals that trigger vascular
responses and ultimately pathologic
hyperreactivity in PVD (29). Among the
various force-induced signaling molecules,
alterations in nitric oxide (NO), reactive
oxygen species (ROS), and endothelin 1 (ET-
1) have been implicated in vascular health and
disease (30). Normal physiologic conditions
result in induction of NO production with
decreased ROS and ET-1, whereas pathologic
conditions result in decreased NO with
increased ROS and ET-1 (31).

Mechanotransduction in endothelial
cells differs with both developmental stage
and vascular bed. As a consequence of
in vivo mechanical forces, PAECs derived
primarily from these CHD models
maintain their phenotype in culture for
several passages, as evinced by differing
angiogenesis, proliferation, and sensitivity
to apoptotic stimuli (Figure 7). The
persistent differences in PAECs from
different animal models in cell culture
implicates epigenetic changes as a
mechanism for phenotypic preservation
and furthermore makes future targeted
mechanistic investigation of
mechanosensing pathways in PAECs
feasible.

As expected, given the differing
mechanical forces accompanying each
model’s physiology, the most dramatic
differences in endothelial function and
vascular responses were evident among
whole-animal responses and PAEC
characteristics in shunt animals compared
with the control or LPA ligation models.
However, the LPA ligation model
demonstrated a primed or intermediate

phenotype in endothelial function, which
possibly reflects chronic effects of flow-
mediated shear stress. For example, LPA
ligation animals demonstrated intermediate
increases in pulmonary vasoconstriction
response to hypoxia and U46619; similarly,
PAECs derived from LPA ligation animals
demonstrated an intermediate degree of
angiogenesis and proliferation compared with
PAECs derived from control and shunt
lambs. Furthermore, global visualization of
whole-transcriptome data from these animal
models demonstrated significant expression
differences in PAECs between control, LPA
ligation, and shunt lambs (Figure 5). These
findings of an intermediate phenotype are
consistent with clinical experience, which
suggests that the stimulus of increased PBF
alone is not sufficient to develop significant,
rapidly progressive PVD, but these patients
may be more vulnerable to “second hits”
such as predisposing genetic conditions,
environmental hypoxia due to living at
altitude or lung disease, or diseases leading to
vascular inflammation.

The role of angiogenesis and vascular
cell proliferation in the pathogenesis of PVD
is complex with both early adaptive and late
maladaptive sequelae. Early angiogenesis or
capillary recruitment in the setting of CHD
lesions with increased PBF increases the
cross-sectional area of the pulmonary
vascular bed and thus decreases shear forces
at the capillary level and maintains low
pulmonary vascular resistance despite
increased PBF. Indeed, we previously
demonstrated increased numbers of
arterioles in juvenile lambs in our shunt
CHD model compared with control
animals (17). However, increased PAEC

proliferation and resistance to apoptosis, as
demonstrated in PAECs derived from LPA
lambs, and especially shunt lambs, does not
necessarily reflect adaptive angiogenesis. For
example, highly proliferative endothelial cells
and complex intravascular lesions with
luminal obstruction as a consequence of
monoclonal expansion of antiapoptotic
endothelial cells—plexiform lesions—have
been isolated from humans with advanced
PVD (32, 33). Our histologic examination of
lungs from these CHD models revealed only
medial hypertrophy (vascular smooth muscle
cell proliferation) and no evidence of either
endothelial obliteration of the vessel lumen or
plexiform lesions. However, it is possible that
the proliferative, antiapoptotic phenotype seen
in shunt PAECs is a precursor to this
advanced pathology.

Increasingly, understanding of PVD
has broadened to consider the RV and
pulmonary vasculature together as a
functional unit, and outcomes in patients
with PVD correlate with RV function (34).
On the basis of the present study, we report
an important new finding of preserved
normal ventricular–ventricular interactions
in the setting of acutely increased RV
afterload in shunt lambs but not in control
or LPA ligation animals. We previously
demonstrated the unique ability of the right
ventricle in the shunt CHD model to
augment contractility in the setting of an
acute afterload stimulus due to PA banding
(20). In the present study, we have again
demonstrated preserved ventricular–
vascular coupling and increased RV
contractility in only shunt lambs in
response to a different acute RV afterload
stimulus, U46619, which we hypothesize
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is a consequence of ongoing postnatal
exposure of the shunt RV to increased
PA pressure. Thus, the similar behavior
of the RV in both control and LPA
ligation models is expected, given similar
postnatal hemodynamic forces on the
right ventricle. Importantly, simultaneous
biventricular pressure–volume loops have
newly demonstrated these advantageous
effects on ventricular–ventricular

interactions. Impaired early diastolic LV
filling is an important and perilous clinical
hallmark of RV failure. In the case of both
control and LPA animals, the left ventricle
demonstrates diastolic dysfunction as
visualized by alteration in the LV volume
curve and quantified by LV stiffness.
Together, these findings demonstrate
the increased resilience of the right
ventricle–pulmonary vascular unit primed

developmentally by chronically increased
pressure and flow to acute afterload
stimuli, in contrast to the typical
vulnerability of the unconditioned right
ventricle (35) to overcome sudden
increases in afterload seen in both LPA
and control lambs.

This study has several important
limitations. Perhaps most important,
hemodynamic data demonstrate a slight
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Figure 6. RNA-sequencing analysis. Venn diagrams demonstrate overlapping and distinct changes in (A) upregulated and (B) downregulated differentially
expressed transcripts (DETs) among control, LPA, and shunt models. The 180 genes highlighted by red A represent the differentially expressed genes (DEGs)
shared in the comparison of shunt versus LPA and shunt versus control pulmonary artery endothelial cells (PAECs). These DEGs are upregulated in shunt
PAECs relative to both control and LPA cells and indicate changes to PAEC gene expression that are unique to cells exposed to increased pressure and flow.
See pathway analysis of these genes (panelsC–F). Contrastingly, red B represents the 420 DEGs that were significantly upregulated in shunt PAECs relative to
control cells. While these genes also indicate transcriptional changes that might be induced by increased pressure and flow, their activated expression is not
statistically different from what is observed in LPA cells (or else they would be in the A bubble). See pathway analysis of these genes (panels C–F). Further
details of enriched pathways in these DETs can be found in Tables E5 and E6 in the data supplement. To characterize biological processes represented by
these DETs, the Gene Ontology database was used to characterize these changes. Upregulated DETs mapped to processes implicated in pulmonary
vascular disease, including (C) angiogenesis and vascular development, (D) negative regulation of apoptotic processes, (E) positive regulation of cellular protein
metabolism, and (F) mitosis. Red C is similar to red A in that it represents the downregulated DEGs shared in the comparison of shunt versus LPA and shunt
versus control PAECs. These DEGs are downregulated in shunt PAECs relative to both control and LPA cells and indicate changes to PAEC gene expression
that are unique to cells exposed to increased pressure and flow. See pathway analysis of these genes (panels C–F). Red D is similar to red B in that it
represents the downregulated DEGs downregulated in shunt PAECs relative to control cells. See pathway analysis of these genes (panels C–F). These
comparative changes among models are shown using supervised clustering heat maps with consistently demonstrated clustering among models. n = 4
control, n = 3 LPA, and n = 3 shunt.
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increase in mean PAP in LPA animals
compared with control animals, although
this model is used primarily to elicit the
effects of increased PBF alone. Importantly,
the pulmonary vasculature of shunt animals
is exposed to a direct systemic pressure
stimulus via the aortopulmonary shunt; in
contrast, the slight elevation in PAP seen in
LPA lambs is due to developed pressure as a
consequence of increased PBF in a single-
lung vascular bed. In addition, the
pulmonary pulse pressure (the difference
between diastolic and systolic pressures) is
elevated only in shunt animals and not
in LPA animals. This alteration in pulse
pressure translates into increased cyclic

stretch on the pulmonary vasculature. An
additional important limitation is that
although PVD due to CHD clearly has an
ongoing developmental component, these
animals were only studied at a single
developmental time point, 4–6 weeks of
age. Increased developmental elucidation
of these models warrants further study,
but this 4–6 weeks time point is well
characterized in the shunt animal, in
terms of both biochemical mechanisms
underlying early pulmonary endothelial
dysfunction (36–39) and adaptive RV
responses (20, 40). Thus, this time point
was the most logical for comparison with
the new LPA ligation model. Furthermore,

the PAECs in this study were cultured
from the proximal conducting pulmonary
arteries. Additional studies are
warranted that focus on the effect of
these differing hemodynamic forces on
microvascular endothelial cells. Finally,
this study is limited by the lack of a
unifying biochemical mechanism apart
from significant alterations in mechanical
forces. As noted, there are potential clues
within our RNA-sequencing dataset
indicating underlying mechanisms that
warrant further confirmatory study.

In conclusion, through the
introduction of a new model of CHD with
increased PBF alone (fetal LPA ligation),
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Figure 7. Pulmonary artery endothelial cell (PAEC) functional characteristics: angiogenesis, apoptosis, and proliferation. (A) PAECs’ angiogenic capacity
was assessed using Matrigel assay. Both LPA and shunt PAECs formed a greater number of branch points than did PAECs isolated from control lambs,
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we were able to investigate the differential
and additive effects of common
hemodynamic alterations in the
pulmonary vasculature as a consequence of
CHD: increased PBF and increased PAP.
Given the significant burden of PVD
among patients with CHD, particularly in
the pediatric population, a fundamental
understanding of the differing mechanisms

leading to vascular pathology associated
with different CHD lesions provides an
essential tool in tailoring therapy for these
patients. As medicine is increasingly
focused on personalized and precision
medicine approaches, these ovine models
of CHD can be leveraged to yield
mechanism-specific therapeutic
strategies in contrast to current standards

of care for pulmonary hypertension
therapy that are largely tailored to disease
severity. n
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