Am J Physiol Heart Circ Physiol 314: H627-H642, 2018.
First published November 22, 2017; doi:10.1152/ajpheart.00380.2017.

RESEARCH ARTICLE | Mechanisms of Exercise-Induced Amelioration of

Cardiovascular Disease

Exercise facilitates early recognition of cardiac and vascular remodeling in

chronic thromboembolic pulmonary hypertension in swine

Kelly Stam, Richard W. B. van Duin, André Uitterdijk, Zongye Cai,

and © Daphne Merkus

Dirk J. Duncker,

Experimental Cardiology, Department of Cardiology, Thoraxcenter, Cardiovascular Research Institute COEUR, Erasmus

Medical Center Rotterdam, Rotterdam,
The Netherlands

Submitted 30 June 2017; accepted in final form 19 November 2017

Stam K, van Duin RW, Uitterdijk A, Cai Z, Duncker DJ,
Merkus D. Exercise facilitates early recognition of cardiac and
vascular remodeling in chronic thromboembolic pulmonary hyperten-
sion in swine. Am J Physiol Heart Circ Physiol 314: H627-H642,
2018. First published November 22, 2017; doi:10.1152/ajp-
heart.00380.2017.—Chronic thromboembolic pulmonary hyperten-
sion (CTEPH) develops in 4% of patients after pulmonary embolism
and is accompanied by an impaired exercise tolerance, which is
ascribed to the increased right ventricular (RV) afterload in combi-
nation with a ventilation/perfusion (V/Q) mismatch in the lungs. The
present study aimed to investigate changes in arterial Po, and hemo-
dynamics in response to graded treadmill exercise during develop-
ment and progression of CTEPH in a novel swine model. Swine were
chronically instrumented and received multiple pulmonary embolisms
by /) microsphere infusion (Spheres) over 5 wk, 2) endothelial
dysfunction by administration of the endothelial nitric oxide synthase
inhibitor N®-nitro-L-arginine methyl ester (L-NAME) for 7 wk, 3)
combined pulmonary embolisms and endothelial dysfunction (L-
NAME + Spheres), or 4) served as sham-operated controls (sham).
After a 9 wk followup, embolization combined with endothelial
dysfunction resulted in CTEPH, as evidenced by mean pulmonary
artery pressures of 39.5 = 5.1 vs. 19.1 = 1.5 mmHg (Spheres, P <
0.001), 22.7 = 2.0 mmHg (L-NAME, P < 0.001), and 20.1 = 1.5
mmHg (sham, P < 0.001), and a decrease in arterial Po, that was
exacerbated during exercise, indicating V/Q mismatch. RV dysfunc-
tion was present after 5 wk of embolization, both at rest (trend toward
increased RV end-systolic lumen area, P = 0.085, and decreased
stroke volume index, P = 0.042) and during exercise (decreased
stroke volume index vs. control, P = 0.040). With sustained pulmo-
nary hypertension, RV hypertrophy (Fulton index P = 0.022) im-
proved RV function at rest and during exercise, but this improvement
was insufficient in CTEPH swine to result in an exercise-induced
increase in cardiac index. In conclusion, embolization in combination
with endothelial dysfunction results in CTEPH in swine. Exercise
increased RV afterload, exacerbated the V/Q mismatch, and un-
masked RV dysfunction.

NEW & NOTEWORTHY Here, we present the first double-hit
chronic thromboembolic pulmonary hypertension swine model. We
show that embolization as well as endothelial dysfunction is required
to induce sustained pulmonary hypertension, which is accompanied
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by altered exercise hemodynamics and an exacerbated ventilation/
perfusion mismatch during exercise.

animal model; chronic thromboembolic pulmonary hypertension; ex-
ercise; right ventricular remodeling; vascular remodeling

INTRODUCTION

Pulmonary hypertension (PH) is a chronic pathophysiolog-
ical disorder of the pulmonary vasculature and is defined as a
chronic pulmonary arterial pressure (PAP) = 25mmHg at rest
for a consecutive period of at least 6 wk, although PAP = 19
mmHg at rest is already associated with increased mortality at
long term (26, 59). Treatment modalities for PH are very
limited, and, even when treated, the disease often progresses to
right heart failure and death. The World Health Organization
differentiates five groups of PH, based on their etiology.
Chronic thromboembolic PH (CTEPH), categorized as group
4, develops in ~4% of patients after acute pulmonary embolism
and up to 10% of patients with recurrent pulmonary embolism
(61, 65) and is defined as persistent PAP above 25 mmHg for
over 6 mo (15). The obstructions in the pulmonary arteries
increase pulmonary vascular resistance (PVR) and result in
ventilation-perfusion (V/Q) mismatch in the lungs. The main
treatment options for CTEPH are interventions to remove
proximal obstructions in eligible patients such as pulmonary
endarterectomy or balloon angioplasty (13, 17, 23). Moreover,
it is increasingly being recognized that distal pulmonary vas-
culopathy, which is left untreated when removing only the
proximal obstruction(s), contributes significantly to the in-
crease in pulmonary vascular resistance (PVR) (16, 30, 38, 55).
It is currently unknown when these distal vascular lesions
develop and whether endothelial dysfunction promotes such
development.

Dating back to 1984, many investigators have attempted to
establish a solid large animal model to study the pathophysi-
ology of CTEPH using different embolization algorithms and
embolization materials, including air, autologous blood cloths,
sephadex beads, and glue (Table 1). Although PAP increases
acutely upon embolization in these models, most studies were
unsuccessful in establishing a sustained level of elevated PAP
during prolonged followup (1, 21, 31, 37, 39, 42, 43, 51, 53,
63, 60). Those studies that did report CTEPH during prolonged
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followup (5, 18, 20, 50) have in common that they used
repeated (between 4 and 40 times) embolization procedures,
thereby obstructing a significant fraction of the pulmonary vascu-
lature. In those studies, PAP also decreased between embolization
procedures, but a gradual increase in PAP occurred over time.
However, most studies did not determine whether this gradual
increase in PAP was solely due to the progressive embolization of
pulmonary vessels or that distal pulmonary microvasculopathy
also developed. Recent findings by Boulate et al. (5) suggest that
distal vasculopathy was present in their model of left pulmonary
artery ligation in combination with glue embolizations. However,
in the latter study, as in most of the aforementioned studies,
hemodynamic measurements were performed under anesthesia,
which may have influenced cardiac function and pulmonary
hemodynamics (4, 9, 49). Moreover, in none of these studies,
pulmonary hemodynamics were assessed during exercise.

The increased PVR imposes an increased afterload on the
right ventricle (RV). As contractile reserve of the RV is limited
(22), PH results in subacute RV dilation and dysfunction (55).
With sustained PH, the RV undergoes structural remodeling
and hypertrophy (55). Although RV remodeling is initially
beneficial and helps the RV to cope with the increased afterload,
it poses a risk factor for the later development of RV failure.
Evaluation of RV function during stress has been shown to be of
prognostic value in patients (24, 25, 48). RV dysfunction is
exacerbated during exercise, when cardiac demand increases and
the RV is required to pump more blood against an increased
afterload. Therefore, RV functional measurements during stress
enable the evaluation of the capacity of the RV to cope with an
increased afterload and facilitate early detection of RV dysfunc-
tion (52). In addition to RV dysfunction, V/Q mismatch is thought
to contribute to the exercise intolerance observed in patients with
CTEPH (7, 8, 48). To date, however, studies describing animal
models of CTEPH have not evaluated the occurrence of V/Q
mismatch at rest and during exercise.

In light of these considerations, we developed and charac-
terized a clinically relevant swine model of PH type 4, using a
double-hit (endothelial dysfunction in conjunction with re-
peated embolizations) approach, in which we applied treadmill
exercise as a physiological stressor to evaluate the function of
the RV in the development and progression of CTEPH.

METHODS

Experiments were performed in accordance with the “Guiding
Principles in the Care and Use of Laboratory Animals” as approved by
the Council of the American Physiological Society and with approval
of the Animal Care Committee of the Erasmus Medical Center
Rotterdam (3158, 109-13-09). Twenty-four Yorkshire X Landrace
swine (2-3 mo old, 21.5 = 0.9 kg at the time of surgery) of either sex
entered the study. Eighteen animals completed the protocol, as six
animals were excluded due to complications: two animals due to
infections, two animals due to catheter failure, and two animals due to
acute cardiopulmonary failure after CTEPH induction. An overview
of the experimental protocol is shown in Fig. 1.

Surgery. Surgical details have been extensively described previ-
ously (10). In short, swine were sedated with an intramuscular
injection of tiletamine-zolazepam (5 mg/kg, Virbac, Barneveld, The
Netherlands), xylazine (2.25 mg/kg, AstFarma, Oudewater, The Neth-
erlands), and atropine (1 mg, Teva Nederland, Haarlem, The Nether-
lands), intubated, and ventilated with a mixture of O, and N, [1:2
(vol/vol)], to which 2% (vol/vol) isoflurane was added to maintain
anesthesia. Under sterile conditions, the chest was opened via a left
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thoracotomy in the fourth intercostal space, and fluid-filled polyvinyl-
chloride catheters (B Braun Medical, Bethlehem, PA) were placed in
the RV, pulmonary artery, aorta, and left atrium for blood sampling
and measurement of pressures. A flow probe (Transonic Systems,
Ithaca, NY) was positioned around the ascending aorta for the mea-
surement of cardiac output (CO). Catheters were tunneled to the back,
and animals were allowed to recover for 1 wk while receiving
analgesia [0.015 mg/kg buprenorphine im and a slow-release trans-
dermal fentanyl patch (12 pg/h) for 48 h, Indivior, Slough, UK] on the
day of surgery and daily antibiotic prophylaxis (25 mg/kg amoxicillin
iv, Centrafarm, Etten-Leur, The Netherlands) for 7 days.

CTEPH induction. Four groups of animals were studied. In the first
group (Spheres group; n = 3), multiple injections of fluorescent blue
polyethylene microspheres [diameter: 600—710 wm (maximal micro-
sphere size that did not cause clogging of the catheter), density: 1.134
g/ml, UVPMS-BB-1.13, Cospheric, Santa Barbara, CA] were given.
Microspheres (500 mg, corresponding to ~2,500 microspheres) were
suspended in 50 ml of autologous blood with 0.5 ml of 5,000 IU
heparin added and slowly infused into the RV while PAP was
monitored. Microsphere infusions were repeated until PAP reached
~60 mmHg or when arterial Po, dropped below ~40 mmHg, measured
30 min after infusion at rest or a maximum of 3 g (~15,000)
microspheres were infused. In the subsequent 4 wk, microsphere
infusions were repeated. In the first animal, embolization procedures
were performed multiple times per week, whereas in the subsequent
two animals, embolization procedures were performed once a week.
As no sustained PH was induced with this protocol, in the second
group (n = 6), multiple injections of microspheres were combined
with a daily bolus infusion of the endothelial nitric synthase synthase
(eNOS) inhibitor N*-nitro-L-arginine methyl ester (L-NAME; Enzo
Life Sciences) to mimic endothelial dysfunction often present in
CTEPH patients. L-NAME is converted to its active metabolite N“-
nitro-L-arginine within 19 min, with the half-life of N*-nitro-L-argi-
nine amounting to ~20 h (62). On the first day, animals were given
L-NAME (10 mg/kg iv) as a bolus infusion. On subsequent days, the
dose of L-NAME was increased by 10 mg-kg~'-day ~! up to 30 mg/kg
iv, which was maintained until 2 wk before the end of the study (34, 45).
Four days after the first .L-NAME administration, hemodynamic measure-
ments were performed as described above, and microspheres were then
infused into the RV as described above for group 1. In the subsequent 4
wk, microsphere infusion was performed at weekly intervals if PAP was
<25 mmHg and/or arterial Po, was >70 mmHg, as described above.
During the final 4 wk of followup, no microsphere infusions were
performed.

The third group of animals did not receive L-NAME or micro-
spheres (sham group; n = 4), and the fourth group was given chronic
L-NAME but no microspheres were infused (L-NAME group; n = 5).

Exercise protocol. Experiments were performed 1-9 wk after
surgery. Catheters were connected to fluid-filled pressure transducers
(Combitrans, B. Braun Medical) positioned on the back of the animals
and calibrated at midchest level. With swine standing quietly, resting
hemodynamic measurements, consisting of CO, aortic blood pressure
(MAP), PAP, left atrial pressure, and RV pressure, were obtained, and
arterial and mixed venous blood samples were taken. Hemodynamic
measurements and blood gas sampling were repeated during a graded
exercise protocol, with swine running on a motor-driven treadmill (10,
12). During the embolization period, exercise was performed just
before the weekly injection of microspheres and/or L-NAME. Swine
were subjected to a four-stage exercise protocol (1-4 km/h). Hemo-
dynamic variables were continuously recorded, and blood samples
were collected during the last 60 s of each 3-min exercise stage, when
hemodynamic steady state had been reached. Measurements of arterial
and mixed venous Po, (in mmHg), Pco, (in mmHg), oxygen satura-
tion (in %), hemoglobin concentration (in g/dl), and lactate (in
mmol/l) were immediately performed with a blood gas analyzer (ABL
800, Radiometer Medical ApS, Brgnshgj, Denmark) (10, 12).
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Fig. 1. Experimental protocol. Catheters were placed in the aorta, right ventricle (RV), pulmonary artery (PA), and left atrium (LA) for blood sampling and
measurement of pressures, and a flow probe was positioned around the ascending aorta for measurement of cardiac output (CO). The endothelial nitric oxide
synthase inhibitor N*-nitro-L-arginine methyl ester (L-NAME) was administered intravenously in both L-NAME and L-NAME + microsphere infusion (Spheres)
groups until 2 wk before euthanasia. Embolization procedures were performed in the awake state in the Spheres and L-NAME + Spheres group from week 2
until week 5. All animals performed the treadmill exercise protocol, and RV function was echocardiographically determined weekly in the awake state. At the
end of the followup (week 9-10), all animals were euthanized, and in vitro experiments were performed. AoP, aortic pressure; RVP, RV pressure; PAP,

pulmonary artery pressure; LAP, left atrial pressure.

Echocardiography. During the entire followup period, RV dimen-
sions and tricuspid annular plane systolic excursion (TAPSE) were
assessed weekly using echocardiography (ALOKA ProSound SSD-
4000, Hitachi Aloka Medical, Japan) under awake resting conditions.
An apical four-chamber view was obtained for the determination of
RV end-diastolic cross-sectional lumen area and end-systolic cross-
sectional lumen area, whereas TAPSE was determined using M-mode
in the four-chamber view.

Euthanization. After the experimental protocols were completed,
animals were sedated and intubated as described before. With animals
ventilated under deep anesthesia [pentobarbital sodium (6-12
mg-kg™! h™')], a sternotomy was performed. The heart was arrested
and immediately excised together with the lungs. To assess relative
RV hypertrophy, the heart was sectioned into the RV and the left
ventricle including the septum (LV) and weighed, and RV hypertro-
phy was assessed using the Fulton index (RV/LV). Myograph exper-
iments were performed on isolated pulmonary small arteries (diame-
ter: ~300 pm) (11, 40). Pulmonary small arteries were dissected and
stored overnight in cold oxygenated (95% 0,-5% CO,) Krebs bicar-
bonate solution [containing (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl,,
1.2 MgSO4, 1.2 KH>PO4, 25 NaHCOs3, and 8.3 glucose; pH 7.4]. The
next day, the dissected vessels were cut into segments of ~2 mm in
length, mounted in microvascular myograph baths (Danish MyoTech-
nology, Aarhus, Denmark) containing 6 ml of Krebs bicarbonate
solution aerated with 95% 0,-5% CO», and maintained at 37°C. The
internal diameter was set to a tension equivalent of 0.9 times the
estimated diameter at 20-mmHg effective transmural pressure.
Changes in contractile force were recorded with a Harvard isometric
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transducer. Vessels were subsequently exposed twice to 30 mM KCl.
Endothelial function was measured by observing dilation to 10 nM
substance P after preconstriction with 100 nM of the stable throm-
boxane A, analog 9,11-dideoxy-11a,9a epoxymethanoprostaglandin
Fao (U-46619).

Histology. The accessory lobe of the right lung was first flushed
with physiological saline (0.9% NaCl) through the main bronchus, to
clear the airways from sputum and surfactant, at a constant physio-
logical pressure of 25 cmH>O. Subsequently, the lobe was fixed by
tracheal installation of 3.5-4% buffered formaldehyde at a constant
physiological pressure of 25 cmH,O for a minimum of 24 h with the
lobe submerged in fixative (33). Transverse sections were obtained
from the tip, middle, and base of the fixed accessory lobe for
histology. All sections were processed and embedded in paraffin wax.
Paraffin sections of 4.5 pm were cut and stained with Resorcin
Fuchsin von Gieson. These sections were evaluated by light micros-
copy using the Hamamatsu NanoZoomer Digital Pathology (NDP)
slide scanner (Hamamatsu Nanozoomer 2.0HT, Hamamatsu Photon-
ics K.K., Hamamatsu City, Japan). Morphometric measurements of
pulmonary arteries were performed using the NDP viewer
(Hamamatsu Photonics K.K.). To ensure that pulmonary veins were
excluded from analysis, vessels in close proximity to the septac were
excluded from analysis. Only transversely cut vessels of predeter-
mined diameters (<50 pm) were analyzed. Assuming circularity of
the vessels, inner and outer radii (r) were calculated as follows:
r = perimeter/2 X . Wall thickness was calculated as follows: outer
radius — inner radius.
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A section of the RV was processed and embedded in paraffin wax.
Paraffin sections of 4.5 wm were cut and stained with Gomori
staining. Only transversely cut cardiomyocytes were analyzed for
cross-sectional area using the NDP viewer.

Quantitative PCR. For the detection of interleukin (IL)-6, tumor
necrosis factor-o (TNF-o), transforming growth factor-g1 (TGF-3,),
angiopoietin 1 (Ang-I), angiopoietin 2 (Ang-2), Ang-1 receptor (TIE-
2), vascular endothelial growth factor (VEGF)-A, VEGF receptor 1
(FLT-1), and VEGEF receptor 2 (KDR) mRNA, lung tissue was snap
frozen in liquid nitrogen after excision. Small pieces of tissue (<30
mg) were homogenized by adding RLT lysisbuffer (Qiagen, Venlo,
The Netherlands) and 2-mercaptoethanol (Sigma-Aldrich, Zwijn-
drecht, The Netherlands) using a homogenizer. After proteinase K
(Invitrogen, Breda, The Netherlands) treatment at 55°C for 10 min,
total RNA was isolated using the RNeasy Fibrous Tissue Mini Kit
(Qiagen). RNA was eluted in RNase-free water, and the concentration
was determined using a NanoDrop (NanoDrop1000, ThermoFisher
Scientific, Bleiswijk, The Netherlands). RNA integrity was confirmed
with a Bioanalyzer (2100 Bioanalyzer, Agilent, Santa Clara, CA).
cDNA was synthesized from 500 ng total RNA with SensiFAST
cDNA Synthesis Kit (Bioline, London, UK). Quantitative PCR (CFX-
96, Bio-Rad, Hercules, CA) was performed with a SensiFAST SYBR
and Fluorescein Kit (Bioline, London, UK). Target gene mRNA levels
were normalized against (3-actin, GADPH, and cyclophilin using the
CFX manager software (Bio-Rad). Relative gene expression data were
calculated using the AACt method, where Cr is threshold cycle. All
primer sequences are shown in Table 2.

Data analysis and statistics. Echocardiographic data were analyzed
using a DICOM viewer (Rubo Medical Imaging, Aerdenhout, The
Netherlands) and SigmaScan Pro (Systat Software, San Jose, CA). Three
images of end diastole, three images of end systole, and three TAPSE
recordings per echo were selected in the DICOM viewer. RV lumen area
and TAPSE length were manually drawn per image, automatically
calculated in SigmaScan, and then averaged per animal per time point.

Digital recording and offline analysis of hemodynamic data were
performed with MatLab (MathWorks, Natick, MA) and have been
previously described in detail (12, 57). To account for growth, CO was
corrected for body weight, resulting in cardiac index (CI). The total
pulmonary vascular resistance index (tPVRi) and systemic vascular
resistance index (SVRi) were calculated as PAP divided by CI and MAP
divided by CI, respectively. The body oxygen consumption index was
calculated as the product of CI and the difference between arterial and
mixed venous oxygen content of the blood.

Statistical analysis was performed using SPSS (version 21.0, IBM,
Armonk, NY). Differences between Spheres, L-NAME + Spheres,
L-NAME, and sham groups over time and at rest were analyzed with
two-way multivariate ANOVA with PAP, tPVRi, CI, and stroke
volume index (SVi) as dependent variables and time and group as
independent factors. Post hoc analyses was performed using Bonfer-
roni corrections. As no differences were observed in hemodynamics,

Table 2. Primer sequences used for quantitative PCR

H631

oxygenation, histology, inflammation, and angiogenesis among sham,
L-NAME, and Spheres groups, these groups were pooled into a single
control group for subsequent analyses. Echocardiography data and
Fulton index were analyzed by one-way multivariate ANOVA with
the RV end-systolic cross-sectional lumen area, RV end-diastolic
cross-sectional lumen area, RV fractional area change (RVFAC),
TAPSE, cross-sectional area, RV weight/LV weight, and RV weight/
body weight as dependent variables and group as independent factor.
The difference in effect of exercise on the hemodynamic parameters
between L-NAME + Spheres and control groups at the same time
point were assessed by two-way repeated-measures ANOVA with
exercise as within-subject factor and group as between-subject factor.
The difference in effect of exercise on hemodynamic parameters
compared with baseline within the individual groups was assessed
with two-way repeated-measures ANOVA with exercise as within-
subject factor and time as between-subject factor. Statistical signifi-
cance was accepted when P = 0.05. Data are presented as
means = SE.

RESULTS

Induction and progression of CTEPH. To induce CTEPH,
microspheres (600—710 pm) were infused slowly into the RV.
In the Spheres group, one animal received 25 embolizations
with an average of 2,700 microspheres/embolization proce-
dure. The two other animals underwent five embolization
procedures with an average of 9,200 microspheres/emboliza-
tion procedure. Each microsphere has a cross-sectional area of
2.5-4.7 X 107" m?, a volume of 1.1-1.8 X 107" m? and a
total surface area of 1.0-1.9 X 10~!3 m?. With an average of
36,000 spheres/animal, this results in a total cross-sectional
area of 9.1-17.0 X 107'° m?, a total volume of 4.1-6.5 X
107° m3, and a total surface area of 3.7-6.8 X 107° m?>.
Although immediately after injection a substantial increase in
PAP was observed, this increase waned over the course of the
next few days, such that with weekly measurements, resting
PAP and tPVRIi did not increase significantly over time in these
animals (PAP being 21.0 = 1.8 mmHg and tPVRi being
100 = 4 mmHg-min-1~"-kg at baseline and 19.1 = 1.5 mmHg
and 147 + 22 mmHg-min-1~ kg, respectively, at week 9).

In the second group (L-NAME + Spheres), an average of
four embolization procedures (range between 2 and 5) were
required to induce chronic PH. The number of microspheres
infused per embolization procedure did not change over time,
being 9,000 = 400.

In these animals, resting PAP increased gradually over time
(from 21.8 = 1.1 mmHg at baseline before L-NAME to

Genes Forward Primer Reverse Primer

IL-6 5'-CTCCAGAAAGAGTATGAGAGC-3’ 5'-AGCAGGCCGGCATTTGTGGTG-3’
TNF-a 5'-TGCACTTCGAGGTTATCGGCC-3’ 5'-CCACTCTGCCATTGGAGCTG-3’
TGF-B1 5'-GTGGAAAGCGGCAACCAAAT-3’ 5'-CACTGAGGCGAAAACCCTCT-3’
Ang-1 5'-AATGGACTGGGAAGGAAACCG-3’ 5'-TCTGTTTTCCTGCTGTCCCAC-3’
Ang-2 5'-AGGCAACGAGGCTTACTCAC-3’ 5'-TCGTTGTCTGCGTCCTTTGT-3’
TIE-2 5'-GTCCCGAGGTCAAGAAGTGT-3’ 5'-AAGGGGTGCCACCTAAGCTA-3’
VEGF-A 5'-ACTGAGGAGTTCAACATCGCC-3’ 5'-CATTTACACGTCTGCGGATCTT-3'
FLT-1 5'-AAGGAGGGCGTGAGGATGAGG-3’ 5'-GGCTTGCAGCAGGTCGCCTAG-3’
KDR 5'-TTCTCCGAGCTGGTGGAGCAC-3’ 5'-AGGTAGGCAGAGAGAGTCCGG-3’

IL-6, interleukin-6; TNF-o, tumor necrosis factor-a; TGF-B, transforming growth factor-B; Ang-1, angiopoietin 1; Ang-2, angiopoietin 2; TIE-2,
Ang-1 receptor; VEGF-A, vascular endothelial growth factor A; FLT-1, vascular endothelial growth factor receptor 1; KDR, vascular endothelial growth

factor receptor 2.
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32.2 = 3.1 mmHg at week 5 and 39.5 = 5.1 mmHg at week 9)
as a result of a progressive increase in tPVRi (Fig. 2). The
increase in tPVRi in L-NAME + Spheres animals was due to
vascular obstructions by the injected spheres in combination
with remodeling and dysfunction of the pulmonary microves-
sels. The latter was reflected by an increased wall thickness
(Fig. 4) and impaired vasorelaxation in response to substance P
in isolated pulmonary small arteries (86 * 3%, 82 = 3%,
90 * 2%, and 62 *= 8% in sham, L-NAME, Spheres, and L-
NAME + Spheres groups, P < 0.05 vs. all other groups).
Histologically, microspheres in the lungs were surrounded by
fibrous tissue; however, quantitative PCR analysis revealed no
changes in the inflammatory markers IL-6, TNF-a, and
TGF-B; (Fig. 5). Moreover, expression of the angiogenic
factors VEGF-A, Flt-1, and KDR as well as Ang-1, Ang-2, and
Tie-2 were also not different between groups (Fig. 5).
Although acute L-NAME administration did result in a small
increase in PAP and tPVRi within the first 30 min, both at
baseline (PAP: 17.3 = 0.9 to 21.0 = 2.1 mmHg and tPVRi:
101 + 14 to 137 * 17 mmHg-min-1~'kg) and after 5 wk of
L-NAME administration (PAP: 17.6 = 1.8 to 21.9 = 2.2 mmHg
and tPVRi: 120 + 6 to 150 = 18 mmHg-min-1~'kg), PAP and
tPVRi normalized before the next injection. Thus, in the
L-NAME group, PAP did not significantly increase over time,
being 18.0 £ 1.4 mmHg at week I and 22.7 = 2.0 mmHg at
week 9, which was not significantly different from PAP in the
sham group (17.5 = 1.2 mmHg at baseline and 20.1 = 1.5
mmHg at week 9; Fig. 2). As there were no sustained differ-
ences in hemodynamics, oxygenation, histology, inflammation,
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Sham

<apoe

Fig. 2. Changes in pulmonary hemodynam-
ics over time. The checkered bar indicates
the period of weekly embolizations with
microspheres (Spheres); the open bar indi-
cates the administration time of N“-nitro-L-
arginine methyl ester (L-NAME). Note that
all baseline measurements were taken before
the administration of L-NAME and/or
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EXERCISE TO DETECT CARDIAC AND VASCULAR REMODELING IN CTEPH

and angiogenic markers between the Spheres, L-NAME, and
sham groups (Fig. 2, Fig. 3, Fig. 4, and Fig. 5), these groups
were pooled into one control group for the remainder of the
analyses.

RV function and hypertrophy. Echocardiography showed
that RV diastolic and systolic lumen areas increased over time,
whereas TAPSE tended to increase and RVFAC remained
constant in the control group, reflecting growth of the RV over
time (Fig. 6). Repeated microsphere injections over 5 wk in the
L-NAME + Spheres group resulted in a trend toward higher
end-systolic (P = 0.085) but not end-diastolic RV lumen area
(P = 0.15), indicating mild RV contractile dysfunction. This
was associated with a slight decrease in SVi compared with
baseline, whereas RVFAC and TAPSE did not change. With
sustained PH, SVi was reduced compared to baseline, but
neither SVi nor RV diastolic and systolic lumen area and
RVFAC were significantly different from the control group,
although TAPSE showed a trend toward a reduction, indicating
that resting RV function recovered. The Fulton index (RV
weight/LV weight) and RV weight/body weight, measured at
euthanasia after sustained PH, were significantly higher in
L-NAME + Spheres swine compared with control swine,
implying RV hypertrophy due to chronic PH (Fig. 6).

Exercise response. As CTEPH is accompanied by exercise
intolerance due to both the increase in RV afterload and V/Q
mismatch in the lungs, the response to exercise was examined
in the initial phase after embolization [at 5 wk, referred to as
“after microspheres” (AM) in the figures] and at the end of
followup (89 wk after the first microsphere injection, referred
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5 in the L-NAME group, n 3 in the
Spheres group, and n = 6 but n = 5 in the
L-NAME + Spheres group from week 7 due
to death of one animal caused by acute car-
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tPVRI

Fig. 3. Changes in pulmonary and cardiac
hemodynamics with incremental levels of
exercise at the end of followup of different

control groups. Shown is the effect of exer-
cise on mean pulmonary arterial pressure
(PAP; A), total pulmonary vascular resis-
tance index (tPVRi; B), cardiac index (CI;
C), and arterial Pox (POzar; D). Data are
means = SE; n = 4 in the sham group, n =
5 in the N®-nitro-L-arginine methyl ester
(L-NAME) group, and n = 3 in the micro-
sphere infusion (Spheres) group. No signif-
icant differences were observed.
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to as “End” in the figures] and compared with the pooled
control group at the corresponding time points. Graded tread-
mill exercise resulted in an increase in PAP at all time points
in both L-NAME + Spheres and control animals (Fig. 7).

In L-NAME + Spheres animals, PAP was increased com-
pared with its baseline measurement as well as compared with
control animals at the corresponding time point in the initial
phase after embolization (week 5), and the exercise-induced
increase in PAP was exacerbated due to the significant eleva-
tion in tPVRi (Fig. 7). This increase in tPVRi was also reflected
in the significantly higher slope of the relation between CI and
PAP (Fig. 8). The exercise-induced increase in CI was atten-
uated in the L.-NAME + Spheres group, which was due to a
significant decrease in SVi during exercise (Fig. 7), as the
exercise-induced increase in heart rate was not different be-
tween L-NAME + Spheres and control animals (Table 3).
These observations indicate that the RV could not cope with
the increased afterload during exercise in the initial phase after
embolizations. At the end of the followup period, PAP was still
elevated compared with both baseline and control. Moreover,
the exercise-induced increase in CI was attenuated, whereas
the exercise-induced increase in PAP was exacerbated at the
end of the followup period in the L-NAME + Spheres group
compared with the control group (Fig. 7). This translated into
a persistent elevation of the slope of the relation between CI
and PAP compared with control (Fig. 8), reflecting the sus-

AJP-Heart Circ Physiol « doi:10.1152/

1 2 3 4
Exercise (km-h?)

tained increase in tPVRi (Fig. 7). Interestingly, although SVi
was still depressed at the end of followup, the exercise-induced
decrease in SVi that was observed at AM was no longer present
at the end of followup. The significant RV hypertrophy and
recovery of RV function as assessed with echo, in conjunction
with the blunted exercise-induced decrease of SVi compared
with the initial phase after embolization, could be interpreted to
suggest that RV hypertrophy served to restore RV function in
the face of an increase in afterload.

Arterial Po, was lower in L-NAME + Spheres swine com-
pared with control swine after the embolization phase and at
the end of followup. Moreover, arterial Po, decreased more
during exercise in L-NAME + Spheres swine compared with
control swine at both time points. After the embolization phase,
body oxygen extraction at rest was increased in the L-NAME +
Spheres group compared with both baseline and the control
group. The increased oxygen extraction compensated for the
decreases in CI and arterial oxygenation, so that body oxygen
consumption was unaltered. At the end of followup, the in-
crease in body oxygen extraction was insufficient to compen-
sate for the decrease in arterial Po,, and the oxygen consump-
tion was lower at rest (Fig. 9). Although there was no differ-
ence in the exercise-induced increase in oxygen extraction, the
exercise-induced increase in oxygen consumption was signif-
icantly attenuated both after the initial embolization phase
(AM) and at the end of followup in L-NAME + Spheres

jpheart.00380.2017 - www.ajpheart.org
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Fig. 4. Histological overview of lung tissue
stained with Resorcin Fuchsin von Gieson.
A—D: typical examples of bronchi with ar-
teries of animals from the following groups:
microsphere infusion (Spheres; A) nitro-L-
arginine methyl ester (L-NAME + Spheres;
B), L-NAME (C), and sham (D) groups are
shown. Magnification: X20. E—H: pulmo-
nary microvessels adjacent to alveoli in
swine from the following groups: Spheres
(E), L-NAME + Spheres (F), L-NAME (G),
and sham (H). Magnification: X20. In L-
NAME + Spheres lung tissue, microvessels
presented with a thickened/muscularized
wall (black arrows). I: example of occluded
vessels due to the microspheres (blue arrows)
surrounded by remodeled small unobstructed
vessels in swine that received L-NAME +
Spheres. J: quantitative presentation of the mi-
crovascular remodeling. The wall of microves-
sels (diameter < 50 wm) in the L-NAME +
Spheres group were thickened compared with
all other groups. Data are means * SE; n = 4
in the sham group, n = 3 in the Spheres group,
n =5 in the L-NAME group, and n = 6 in the
L-NAME + Spheres group. TP < 0.05 vs. the
L-NAME + Spheres group. Scale bars = 100
pm in A-H and 500 pm in 1.

animals compared with control animals, reflecting the attenu-
ated increase in CI.

DISCUSSION

The main findings of this present study are that /) induction
of CTEPH with a sustained increase in PAP and tPVRi over
time required a combination of endothelial dysfunction (r-
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NAME) and repeated embolization procedures, as either stim-
ulus alone did not result in a sustained increase in PAP or
tPVRi; 2) PAP and tPVRIi were still increased up to 5 wk after
the last embolization and 2 wk after the last L-NAME injection,
consistent with sustained PH; 3) development of CTEPH is
accompanied by a decrease in arterial Po, during exercise both
in the early phase after embolizations and at the end of
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Fig. 5. Quantitative PCR. A—/: inflammatory (A—C) and angiogenic (D-I) gene expression in lung tissue of all experimental groups at the end time point of
interleukin-6 (IL-6; A), tumor necrosis factor-a (TNF-a; B), transforming growth factor-f3; (TGF-B;; C), angiopoietin 1 (Ang-1; D), angiopoietin 2 (Ang-2; E),
Ang-1 receptor (TIE-2; F), vascular endothelial growth factor (VEGF)-A (G), VEGF receptor 1 (FLT-1; H), and VEGF receptor 2 (KDR; /). Data are
means = SE; n = 4 in the sham group, n = 3 in the microsphere infusion (Spheres) group, n = 5 in the N*-nitro-L-arginine methyl ester (L-NAME) group, and
n = 6 in the L-NAME + Spheres group. No significant differences between groups were observed.

followup; 4) impaired oxygenation of the arterial blood was Estimation of the relative magnitude of the obstructed part of
compensated by a small increase in systemic oxygen extrac- the pulmonary vasculature requires comparison of the number
tion; and 5) repeated embolizations initially resulted in RV  of microspheres infused with the number of vascular branches
dysfunction at rest, as assessed with echocardiography, and by  of corresponding size present in the pulmonary vascular bed.
a decrease in SVi during exercise. However, at the end of The pulmonary vasculature can be morphometrically described
followup, the presence of RV hypertrophy was associated with ~ with diameter-defined Strahler orders, starting at the capillaries
a maintained SVi during exercise. and ending at the main pulmonary artery (28). The pulmonary

Induction of CTEPH requires both repeated embolizations vascular tree of swine is less well described than that of
and endothelial dysfunction. As shown in Table 1, over the past humans, in which a total of 15 orders were observed (28). In
decades, several research groups have attempted to develop a  swine, pulmonary vascular morphometry of pulmonary arteries
large animal model of CTEPH using different embolization larger than 160 pm in diameter was analyzed using multide-
materials, particle sizes, and embolization frequencies. Many tector-row computed tomography, resulting in 10 branching
of these attempts have failed to show a sustained (>2 wk after orders (32). This number of branching orders corresponds well
the last embolization) increase in PAP (1, 21, 31, 37, 39, 42, with the human study, in which vessels of the fifth order had an
43, 51, 58, 63). The studies that did show a sustained increase average diameter of 150 wm. In the present study, CTEPH was
in PAP (5, 20, 50, 53, 66) have in common that they embolized induced with embolizations using microspheres of 600-710
a large part of the pulmonary vasculature, with multiple em- pm in diameter. This size of microspheres corresponds with
bolization procedures. It has been suggested that 40-60% of order 3 (diameter 430 pm, range 380-570 wm) and order 4
the lung vasculature needs to be obstructed for CTEPH to (diameter: 760 pm, range: 660-990 wm), of which ~2,100 and
develop (3, 14). Indeed, Boulate et al. (5) performed ligation of 590 are present in the porcine pulmonary vasculature (32). It
the left pulmonary artery in combination with progressive has to be taken into account that supernumerary vessels were
embolization of the segmental arteries of the right lower lobe, not measured because of the computational model used. These
leaving the right upper and possibly right middle lobe unaf- supernumerary vessels are estimated to be present at ratios of
fected. 1.6 (47) or 2.8 (6) to conventional arteries. Adding these

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00380.2017 - www.ajpheart.org
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Fig. 6. Right ventricular (RV) remodeling. A: end-diastolic and end-systolic lumen area changes over time as measured with echocardiography versus baseline

[week 0, before injection of N“-nitro-L-arginine methyl ester (L-NAME) and mic
in the L-NAME + Spheres group compared with the control group at the end of

rosphere infusion (Spheres)]. End-systolic RV lumen area tended to be increased
the embolization period (AM) but not at the time point before euthanasia (End).

B: RV fractional area change (RVFAC) was decreased at all time points in the L-NAME + Spheres vs. control group. C: tricuspid annular plane systolic excursion
(TAPSE) tended to be increased in the L-NAME + Spheres group at the end time point versus the control group. D: RV weight (RVW) over body weight (BW)
was increased at euthanasia. E: Fulton index [RVW over left ventricular weight (LVW)] was increased in the L-NAME + Spheres vs. control group. F: RV
cardiomyocyte cross-sectional area (CSA) tended to be increased in the L-NAME + Spheres vs. control group at euthanasia. Data are means * SE. A: control,

AM n = 6 and End, n = 9; L-NAME + Spheres, AM n = 5 and Endn = 7. B

and C: control n = 9 and L-NAME + Spheres n = 5. D—F: control n = 9 and

L-NAME+Spheres n = 6. P < 0.1, L-NAME + Spheres vs. control at end systole; TP < 0.05, L-NAME + Spheres vs. control.

vessels to the number of vessels results in an estimated total of
5,460-7,980 arteries of order 3 and 1,530-2,240 arteries of
order 4. Assuming that the pulmonary vascular tree of a 20-kg
pig is threefold smaller than that of a 70-kg human, these
numbers correspond well with the estimated 22,000 (order 8,
diameter: 510 =40 pm) and 6,225 (order 9, diameter:
770 =70 pm) pulmonary small arteries present per lung in
humans (28). To ensure full coverage of the pulmonary vas-
culature, microspheres were slowly injected into the RV, as-
suming that microspheres flow to perfused, nonembolized
vessels. The presence of microspheres in all lung lobes was
visually confirmed upon euthanization, and no microspheres
were observed in systemic organs. Histologically, micro-
spheres in the lungs were surrounded by fibrous tissue; how-
ever, quantitative PCR analyses revealed no changes in the
expression of inflammatory markers IL-6, TNF-a, and TGF-
B1. Although some microspheres clustered, with an approxi-
mate total of 36,000 microspheres/animal, it is likely that 60%
of these pulmonary small arteries were obstructed. Neverthe-
less, with microspheres alone, no sustained CTEPH developed.

AJP-Heart Circ Physiol « doi:10.1152/
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Since CTEPH patients present with dysfunctional endothe-
lium, as evidenced by alterations in coagulation, inflammation,
angiogenesis, and vasoregulation (2, 35, 44, 55, 56), endothe-
lial dysfunction was used as a second hit to induce CTEPH.
Nitric oxide is an important endothelium-derived anticoagula-
tory, anti-inflammatory, proangiogenic vasodilator. Therefore,
endothelial dysfunction was induced by inhibition of eNOS by
chronic L-NAME administration, which, in combination with
multiple microsphere infusions, resulted in a sustained increase
in PAP and tPVRIi. This increase in PAP above 25 mmHg for
a prolonged period of time after embolizations and in the
awake state is evidence for successful induction of chronic PH
(1, 21, 31, 37, 39, 42, 43, 51, 53, 63, 66). Our findings are in
accord with a recent study in rats that showed that sustained
CTEPH developed when embolizations were combined with
endothelial dysfunction produced by VEGF inhibition (41).
Importantly, in the present study, CTEPH persisted when
eNOS inhibition was discontinued, which, together with the
reduced endothelium-dependent vasodilator response to sub-
stance P in isolated pulmonary small arteries, indicates that

jpheart.00380.2017 - www.ajpheart.org
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CTEPH in itself was sufficient to maintain a state of endothe-
lial dysfunction. It is well established that, secondarily to
pulmonary embolisms, worsening of PH results from progres-
sive microvascular remodeling of the nonobstructed pulmonary
small arteries (27, 38). Indeed, we also observed microvascular
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Fig. 7. Changes in pulmonary and cardiac
hemodynamics during incremental levels of
exercise at baseline (BL), after the comple-
tion of embolization (AM), and at the end of
followup (End). Shown is the effect of ex-
ercise on mean pulmonary arterial pressure
(PAP; A and B), total pulmonary vascular
resistance index (tPVRi; C and D), cardiac
index (CL; E and F), and stroke volume index
(SVi; G and H). Data are means * SE;n = 12
in the control group and n = 6 in the N*-nitro-
L-arginine methyl ester + microsphere infused
(L-NAME + Spheres) group. *P < 0.05 vs.
BL; P < 0.05 vs. the corresponding control
value; §P < 0.05 vs. effect of exercise in the
control group.

remodeling as evidenced by an increased wall thickness of the
nonobstructed pulmonary small arteries and exaggerated vaso-
constriction to both KCI and the thromboxane analog U-46619.
Contrary to results in the lungs of patients with CTEPH, in
which a reduction in VEGF expression and an elevation of the
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Fig. 8. Pulmonary vascular reserve. Shown is the relationship between pulmonary arterial pressure (PAP) and cardiac index (CI) during incremental exercise at
baseline (BL; A), after the completion of embolization (AM; B), and at the end of followup (End; C). Data are means = SE; n = 12 in the control group and
n = 6 in the N®-nitro-L-arginine methyl ester + microsphere infused (L-NAME + Spheres) group. §P < 0.03, effect of exercise in the L-NAME + Spheres vs.

control group (slope).

antiangiogenic factor angiopoietin-1 were observed (55), mi-
crovascular remodeling in our model was not accompanied by
changes in expression of angiogenic factors as measured with
quantitative PCR in tissues obtained at euthanization. The
exact time course of microvascular remodeling cannot be
determined from our data, as the increase in resistance due to
embolization cannot be distinguished from the increase in
resistance due to microvascular remodeling during the embo-
lization period. However, tPVRi continued to increase after
cessation of the embolization procedures, which is consistent
with remodeling of the distal vasculature, although an increase
in microvascular tone secondary to endothelial dysfunction
may also have contributed.

Cardiopulmonary stress testing and RV function. Exercise
testing after pulmonary embolism is predictive of development
of PH and/or patient outcome in established CTEPH (22, 24,
25, 48). Swine were exercised on a motor-driven treadmill up
to 4 km/h before induction of CTEPH and on a weekly basis
during and after the embolization period to investigate the
influence of cardiopulmonary stress on hemodynamic variables
and blood oxygenation. Swine reached heart rates of ~255
beats/min at the beginning of the study and 210 beats/min at
the final exercise trial (Table 3), whereas maximal heart rates
of 272 beats/min have been reported in the literature in swine
of similar size (64). Nevertheless, the significant lactate pro-
duction during exercise at the beginning of the study as well as
at the final exercise trial in the CTEPH swine suggests that
near-maximal levels were reached at those time points.

In accord with Claessen and coworkers (7, 8), we observed
that the RV was not able to cope with the increased afterload
during exercise, as evidenced by decreased SVi, particularly
early after embolization. Furthermore, whereas RV end-dia-
stolic cross-sectional lumen area was unchanged, RV end-
systolic cross-sectional lumen area tended to be increased,
suggestive of systolic contractile dysfunction, although TAPSE
was not different. The decreased SVi was not compensated by
an increase in heart rate; hence, CI was lower in swine with
CTEPH. Despite the blunted exercise-induced increase in CI,
the increase in PAP and tPVRi were exacerbated during exer-
cise. Moreover, the V/Q mismatch was exacerbated during
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exercise, resulting in a further decrease in arterial Po, during
exercise.

At the end of followup, the time point that resembles the
time when most patients present in the hospital with symptoms,
PAP and tPVRi were still elevated at rest and, similarly to
patients with CTEPH, the increase in PAP was exacerbated
during exercise (7, 8). However, as a result of the chronically
elevated RV afterload, the RV underwent hypertrophy as
reflected by increases in RV weight/body weight, Fulton index,
and cardiomyocyte cross-sectional area. Although TAPSE
showed a trend toward a decrease in the L-NAME + Spheres
group, RV hypertrophy blunted the systolic dysfunction of the
heart, as observed using echocardiography at rest as well as the
decrease in SVi during exercise. Nevertheless, CI was persis-
tently decreased at rest and did not increase significantly during
exercise. In addition, patients presenting with a V/Q mismatch
in the lungs suffer a further decrease in ventilatory efficiency
during exercise. Although this V/Q mismatch correlates to RV
function in other types of PH, there is no correlation in either
CTEPH patients or in L-NAME+ Spheres animals in the pres-
ent study (data not shown) (19, 46, 60). The reduction in
oxygen uptake was exacerbated during exercise, as evidenced
by a decrease in arterial Po,, which, in combination with the
decreased CI, resulted in reduced maximal oxygen consump-
tion (29, 36, 48). Similarly, in our swine model, the V/Q
mismatch increased in severity with incremental exercise in-
tensity, as evidenced by a further decrease in arterial Po,. This
V/Q mismatch remained present during the entire followup
period. However, given the relatively mild reduction in
arterial Po,, the capability of the body to increase oxygen
extraction, and the more severe reduction in SVi during
exercise, it is likely that the main cause of the exercise
limitations in CTEPH is cardiac insufficiency. These data in
our porcine model are consistent with the observations by
Claessen and coworkers (7, 8) that exercise intolerance in
CTEPH patients is principally determined by a dispropor-
tional increase in RV afterload.

Conclusions. A combination of repeated embolization pro-
cedures and endothelial dysfunction was required to success-
fully develop a large-animal model for CTEPH. To the best of
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Table 3. Hemodynamics and blood gas values of swine at rest and during exercise at BL, AM, and at the end of followup

Rest

0

Exercise, km/h

1

Control
BL
AM
End
L-NAME + Spheres

Control
BL
AM
End
L-NAME + Spheres
BL
AM
End

Control
BL
AM
End
L-NAME + Spheres

Control
BL
AM
End
L-NAME + Spheres
BL
AM
End

149 =7
128 6
128 = 6*

158 =7
134 =8
129 = 7*

88 =2
90 * 4
04 + 4

883
103 = 4%
96 =7

463 £ 22
550 * 31*
624 *= 29*

340 = 29t
590 * 79%
892 = 283

0 B~ O
I+ 1+ 1+

10 = 27
8§12
9+2

94 *+03
95*03
