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Hemodynamic and Histologic Characterization of
a Swine (Sus scrofa domestica) Model of Chronic
Pulmonary Arterial Hypertension

Abraham Rothman,'*” Robert G Wiencek,® Stephanie Davidson,* William N Evans,"? Humberto Restrepo,'?
Valeri Sarukhanov,' Amanda Rivera-Begeman,” and David Mann®

The purpose of this work was to develop and characterize an aortopulmonary shunt model of chronic pulmonary hypertension
in swine and provide sequential hemodynamic, angiographic, and histologic data by using an experimental endoarterial biopsy
catheter. Nine Yucatan female microswine (Sus scrofa domestica) underwent surgical anastomosis of the left pulmonary artery to the
descending aorta. Sequential hemodynamic, angiographic, and pulmonary vascular samples were obtained. Six pigs (mean weight,
22.4 + 5.3 kg; mean age, 7.3 = 2.7 mo at surgery) survived long-term (6 mo) and consistently developed marked pulmonary arterial
hypertension. Angiography showed characteristic central pulmonary arterial enlargement and peripheral tortuosity and pruning.
The biopsy catheter was safe and effective in obtaining pulmonary endoarterial samples for histologic studies, which showed
neointimal and medial changes. Autopsy confirmed severe pulmonary vascular changes, including concentric obstructive neointi-
mal and plexiform-like lesions. This swine model showed hemodynamic, angiographic, and histologic characteristics of chronic
pulmonary arterial hypertension that mimicked the arterial pulmonary hypertension of systemic-to-pulmonary arterial shunts in
humans. Experimental data obtained using this and other models and application of an in vivo endoarterial biopsy technique may

aid in understanding mechanisms and developing therapies for experimental and human pulmonary arterial hypertension.

Abbreviations: LPA, left pulmonary artery; PAH, pulmonary arterial hypertension.

Despite the advent of new therapeutic agents in the past de-
cade, pulmonary arterial hypertension (PAH) continues to be a
serious disease, with a poor prognosis and a complex and incom-
pletely understood pathophysiology. PAH is defined as a mean
pulmonary artery pressure greater than 25 mm Hg with a normal
pulmonary artery wedge pressure (< 15 mm Hg) and an increased
pulmonary vascular resistance (PVR; = 3 Wood units/m?).* Histo-
logic pulmonary vascular changes in PAH include medial hyper-
trophy, intimal lesions, and adventitial thickening. Experimental
models of PAH have been developed in rats, mice, dogs, sheep,
pigs’ COWS, and nonhuman primates.3,5,6,10,12,15,l9,22,23,25—27,29,32,44,48,53
Small animal models offer the advantage of the availability
of numerous subjects and easier experimental manipulation.
Large animal models allow in vivo evaluation through cardiac
catheterization and endovascular biopsy of pathophysiology
that is similar in scale to humans. The most common methods
for creating PAH have included hypoxia, monocrotaline infu-
sion, embolic occlusion, and creation of aortopulmonary shun
tS.3'5’6’10’12’15'19/20/22/23/26/27/29/32/44/48/53 One model7 iI‘lVOlVES the Cl‘eation
of chronic PAH in swine by anastomosis of the left pulmonary
artery (LPA) to the descending aorta. We further modified this
model and provide sequential hemodynamic, angiographic, and
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histologic data by using an experimental endoarterial biopsy
catheter.

Materials and Methods

The investigation conformed to the Guide for the Care and Use
of Laboratory Animals.”® The University of Nevada of Las Vegas
Institutional Animal Subjects Committee approved the study pro-
tocol. Yucatan female microswine (1 = 9; mean weight, 22.4 +5.3 kg;
mean age, 7.3 £ 2.7 mo; Sinclair Research Center, Columbia, MO)
were used for creating the aortopulmonary shunt model of chro-
nic PAH.

Baseline right-sided cardiac catheterization with pulmonary
angiography and biopsy was performed with a 7-French wedge
catheter, advanced through an 8-French sheath in a right internal
jugular vein. Induction of anesthesia consisted of a mixture of
ketamine hydrochloride (22 mg/kg IM; Ben Venue Laboratories,
Bedford, OH), acepromazine (0.2 mg/kg IMs; Vedco, St Joseph,
MO), and atropine (0.05 mg/kg IM; Baxter Healthcare, Deerfield,
IL). Anesthesia was maintained with inhaled isoflurane (Baxter
Healthcare) 0.5 to 2.0%. The pigs were ventilated at a rate of 12 to
18 breaths per minute. Cefazolin (1 g IV; West-Ward Pharmaceutical,
Eatontown, NJ) was administered before the procedure and 12 h
later. To prevent ventricular arrhythmias, amiodarone (10 to
12 mg/kg 1V; Bioniche Pharma, Lake Forest, IL) was adminis-
tered prior to catheterization.

The biopsy catheter and procedure have been described previ-
ously.*# Briefly, the short 8-French sheath was exchanged for an
8-French long Mullins sheath, which was wedged in a 2- to 3-mm



peripheral pulmonary artery. An angiogram was performed in
the vessel by instilling 3 to 5 mL of contrast manually. Several
biopsy samples were obtained in each vessel.

For surgical creation of the aortopulmonary anastomosis, a left
thoracotomy was performed in the fourth intercostal space. The
LPA was exposed, clamped, divided, and ligated at its origin from
the pulmonary trunk. Heparin was given (100 U/kg). The de-
scending thoracic aorta was clamped, and a window was created
in its medial aspect by using a punch (ClearCut, Quest Medical,
Oconomowoc, WI). An end-to-side anastomosis was created. The
vascular clamp in the aorta was released, and furosemide (2 mg/kg;
IVX Animal Health, St Joseph, MO) was given. The chest was
closed. No chest tube was placed in any of the pigs.

Postoperatively, pigs received furosemide orally (2 to 4 mg/kg
twice daily for 3 to 4 wk; Vintage Pharmaceuticals, Huntsville, AL),
cephalexin capsules (500 mg twice a day for 10 d; Teva Pharma-
ceuticals, North Wales, PA), and buprenorphine (Reckitt Benck-
iser Pharmaceutical, Parsippany, NJ) 0.01 to 0.02 mg/kg twice
daily for 5 d and then as needed if swine showed lack of activity,
decreased consumption of food or water, or increased recum-
bency. No chronic anticoagulant or antiplatelet drugs were given.

Catheterization with aortic pressure and LPA pressure mea-
surement, angiography, and biopsies of the LPA were performed
at 1 and 3 wk and monthly from 2 to 6 mo after surgery. Vascular
access was from a carotid artery, isolated by cutdown, and cannu-
lated with an 8-French sheath. A cutoff 5-French pigtail catheter
was used to enter the LPA from the proximal descending aorta
by using a Wholey wire. Angiograms of proximal and distal LPA
branches were performed before and after biopsy through the
pigtail catheter or long sheath. At least 8 biopsy samples were
obtained from each pig during catheterization. The hole in the
carotid artery was repaired with nonabsorbable sutures.

Pigs were euthanized by using intravenous pentothal sodium
(120 mg/kg). The heart and lungs were examined. Cross-sections
of arteries and parenchyma were obtained for histologic exami-
nation.

Results

Yucatan microswine (n = 9) underwent surgical anastomosis
of the LPA to the proximal descending aorta as previously de-
scribed” (Figure 1). Three pigs with connections ranging from
6 to 8 mm in diameter (size of surgical window in the aorta) died
within 1 wk of the surgery with signs of massive pulmonary
edema. The remaining 6 pigs, which had connections of 4.5 mm
in diameter, survived 180 d after the surgery and developed sys-
temic level PAH. Figure 2 shows the systolic LPA pressure (as a
ratio of systemic pressure) compared with time after surgery in
the 6 long-term survivors.

LPA angiography performed after surgery (while pressure was
still normal) showed smooth and undistorted distal pulmonary
artery branches. After the onset of severe PAH, the proximal
branches became enlarged, with occasional evidence of filling
defects consistent with thrombus, tortuosity, narrowing, irregu-
larities, and a reduction in number of distal LPA branches (Figure 3).
Angiograms obtained immediately after the biopsies generally
showed patent and undistorted vessels; there were occasional
partial narrowings or irregularities in the luminal contour, but
rarely complete occlusions. At follow-up angiography, vascular
changes, including total occlusions, usually had resolved. There
were no other complications of the procedure, including death,

Animal model of pulmonary arterial hypertension
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Figure 1. Schematic of normal anatomy and the aortopulmonary anas-
tomosis. At surgery, the left pulmonary artery (LPA) was connected to
the descending aorta. IVC, inferior vena cava; LA, left atrium; LV, left
ventricle; RA, right ventricle; RPA, right pulmonary artery; RV, right
ventricle; SVC, superior vena cava.
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Figure 2. Left pulmonary artery (LPA) systolic pressure (as a ratio of
systemic systolic pressure) compared with time after surgical shunt
creation in 6 micropigs that survived long-term.

hypotension, arrhythmias, hemothorax, hemoptysis, and difficul-
ties with weaning from anesthesia.

The size of the biopsy samples was sufficient for histologic ex-
amination, including hematoxylin and eosin, trichrome, and elas-
tin stains. Baseline samples demonstrated normal architecture,
with a thin layer of endothelium and uniform layers of elastin. Bi-
opsy samples from the high-flow but low-pressure stage showed
minimal thickening of the neointima, endothelial cell changes,
and mild disorganization of elastic laminae. Biopsy samples from
hypertensive vessels showed more severe endovascular changes,
including progressive thickening of the neointima (Figure 4). Bi-
opsy samples were also sufficient for molecular studies, including
DNA microarray analysis and quantitation of microRNA expres-
sion at different stages of PAH (data not shown).

At necropsy, the hypertensive left lung was grossly con-
gested with reddish-purple discoloration but without external
signs of biopsy-related trauma. The pulmonary arterial wall
was thickened, with variable amounts of intraluminal throm-
bus (2 pigs showed large thrombi, 1 with complete occlusion
from the aortic anastomosis to the periphery), yellow discolor-
ation, and irregular surfaces (Figure 5). Some vessels showed
significant patchy sclerosis, which was impossible to cut with
a sharp scalpel. The heart was normal. On histologic examina-
tion, the parenchyma of the hypertensive left lung showed
changes consistent with severe pulmonary hypertension, including
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Figure 3. (A) Pulmonary arteriogram in a normal, nonhypertensive
micropigs. (B) Left pulmonary artery angiograms after development of
systemic level pulmonary arterial hypertension, showing proximal dila-
tion, peripheral tortuosity, and marked pruning with loss of branching
vessels.

Figure 4. (A) Endoarterial biopsy samples obtained at baseline from
presurgical, normal pulmonary artery. Hematoxylin and eosin stain;
magnification, x40. (B) Postsurgical left pulmonary artery with systemic
pulmonary hypertension, showing thickened neointima (arrows) and
disorganized medial layer. Hematoxylin and eosin stain; magnification,
x40. (C) Specimen of the left (hypertensive) lung at time of necropsy,
showing vascular occlusive and plexiform-like lesions. Hematoxylin
and eosin stain; magnification, x10.

thickening of the neointima, degenerative changes in the me-
dia, concentric occlusive neointimal lesions, and plexiform-like
lesions (Figure 4).

Discussion

We describe the hemodynamic, angiographic, and histologic
features of a swine aortopulmonary shunt model of chronic pul-
monary hypertension by using sequential endoarterial biopsy.
This model mimics systemic-to-pulmonary arterial shunts in
humans including patent ductus arteriosus, Potts shunts (anas-
tomosis of the left pulmonary artery to the descending aorta),
Waterston shunts (anastomosis of the right pulmonary artery to
the ascending aorta), large Blalock-Taussig shunts, hemitrun-
cus (origin of one of the pulmonary arteries from the ascending
aorta), aortopulmonary windows, and perhaps even ventricular
septal defects.

The use of a 4.5-mm aortic window in Yucatan microswine es-
tablished a reproducible hemodynamic course, which allowed
for 1 or 2 catheterizations while the LPA pressure was still normal
and several subsequent catheterizations and biopsy procedures
when severe PAH had developed. This PAH model can now be
used to test therapeutic agents or maneuvers at several hemo-
dynamic and disease stages, including prior to shunt surgery,
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Figure 5. Specimens of (A) right and (B) left lungs obtained at the time
of necropsy. (A) The right pulmonary artery (normotensive lung) shows
a smooth wall (arrows) with normal thickness. (B) The left pulmonary
artery (hypertensive lung) shows considerable thickening of the wall
(arrows) and a thrombus (T) partially occluding the lumen.

during the high-flow but low-pressure state, and at the time of
development of PAH.

Some procedural details were important in the final develop-
ment of the model. Unique features were the size of the aortic
window at the time of surgery and continuous use of furosemide
twice daily for 3 to 4 wk. No chest tubes were used. Antibiotics
were continued for 10 d after surgery and reinstituted when pigs
had increased coughing or fevers. Neither antiplatelet agents nor
anticoagulants were used, except for heparin during the surgery
and catheterization procedures. However, 2 pigs showed promi-
nent thrombi in the LPA vascular tree at necropsy, 1 with com-
plete occlusion from the aorto—LPA anastomosis to the periphery.
Therefore, we recommend chronic use of antiplatelet or antico-
agulant agents if pigs are maintained longer than 3 to 4 mo.

Another unique aspect of the current study was the use of
an experimental endoarterial biopsy catheter, which allowed
sequential pulmonary vascular biopsy procedures as the PAH
model developed. The catheter was safe. Biopsy procedures were
performed without complication as early as 6 d after the surgical
anastomosis site was created. Vascular changes, including spasm,
thrombosis, and vessel irregularities, were rare and did not cause
significant hemodynamic effects. The vast majority of vascular
changes resolved on follow-up angiography. The pigs recovered
easily from the biopsy procedures and anesthesia; there were no
deaths related to the biopsy procedure. In a previous model cre-
ated by repeated delivery of microspheres to the pulmonary vas-
culature, sites of biopsies done immediately after the procedure
showed small indentations or endovascular flaps.* However, ex-
amination of the luminal surface of arteries more than 6 mo after
biopsy showed no indentations or vascular flaps and no evidence
of extravascular blood or aneurysms.*

The biopsy catheter was effective. Procurement of biopsy
samples at normal pulmonary arterial pressures was easy and
relatively simple. Despite partial occlusion by endovascular thick-
ening and thrombus, biopsy samples in pulmonary arteries could
still be obtained at systemic-level pressures. Previous studies®
have shown that these biopsy samples were adequate for cell cul-
ture and propagation of smooth muscle and endothelial cells and
histology studies. The average biopsy sample cross-section mea-
sured on slides was 1.1 mm in length and 0.4 mm in depth. Clear-
ly identifiable endothelium was present in the biopsy samples of
17 of the 25 procedures (68%).* Samples from hypertensive dogs
and swine showed progressive thickening of the neointima, most-
ly composed of connective tissue and a few smooth muscle cells,
degenerative changes, and disorganized elastic laminae in the
media. A previous study also found that biopsy samples obtained



in an experimental model of lung transplantation were adequate
for PCR analysis and that molecular changes in mRNA levels of
vascular cell adhesion molecule 1 preceded histologic changes
of lung transplant rejection.* Furthermore, biopsy samples from
our current swine model have supported preliminary analysis of
DNA, mRNA transcripts, and microRNAs (studies in progress).
We have used the biopsy catheter safely and effectively in more
than 1000 experimental pulmonary arterial biopsy attempts.

Although prostacyclin analogs, endothelin blockers, and phos-
phodiesterase 5 inhibitors have been approved for treatment of
patients with PAH,!31417243157.384651 jt continues to be a progres-
sive disease with significant morbidity and mortality. A helpful
approach to better understand the mechanisms leading to PAH
and to develop additional therapies may be to use animal mod-
els and devise techniques to obtain pulmonary vascular tissue
in animals and humans. PAH has been created in small animal
models, including mice and rats, by using hypoxia,>**# mono-
crotaline,®1%15192226294453 genetic modifications,*#* and surgical
shunts.”® A limitation of these models is difficulty with chronic
hemodynamic and tissue monitoring. Large animal models, in-
cluding pigs, sheep, dogs, macaques, calves, and apes, have been
created by using hypoxia,>#34454950 monocrotaline,*'** infec-
tious agents,” and surgery.37%1127.283234364042 These models have
contributed to the understanding of PAH. Use of the endoarte-
rial biopsy catheter, as described earlier, now adds the potential
of sequential study of vascular tissue at different stages of PAH
evolution and therapy.

Our current model has several limitations. Pigs may not exactly
reflect the changes or rate of development of PAH that occur in
humans. We did not perform direct assessment of LPA vascular
resistance because the amount of flow through the left lung was
not quantified. Fluoroscopy in the animal lab was not as optimal
in quality as in clinical catheterization laboratories; therefore mi-
nor vascular changes during model progression or after biopsy
procedures may have been characterized incompletely.

Research in the Yucatan micropig and other animal models can
be expanded by the use of genetic information obtained from the
biopsy samples to learn more about the pathophysiology and
staging of PAH and to develop new gene-, mRNA-, or microRNA-
based therapies. In addition, genetic and structural endovas-
cular changes can be tracked with biopsies in the course of a
specific therapy. Application of this biopsy catheter may increase
our understanding and open new avenues for therapy in human
PAH.
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