Chapter 7
Animal Models with Pulmonary Hypertension

Kohtaro Abe

Abstract Pulmonary arterial hypertension (PAH) comprises a multifactorial group
of pulmonary vascular disorders that frequently lead to right heart failure and pre-
mature death. Histologically, patients with severe PAH have combinations of small
pulmonary arterial medial and adventitial thickening, occlusive neointima, and
complex plexiform lesions. Despite recent advances in treatments targeting those
remodeled pulmonary arteries, the mortality in severe PAH is still high. To explore
the novel treatment for severe PAH, better understandings of the pathogenesis of
these lesions are needed. Numerous studies to investigate the pathogenic cellular
and molecular mechanisms have been done using conventional animal models (i.e.,
chronically hypoxic and monocrotaline-injected rats) of pulmonary hypertension
(PH). Although these animal models have contributed to provide important mecha-
nistic insights for the development of the treatments, they do not develop the histo-
logical hallmarks of PAH, plexiform lesions. This chapter provides an overview of
the histological characteristics observed in humans with pulmonary hypertension
and preclinical models and discusses the better model to be used for investigating
the pathogenesis of PAH and preclinical drug evaluations.

Keywords Pulmonary hypertension ® Animal model ¢ Vascular endothelial growth
factor (VEGF) ¢ Plexiform lesions

7.1 Pathological Findings of Pulmonary Vascular Lesions
in Human PAH

Pulmonary arterial hypertension (PAH: World Health Organization Group 1 pulmo-
nary hypertension) is frequently severe and leads to right heart failure and death [1].
The major contributing factors to increase pulmonary arterial resistance and pres-
sure include sustained vasoconstriction, in situ thrombus, and progressive vascular
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Table 7.1 Histological features of grades of hypertensive pulmonary vascular lesions (Heath-
Edwards classification)

Grades of hypertensive pulmonary vascular lesions
1 2 3 4 5 6
Types of media of Hypertrophied
arteries/arterioles Some generalized dilatation ————
Tocal dilatation lesions ———————>
NA—
Types of intimal None—»
reaction Cellular >
Fibrous and fibroclastic
Plexiform lesion ———————>

NA necrotizing arteritis

remodeling [2, 3]. Particularly, vascular remodeling is thought to be a major player
to narrow small pulmonary arteries in patients with advanced PAH. In 1958, Heath
and Edwards classified six grades of hypertensive pulmonary arterial lesions accord-
ing to histological features in media and intimal areas in 69 patients primarily with
congenital heart disease-associated pulmonary hypertension (previously known as
secondary pulmonary hypertension). [4]. As shown in Table 7.1, a medial muscular
pulmonary artery is hypertrophied toward vascular lumen (gradel) at the early stage
of PAH. As advance in pulmonary hypertension, proliferation of intimal cells in
arterioles and small muscular arteries raises a fibrous thickening from a cellular
thickening (grades 2 and 3). At the late stage, the plexiform lesions (grade 4) appear
with neointimal lesions. Of note, this study also indicated the indistinguishable
lesions in two patients with primary pulmonary hypertension (currently known as
idiopathic PAH). These remodeled pulmonary arteries obviously contribute to
increases in pulmonary arterial resistance and pressure in PAH. Numerous studies
using lung tissue samples from patients have been done for better understandings of
the pathogenesis and developing novel treatments of PAH. However, these clinical
studies include the following critical limitations. First, it is essentially impossible to
obtain the lung samples at the early-stage patients, because, in most cases, only a
single lung specimen becomes available at the time of transplant or at autopsy.
Second, it is also impossible to obtain serial lung tissue samples for detailed assess-
ment of the lung vascular morphology/pathobiology because of its invasiveness.
Third, it is impossible to exclude the effects of treatments (i.e., a high dose of
intravenous epoprostenol) on the cellular and molecular signaling, because most of
the end-stage patients have received various treatments [5]. Therefore, a novel
experimental model that precisely simulates the clinical PAH phenotype is needed
to solve these problems.
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7.2 Conventional Animal Models with Pulmonary
Hypertension

In order to investigate the pathogenesis of PAH, several animal models with pulmo-
nary hypertension have been utilized [6]. The most frequently used animal models
are the chronic hypoxia- and monocrotaline-exposed rodents. It is true that these
conventional models have contributed to the better understanding of the pathogen-
esis of PAH and provided valuable information to the subsequent clinical studies.
However, they do not adequately replicate human PAH.

7.2.1 Monocrotaline

Monocrotaline is a toxic pyrrolizidine alkaloid made from the plant Crotalaria
spectabilis [7, 8]. Rats are most commonly used since mice cannot convert mono-
crotaline into the monocrotaline pyrrole due to the lack of the hepatic metabolism
by cytochrome P-450. Generally, an adult male rat is administered with a single
injection of monocrotaline (typically 60 mg/kg subcutaneously or intraperitone-
ally), then leading to high pulmonary arterial pressures within 3 weeks and a death
of unknown cause. Although the mechanisms that monocrotaline causes pulmonary
hypertension have not been fully understood, it is widely thought that endothelial
injury and accumulation of inflammatory cells caused by monocrotaline may play
an important role in the development of vascular remodeling [6, 7, 8]. However, this
model presents only increased vascular wall thickness medial wall thickness (grade
1) but not neointimal lesions, which are frequently observed in the late stage of
human PAH. In addition, monocrotaline directly causes myocarditis with significant
liver and kidney damages, suggesting that the multiple organ failure is a possible
cause of death in this model [9, 10]. Thus, monocrotaline-exposed rats do not seem
to replicate idiopathic PAH in human, even though they have severe pulmonary
hypertension.

7.2.2 Chronic Hypoxia

Various types of animals develop mild to moderate pulmonary hypertension after a
couple of weeks under hypoxic (typically 10 % O,) or hypobaric conditions [6, 11].
Generally, rats and mice exposed to 3-week hypoxia present only increased vascular
wall thickness (grade 1). However, there is no evidence of right heart failure in
chronic hypoxia-exposed animals [6]. Thus, this model does not also seem to ade-
quately replicate severe PAH.
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7.3 Other Animal Models with Pulmonary Hypertension

7.3.1 Fawn-Hooded Rats

Fawn-hooded rats spontaneously present severe pulmonary hypertension and extent
of medial hypertrophy, which are further developed in the mild hypoxia of Denver’s
high altitude [12, 13]. However, they develop not only pulmonary but also systemic
hypertension, which is not typical in human PAH.

7.3.2 Mice Overexpressing S100A4/Mts1

S100A4/Mts1, a member of the S100 family of calcium-binding proteins, was ini-
tially found in metastatic mouse mammary adenocarcinoma cells [14]. Transgenic
mice overexpressing S100A4/Mts1 develop pulmonary arterial changes resembling
human neointimal lesions leading to occlusion of the arterial lumen [15]. The
plexiform-like lesions were also observed in this mice model. However, surpris-
ingly, there was no evidence of medical wall thickness and severe pulmonary
hypertension.

7.3.3 Mice Overexpressing IL-6

Several reports have indicated that serum levels of interleukin-6 (IL-6) were ele-
vated and that the expression in the lungs was increased in patients with PAH [16].
Mice, which overexpress IL-6, were reported to develop pulmonary hypertension,
which was enhanced by chronic exposure to hypoxia [17]. Of note, this animal
model demonstrates not only medical wall thickness but also intimal occlusive
lesions. However, there was no evidence of plexiform lesion formations.

7.3.4 Murine Models with BMPR2 Mutations

Bone morphogenetic protein receptor type 2 (BMPR2] mutations are found in approx-
imately 80 % of cases of heritable PAH and approximately 20 % of idiopathic PAH
patients [18, 19]. Since the function of the BMPR2 receptor serves as an internal brake
against TGF-f signaling, loss of BMPR? function activate TGF-f signaling, resulting
in various proliferative and inflammatory responses. Compared to wild-type mice,
transgenic mice with heterozygous BMPR2 mutations develop increased wall thick-
ness with mild pulmonary hypertension under normoxic condition [20]. When
BMPR?2 deficiency mice are exposed to hypoxia for 3-5 weeks, they showed further
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increases in RV systolic pressure and medial thickness of small pulmonary arteries
without intimal lesions [20, 21]. These results suggest that the BMPR2 mutation alone
may be insufficient to generate severe pulmonary hypertension.

7.4 What Do We Need to Establish the Preclinical Model
Resembling Human Pathologic Findings?

As summarized in Table 7.2, there are no models that replicate human severe PAH
with occlusive intimal and complex plexiform lesions. Therefore, some investiga-
tors attempted to modify these models to develop pulmonary vascular lesions.
Tanaka et al. have reported that monocrotaline-exposed rats with a subclavian to
pulmonary artery anastomosis develop neointimal changes [22]. White et al. have
also demonstrated that monocrotaline given to left pneumonectomized young rats
caused severe pulmonary hypertension accompanied by development of occlusive
intimal lesions [23]. These results suggest that at least two “hits” (monocrotaline
pulse excessive shear stress) are necessary for the development of intimal lesions of
small pulmonary arteries. Interestingly, the model reported by White presented peri-
vascular plexiform-like lesions. The majority of cells in these lesions, which are
comprised by a-smooth muscle actin- and vascular endothelial growth factor
(VEGF)-positive cells, are highly proliferative. Also, these lesions include disorga-
nized vascular channels lined by von Willebrand factor (an endothelial marker)-
positive cells. The similar features of these lesions are observed in vascular lesions
of human PAH. On the other hand, there is a major difference in time course of
lesion formation between White’s model and human PAH. In contrast to the devel-
opment of plexiform lesions in advanced and severe stages of human PAH, the
plexiform-like lesion in pneumonectomized rats develops very early (within 1 week)
before the establishment of severe pulmonary hypertension.

Table 7.2 Histological characteristics in conventional animal models with pulmonary hypertension

Pulmonary Medial Intimal | Plexiform
Models Species | hypertension | hypertrophy | lesions |lesions
Chronic hypoxia R,M,D, |Low Yes No No

G,P S

MCT R,D,S High Yes No No
MCT/pneumonectomy R,D,S High Yes Yes Yes or no
Fawn-hooded R High Yes No No
S100A4/Mts4 overexpressing | M Low Yes Yes No
IL-6 overexpressing M Low Yes Yes No
BMPR2~ M Low Yes No No
Systemic shunt R,D, P, S | High Yes Yes Yes or no

Grade is characterized MCT, monocrotaline; SERT, serotonin transporter; BMPR2, bone morpho-
genetic protein receptor type 2; “yes” characteristic is present; “no” characteristic is not present
R rats, M mice, D dos, G guinea pigs, P pigs, S sheep
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7.5 Preclinical Animal Model with Severe PH and Complex
Occlusive Lesion Formation

In 2001, Tuder et al. have reported that VEGF and VEGF receptor-2 are overex-
pressed in both intimal and plexiform lesions in human PAH [24]. They initially
hypothesized that the blockade of VEGF signaling by VEGF receptor blocker
Sugen(SU)5416, semaxinib, might attenuate the development of pulmonary hyper-
tension in chronic hypoxia-exposed rats (Sugen5416/hypoxia/normoxia-exposed
rats) [25]. However, unexpectedly, this “two-hit” rats present severe pulmonary
hypertension and occlusive intimal lesion 3 weeks after SU5S416 injection, unlike
chronic hypoxia-exposed alone rats [25]. Although it is not totally clear how VEGF
blockade accelerates pulmonary hypertension and occlusive intimal lesion in
chronic hypoxia-exposed rats, Taraseviciene-Stewart et al. proposed the possible
mechanisms as the following [25, 26]. The initial blockade of VEGF by SU5416
causes endothelial cell apoptosis in pulmonary arteries, and then majority of cells
are killed. However, survived apoptosis-resistant endothelial cells are proliferated to
occlude the vascular lumen under hypoxic condition, which is assumed to increase
shear stress on the surface of inner cells. Interestingly, high pulmonary arterial pres-
sure induced by the combination of SU5416 and hypoxia is sustained even after
return to normoxia. They concluded that by 5 weeks (3 weeks of chronic hypoxia
and 2 weeks of reexposure to normoxia) after the SU5416 injection, this “two-hit”
model, but neither SU5416 nor hypoxia alone, develops severe progressive PAH
associated with formation of occlusive neointimal lesions in small pulmonary arter-
ies and arterioles. However, the plexiform lesions characteristic of human severe
PAH have not been observed 5-week time point after SU5416 injection [26, 27].
We have previously reported that the later stages (i.e., 13—14 weeks after the
SUS5416 injection) of the SU5416/hypoxia/normoxia-exposed rats would develop
plexiform lesions with progressive pulmonary hypertension (Fig. 7.1a) [28]. As
shown in Fig. 7.1b, RV systolic pressure (RVSP, a marker of systolic pulmonary
arterial pressure) initially increased time dependently, and it appeared to reach its
maximum (>100 mmHg) around 5 weeks after SU5416 injection and stayed at
about the same high level thereafter. At the 3- to 5-week time point, cardiac index
(CI) decreased to approximately 50 % of normal and tended to further decrease at
the 8- and 13-week time points. Reflecting the increases in RVSP and the reductions
in CI, estimated total pulmonary resistance index (TPRI) estimated by dividing
RVSP by CI showed a progressive increase from 1 to 13 weeks (Fig. 7.1c) [29].
There was no significant elevation in systemic arterial pressure. Serial histological
examination revealed that SU5416/hypoxia/normoxia-exposed rats time depend-
ently demonstrated various forms of vascular remodeling without lung parenchymal
abnormalities (Fig. 7.2a). Following Heath-Edwards classification, medial wall
hypertrophy (grade 1) and neointimal thickening (grades 2 and 3) appeared from
3- to 5-week time points after the SU5416 injection. At 13—14 weeks after the
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Fig. 7.1 SUS5416/normoxia/hypoxia-exposed PAH rats. Protocol of SU5416/normoxia/hypoxia
model (a), temporal changes in right ventricular systolic pressure (RVSP) (b) and total pulmonary
resistance index (TPVRI) (¢) in Sugen5416/hypoxia/normoxia-exposed rats at 1, 3, 5, 8, and 13
weeks after the Sugen5416 injection (Modified from Abe [28] and Toba [29])

SU5416 injection, rats developed severe PAH accompanied by concentric laminar
neointimal and complex plexiform lesions (grade 4) strikingly similar to that
observed in human severe PAH. Unfortunately, mice with the combination of
SU5416 and hypoxia failed to develop severe pulmonary hypertension and complex
plexiform lesion [30]. The reason for the difference between the rat and murine
models is unknown.

The mortality rate of SU5416/hypoxia/normoxia-exposed SD rats was low
despite of low cardiac function. This result is uncommon in human PAH with RV
dysfunction. However, this mortality rate was significantly worsening in Fischer344
with the combination of SU5416 and hypoxia, even though the severities of both
pulmonary hypertension and RV function are similar between SD and Fischer 344
rats [31, 32]. In addition, the mortality rate in SU5416/hypoxia/normoxia-exposed
SD rats increases after treadmill exercise [33], probably because complete resting
state may prevent the death associated with RV heart failure in this model. Thus,

some modifications of this model are needed to replicate time course of human
PAH.
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7.6 Conclusion

This chapter reviewed the similarities and differences among various models and
human PAH from the point of view of pathophysiological findings. Numerous ani-
mal models have been investigated since the monocrotaline-exposed rat was firstly
described in 1967 [7]. It is true that these animal models have provided variable
mechanisms of the development and maintenance of PAH. However, there is no
perfect animal PAH models mimicking human severe PAH. We should understand
this fact, when we plan to translate preclinical data to clinical.
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