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Animal Models for PAH and
Increased Pulmonary Blood Flow 118
Michael G. Dickinson, Beatrijs Bartelds, and Rolf M. F. Berger

Abstract

Pulmonary arterial hypertension (PAH), a progressive pulmonary vasoproli-

ferative disorder, is characterized by the development of unique neointimal

lesions including concentric laminar intimal fibrosis and plexiform lesions.

In PAH associated with congenital heart disease, increased pulmonary

blood flow (i.e., systemic-to-pulmonary shunt) is an essential trigger for

the occurrence of neointimal lesions and disease development. Although

neointimal development is well described histopathologically, the patho-

genesis of flow-induced PAH and its typical vascular lesions is largely

unknown.

Animal models play a crucial part in giving insight in new

pathobiological processes in PAH and possible new therapeutic targets.

However, as for any preclinical model, the pathophysiological mechanism

and clinical course have to be comparable to the human disease that it is

supposed to mimic. This means that animal models mimicking human

PAH ideally are characterized by (1) a hit resembling the human disease,

(2) specific vascular remodeling that resembles neointimal development in

human PAH, and (3) progressive disease development that leads to right

ventricular (RV) dysfunction and eventually death.

Therefore, this chapter will discuss currently used animal models for

pulmonary hypertension that are of interest for PAH in the pediatric

population, specifically PAH associated with congenital heart disease.
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Since increased pulmonary blood flow is known to be a trigger for PAH

development in this population, particular emphasis will be put on models

with increased pulmonary blood flow.
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Introduction

Pulmonary hypertension (PH) has been divided

into five groups based on clinical parameters, his-

topathology, and therapeutic response according to

the most recent Dana Point clinical classification

update [1]. In this classification, group 1 comprises

pulmonary arterial hypertension (PAH), a progres-

sive and life-threatening pulmonary vasoproli-

ferative disorder, which can occur idiopathically

(iPAH) or can be associatedwith specific underlying

conditions such as congenital heart defects (CHD)

with a systemic-to-pulmonary shunt [1].

Regardless of the underlying cause, PAH is

characterized by a characteristic form of pulmo-

nary vascular remodeling, i.e., plexogenic

arteriopathy (Fig. 118.1) [2]. While thickening of

the media and adventitia layer of the pulmonary

arterioles is seen in many forms of PH (e.g., PH

associated with hypoxemia), PAH is characterized

by the formation of complex cellular and fibrotic

lesions with at the end of the spectrum the forma-

tion of concentric laminar intimal fibrosis and

plexiform lesions (Fig. 118.1) [3, 4]. These

neointimal lesions cause intraluminal obstruction

characterized by apoptotic dysregulation and pro-

liferation of endothelial cells, smoothmuscle cells,

fibrosis, and inflammation [3, 5].

Although neointimal lesions in PAH are well

described histopathologically, the pathogenesis of

neointimal development remains largely unknown.

Clinical experience has shown that in patients with

CHD who develop PAH, characteristic vascular

lesions occur almost exclusively in defects associ-

ated with increased pulmonary blood flow, quali-

fying this increased flow as a trigger for the

induction of neointimal development. In patients

with increased pulmonary blood flow, additional

increased pulmonary arterial pressure, as a second

trigger, seems to accelerate this development of

pulmonary vascular remodeling in PAH [6].

These observations indicate that besides flow

certain additional triggers (e.g., increased pressure)

are able to accelerate disease development.

PAH is considered irreversible when these

neointimal lesions have formed, which results in

increased pulmonary vascular resistance, increased

right ventricular (RV) workload, and eventual

death due to RV failure. Therefore, the complex

pathogenesis of PAH needs to be further explored

in order to identify potential therapeutic targets and

improve future treatment possibilities.

During the past five decades, animal models

have played a crucial part in this process and will

continue to give investigators new insight for PH

research in the future. This chapter will discuss

currently used PAH animal models that are of inter-

est for PAH, specifically PAH associated with con-

genital heart disease. Since increased pulmonary

blood flow (i.e., systemic-to-pulmonary shunt) is

regarded as a trigger for PAH development in this

population, particular emphasis will be put on

models with increased pulmonary blood flow.

Animal Models of PAH: General
Concept

Animal models remain to play a crucial role in

studying both new biomolecular pathways as well

as investigating new treatment effects in PAH.
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However, as for any preclinical model, the patho-

physiological mechanisms and clinical course have

to be comparable to the human disease that it is

supposed to mimic. For PAH this means that an

ideal model would include the following:

1. An initiation or trigger of pulmonary vascular

remodeling that mimics the human situation

(e.g., increased pulmonary blood flow)

2. Pulmonary vascular remodeling that represents

plexogenic arteriopathy and includes the devel-

opment of complex obliterative lesions of the

small intra-acinar arteries and media hypertro-

phy of the smaller preacinar arterioles

3. A progressive disease development that leads

to RV dysfunction and eventually death

In addition, the model has to be viable in an

experimental setting regarding both functional

(hemodynamic and histological assessments)

and biomolecular analyses as well as having

a workable period to disease progression.

To date no such ideal model for PAH exists.

However, some recent animal models may resem-

ble more closely both pathophysiological mecha-

nisms and clinical course of human PAH compared

to more historical animal models of PH.

Development of Pulmonary
Vasculature: How Do Animals
Compare to Humans?

In choosing a proper animalmodel for PH research,

consideration first has to been given to possible

anatomical and developmental differences

between specific animals and humans. In humans

the pulmonary parenchyma undergoes several

Clinical Classification Group Characteristics of arteriopathy

1. Pulmonary arterial hypertension,
    Pulmonary veno-occlusive  
    disease or pulmonary capillary 
    hemangiomatosis 

• Medial hypertrophy
• Muscularization of arterioles
• Cellular proliferation of intima layer
• Concentric laminar intimal fibrosis
• Plexiform lesions
• Fibrinoid necrosis

2. PH due to left heart disease • Medial hypertrophy
• Muscularization of arterioles and
  veins
• non-obstructive intimal fibrosis
• moderate intima fibrosis veins

3. PH due to lung disease or 
    hypoxia

• Large arteries mostly normal
• Medial hypertrophy
• Muscularization of arterioles
• similar changes to lesser extent in   
  small pulmonary veins 

4. Chronic Thromboembolic PH 
    (CTEPH)

• Mild medial hypertrophy 
• Eccentric intimal fibrosis
• Recanalization of lumen
• recent thrombi rare

5. PH with unclear multifactorial 
    mechanisms

• Muscularization of arterioles and 
  veins (fibrotic lung disease, tumors)
• non-obstructive intimal fibrosis 
  (fibrotic lung disease, tumors)
• vascular granulomas (sarcoidosis, 
  tuberculosis)
• enlargement of bronchial arteries 
  (bronchiectasis)

Adapted from Wagenvoort and Mooi

Histological examples

Fig. 118.1 Correlate of the Dana Point 2008 clinical

classification with the characteristics of the pulmonary

vascular arteriopathy. Group 1, PAH, is characterized by

formation of plexiform lesions and concentric laminar

intimal fibrosis. Typical examples of these lesions are

presented in the right-sided column (Figure adapted from

Mooi and Wagenvoort [2])
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developmental stages of which only alveolar

development and vascular maturation remain after

birth. Comparablewith humans, rats andmice have

little alveolar development at birth, whereas, for

instance, lambs have already well-developed

alveoli at birth, making these species less suitable

for studying perinatal changes in pulmonary blood

flow and vascular remodeling [7].

Rat lungs on the other hand show quite similar

alveolar and capillary surface developments after

birth compared to humans [8]. Mice have less

pulmonary blood vessel walls and more alveolar

space compared to rats [8] which could possibly

explain the mild forms of vascular remodeling in

most murine PH models, as described below.

The pulmonary vasculature is lined by endo-

thelial cells, which are the first structures to per-

ceive changes in hemodynamic forces as increased

blood flow or shear stress. The endothelium is the

barrier between blood and the interstitium

connected with surrounding vascular cell layers

(e.g., smooth muscle cells, fibroblasts) and has an

important function in controlling vasomotor tone,

regulating permeability, maintenance of hemo-

static balance, and immunity. There is increasing

evidence that pulmonary vascular endothelial cells

change in characteristics with size and location in

the pulmonary vascular tree [9]. As the pulmonary

vascular tree branches and the size of the pulmo-

nary arteries decreases, the endothelial cell pheno-

type progresses from pulmonary artery endothelial

cells towards pulmonary microvascular endothe-

lial cells, which differ in their permeability and

mechanistic properties [9]. These differences may

reflect in the location specificity of the pulmonary

vascular histomorphological changes observed in

PAH. In the larger preacinar arterioles

(100–500 mm), only increased medial wall thick-

ness and intimal proliferation are observed,

whereas complex neointimal lesions (e.g., laminar

concentric intimal fibrosis, plexiform lesions) pro-

gressively develop in the normally nonmuscular

arterioles (<100 mm), the so-called intra-acinar

arteries (Fig. 118.2) [2]. It is debatable whether

the most severe lesions, i.e., laminar concentric

intimal fibrosis and plexiform lesions, are formed

at distal dichotomous branching points [10] or

at the branching points of supernumerary

arteries [11]. For murine models, for instance,

this is important to realize since there is still debate

on whether or not mice even develop supernumer-

ary arteries [7]. This may explain why to date it is

so difficult to induce severe PAH in a mouse

model, as discussed later [48].

Historical PH Models

Historically, the most widely used animal models

of PH have been chronic hypoxia and the

monocrotaline-induced PH rodent models.

Although these models have added enormously

to the understanding of the mechanisms of pulmo-

nary vascular remodeling in PH, they are limited

by the lack of typical complex vascular neointimal

lesions and severe disease phenotype seen in PAH

[12]. Still, these models form a basis for other

newer animal models where multiple hits (trig-

gers) result in characteristic pulmonary vascular

lesions closely resembling human disease, e.g., the

monocrotaline/increased flow model [13, 14] or

the hypoxia/Sugen model [15]. Therefore, these

historical PH models are briefly discussed below.

Chronic Hypoxia PH Model

The chronic hypoxia model is a widely used

example for the investigation of PH in both

large and small mammals, particularly rodents.

As previously reviewed in greater detail by

Stenmark et al. [12], rats, and to lesser extent

mice, subjected to either chronic normo- or

hypobaric hypoxia demonstrate muscularization

of the precapillary arterioles, increase in mean

pulmonary artery pressure, and RV hypertrophy.

With the exception of fawn-hooded rats which

develop severe PH after hypoxia exposure, most

rodents only develop a moderate form of vessel

muscularization after hypoxia exposure. Further-

more, this muscularization and the disease phe-

notype are reversible when normal oxygen levels

are restored. Moreover, pulmonary neointimal

lesions, typical for PAH, as well as apparent RV

failure are not seen in the hypoxia-induced PH

models [12].
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Monocrotaline PH Rat Model

The effects of monocrotaline on the pulmonary

vasculature have been extensively referenced

[12, 16, 17]. In short, monocrotaline is

a pyrrolizidine alkaloid that can be found in the

plant Crotalaria spectabilis. Once activated to

the toxic monocrotaline pyrrole by cytochrome

p450, monocrotaline can induce pulmonary

vascular injury characterized by vessel

muscularization and arteritis in a dose-dependent

matter, as first shown by Lalich et al. [18]. The

rat is the most widely used animal for

monocrotaline-induced PH due to its reproduc-

ibility and ease of manipulation. In mice,

monocrotaline is less effective, as mice show

little to no pulmonary vascular remodeling even

after a tenfold dose. In rats, muscularization of

the small intra-acinar vessels takes place 1–2

weeks after monocrotaline injection followed by

RV hypertrophy in 3–4 weeks, depending on the

dose used. However, the exact mechanism of

monocrotaline-induced vascular remodeling is

not known. It has been suggested that

perivascular accumulation of inflammatory cells

such as macrophages play a role in smooth

muscle cell hypertrophy after monocrotaline

injection. This concept is supported by the fact

that therapy targeting monocyte chemoattractant

protein-1 (MCP-1), a proinflammatory cytokine,

attenuates muscularization of the small arterioles

in monocrotaline-induced PH.

In addition to inflammation, it has been

reported that early endothelial damage may

Pre-acinar

a

c

b

Intra-acinar

d

100–500mm

<100mm

Fig. 118.2 Distribution of the specific lesions seen in

pulmonary hypertension throughout the pulmonary vas-

cular tree. The preacinar pulmonary arteries mainly dis-

play a phenotype of media hypertrophy (a) and neointimal

formation (b), whereas the intra-acinar arteries have typ-
ical occlusive lesions such as concentric intimal fibrosis

(c) and plexiform lesions (d)
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form the basis of monocrotaline-induced vascular

remodeling since endothelial cell injury has been

observed in early stages of vessel remodeling.

However, the endothelial cell injury seen after

monocrotaline injection is not followed by the

typical endothelial cell proliferation as seen in

neointimal lesions in human PAH. The lack of

obstructive vascular remodeling with MCT-

induced PH might explain the observation that

almost every therapeutic intervention used in the

monocrotaline model is able to either prevent or

reduce pulmonary vascular remodeling and dis-

ease development [12, 16].

Increased Pulmonary Blood Flow and
Vascular Remodeling

As stated above, in congenital heart disease

(CHD) patients, increased pulmonary blood

flow is a trigger for PAH-specific vascular

remodeling. In patients with CHD associated

with a pretricuspid shunt, where the vascular

bed is solely subjected to increased pulmonary

blood flow, but not to systemic pressure, 10–20%

of patients will develop progressive PAH and this

usually requires 30–40 years to develop [19].

In contrast, in patients with unrestrictive

posttricuspid shunts, in which the pulmonary vas-

cular bed is subjected to both increased blood

flow and systemic pressure, PAH develops, if

left untreated, in virtually all patients and mostly

within the first years of life. In other words, in

patients with CHD, increased pulmonary blood

flow is a trigger for PAH-specific neointimal

development in a seemingly “susceptible” subset

of patients, while second hits, such as increased

pulmonary arterial pressure, can accelerate the

development of pulmonary vascular remodeling

in PAH.

Models of Increased Pulmonary
Blood Flow

The role of increased pulmonary blood flow

on vascular remodeling has been previously

studied in experimental setting both in larger

animals [20–23] and in rodents [24]. Various

pathways that are known to play a role in

human PAH have been studied in models of

increased pulmonary blood flow. First, several

studies have reported that systemic-to-pulmonary

shunting in young lambs and piglets results

in alterations of the endothelin pathway

[21, 22, 25]. In these models, endothelin-1 and

endothelin A receptor expression is first

upregulated followed by increased endothelin

B receptor expression after chronic (>8 weeks)

shunting which were found on the smooth muscle

cells of the pulmonary vessels [21]. Chronically

increased flow has also been shown to increase

endothelial nitric oxide synthesis (eNOS), but not

inducible nitric oxide synthesis (iNOS), activity in

lung tissue and pulmonary arteries subjected to

increased flow [21, 22]. Interestingly, NO avail-

ability itself was reported to decrease after

increased flow exposure, which has been suggested

to be the result of peroxynitrite production that

leads to scavenging of NO and decreased produc-

tion of NO by eNOS. In addition to biomolecular

investigation, several treatment effects have been

reported in these models, including beneficial

effects on pulmonary vascular resistance and vas-

cular wall thickness after preventive treatment with

PAH-specific drugs, i.e., endothelin receptor antag-

onists (ERAs) [26, 27], phosphodiesterase-5 inhib-

itors [26], prostacyclin, and inhaled NO [28].

In all models described above, increased pul-

monary blood flow results in development of

media hypertrophy of the pulmonary vessels

(Fig. 118.3). Obliterative lesions of the intra-

acinar vessels or advanced plexiform lesions

have not been found. Hence, although the hit is

clinically relevant, i.e., (i) increased pulmonary

blood flow, the pulmonary vascular remodeling is

not representative for group I PAH (ii), which

makes it difficult to extrapolate the therapeutic

effects to human PAH where irreversible

neointimal lesions form the basis of therapeutic

targeting. A possible explanation for the moder-

ate form of vascular remodeling is that in these

larger rodent models the duration of shunting was

not sufficient to produce complex lesions – weeks

instead of months or years. Indeed, chronic (>a

year) systemic-to-pulmonary shunting in both

2108 M.G. Dickinson et al.



sheep and dogs has shown to result in plexiform-

like lesions similar to human disease (Fig. 118.4)

[29, 30]. A second possible explanation for the

moderate form of vascular remodeling in many

larger rodent models is that the shunt used in

these models is a restrictive shunt [21, 25–28].

As mentioned above, only a limited proportion of

patients with restrictive shunts develop advanced

arteriopathy and only after several decades.

Several studies have shown that when either

one lung (i.e., left pulmonary artery) [20, 31] or

a single lobe [23, 32] is directly connected to the

aorta, resulting in both high pulmonary blood flow

in combination with (or) and high pressure,

neointimal lesions comparable with human dis-

ease are seen to develop (Fig. 118.4). This con-

firms the clinical observation in CHD patients that

increased pressure, as an additional hit, accelerates

pulmonary vascular remodeling. Unfortunately,

since extensive morphometric analysis was not

conducted in these studies, it is difficult to interpret

the exact magnitude of this remodeling.

Increased Pulmonary Blood Flow
Combined with an Additional Trigger

A Second Hit Needed?

Okada and colleges were the first to show that

combining vascular injury (via monocrotaline

administration) with increased pulmonary blood

flow (via an anastomosis of the left subclavian

artery to the distal left pulmonary artery) results

in an extended neointimal pattern of pulmonary

vascular remodeling in the lung subjected to high

flow after 5 weeks [13, 33]. In addition, increased

pulmonary artery pressure and RV hypertrophy

were reported. In this study either monocrotaline

or anastomosis alone did not result in severe

neointimal vascular remodeling. In a different

model van Albada et al. have shown that when

combined with monocrotaline administration,

increased pulmonary flow via an aortacaval

(av-) shunt results in (1) neointimal obliteration

of the intra-acinar vessels staining positive for

eNOS and smooth muscle actin, (2) increased

systolic pulmonary artery pressure and RV

hypertrophy, and (3) increased mortality after 5

weeks (Fig. 118.5) [34].

This data suggests that increased pulmonary

blood flow, as a second hit in addition to MCT, is

a prerequisite for the development of pulmonary

neointimal lesions. Interestingly, in an experi-

mental study Nishimura and colleagues showed

that when monocrotaline was administered after

av-shunt creation, pulmonary vascular

remodeling was less pronounced, and the authors

suggested a salvage effect of increased flow [35].

However, this is more likely to be explained

by the fact that due to the increased blood

flow through av- shunt, the concentration

of monocrotaline pyrrole in the lungs was

2–3 times lower compared to nonshunted rats.

Fig. 118.3 Effects of increased pulmonary blood flow on

the pulmonary vasculature in large animals. Pulmonary

vascular histology in these models was dominated by

medial wall thickness only; no advanced lesions were

observed after 3 months of aortopulmonary shunting in

piglets (Adapted from Rondelet et al. [21])
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Fig. 118.4 Prolonged increased pulmonary blood flow in

large animals mimics pulmonary vascular lesions in chil-

dren with congenital heart defects: (a) A sheep model of

increased pulmonary blood flow in the left upper lobe (i),
induced intimal proliferation after 2 months (ii), but

developed into more advanced lesions after 1.5 years

(iii) (Adapted from Schnader et al. [30]). (b) Beginning
of neointimal lesions and medial wall thickness observed

in small intra-acinar vessels after 8 weeks due to an

anastomosis of the left lower lobe directly to the aorta in

pigs (Adapted from Bousamra et al. [32])
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Alternatively, the induction of the shunt may

also activate genetic pathways that oppose

previously activated pathways induced by

monocrotaline [36].

Neointimal Lesions in Models with
Increased Pulmonary Blood Flow

Are the vascular lesions seen in the “double-hit”

models comparable with those in human disease?

In human PAH irreversible neointimal lesions

are comprised of both ECs and SMCs with

a reduction in apoptotic markers and increase in

inflammatory cells [37].

In flow models, these obliterative lesions are

comprised of cells that stain positive for the endo-

thelial cell markers VEFG-R2 [38], eNOS [34],

von Willebrand factor [14, 38], and CD31+ [39]

and for SMCs staining positive for a-smooth

muscle actin (Fig. 118.5) [14, 34, 38, 39]. Longi-

tudinal studies using both the av-shunt and pneu-

monectomy/monocrotaline models have shown

that these neointimal lesions start to form 1–2

weeks after increased pulmonary blood flow

(Fig. 118.5) [13, 14, 38]. In these experimental
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Fig. 118.5 Examples of extensive lesions resembling

human PAH group 1 in “double-hit” models: (a) Exten-
sive neointimal proliferation in the pulmonary vessels of

rats subjected to a pneumonectomy combined with

monocrotaline (Adapted from Okada et al. [13]). (b)
Neointimal proliferation in intra-acinar vessels of rats

with an aortocaval shunt combined with monocrotaline

(left). Immunofluorescence staining shows proliferation of

endothelial cells (green, vWF) and smooth muscle cells

(red, a-SMA). Immunostaining shows increased

expression of Egr-1 a putative inductor of advanced

lesions (Adapted from Dickinson et al. [14]). (c) Typical
examples of plexiform-like lesions in young rats subjected

to a pneumonectomy and monocrotaline. These lesions

stain positive for vWF (top right) and VEGFR-2 (bottom
right) (Adapted from White et al. [38]). (d) Increased

presence of mast cells around pulmonary vessels of rats

with an aortocaval shunt combined with monocrotaline as

well as increased chymase activity, one of the mast cell

proteases (Adapted from Bartelds et al. [46])
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models the exact role of apoptotic or proproli-

ferative state of these vessels during vascular

remodeling is fairly unknown. In addition, ques-

tions still remain whether in the smaller pulmo-

nary vasculature these occlusive lesions are most

prominent (i.e., at branching points of larger

arteries or at more distal locations).

Interestingly, White and colleagues have

reported in their model that when monocrotaline

administration is combined with unilateral pneu-

monectomy in younger rats, more complex plex-

iform-like lesions are formed (Fig. 118.5) [38].

The authors suggested that younger rats were

more prone to vascular proliferation after injury.

These plexiform-like lesions stained positive for

vWF, VEGFR-2, and a-SMA and, as shown by

microangiography, to be part of the pulmonary

vasculature. However, with regard to this

monocrotaline/pneumonectomy model, unlike

the monocrotaline/av-shunt model, the possible

effects of proliferation of lung parenchyma itself

(up to 35 % due to pneumonectomy) have to be

taken into consideration with this model, as pre-

viously shown [40].

Increased Pulmonary Blood Flow and
Inflammation

Inflammation has been suggested to play a role in

experimental PAH as well as in the development of

flow-induced neointimal formation in PAH patients

with systemic-to-pulmonary shunts [36, 41, 42, 46].

Proinflammatory cytokines and other inflamma-

tory cells including mast cells [43, 46], macro-

phages, lymphocytes [41], and dendritic cells [44]

have all been linked to either flow or nonflow PAH.

Accumulation of inflammatory cells in exper-

imental PAH has also been linked to increased

oxidative stress [44], which is also seen in pul-

monary vessels of PAH patients [45].

In animal models of increased pulmonary

blood flow, inflammation has also been suggested

to play a role in neointimal development

[36, 44, 46]. Clearly, the effect of monocrotaline

administration in vascular inflammation has to be

taken into account in these experimental models

[16, 17], and questions remain whether

inflammation can be seen as the additional trigger

for neointimal development in the increased pul-

monary blood flow/monocrotaline models.

Still, reducing inflammation such as recently

shown by mast cell stabilization or inhibition of

chymase can attenuate the development of pul-

monary vascular remodeling [46, 47]. These

results justify future exploration of the possible

role of anti-inflammatory therapy for PAH.

In summary, in flow models that combine

a trigger such as vascular injury (monocrotaline)

with either pneumonectomy or an av shunt,

increased pulmonary blood flow specifically

induces severe pulmonary vascular remodeling

including neointimal development, perivascular

inflammation, and plexiform-like lesions that

show remarkable similarities with human

plexogenic arteriopathy (2) (Fig. 118.6). In addi-

tion, increased flow leads to more pronounced

increases in pulmonary artery pressure, RV

hypertrophy, and mortality (3).

Other Neointimal Models

Besides flow-associated PAH animals, other

models (mostly rat and murine) have also been

reported to develop specific obliterative lesions,

some with great resemblance to neointimal

lesions in human PAH.

Murine models are of interest since they allow

researchers to investigate the relevance of single

genes using genetic manipulation. The main dis-

advantage of murine models, however, is the mild

degree of PH and RV dysfunction that usually are

achieved in mice compared to other animal

models [48]. In addition, possible differences in

the vascular bed of mice and humans have to be

taken into consideration when comparing these

data, as described above.

Sugen/Hypoxia Rat Model

Vascular endothelial growth factor (VEGF) is

a prosurvival growth factor and is known to play

a critical role in normal lung development [49]. In

both iPAH as well as PAH associated with

2112 M.G. Dickinson et al.



congenital systemic-to-pulmonary shunts, VEGF is

strongly expressed in plexiform lesions in end-stage

disease [49]. However, the role of VEGF in pulmo-

nary vascular remodeling in PAH remains unclear.

Taraseviciene-Stewart et al. have shown that

by combining VEGF receptor 2 (VEGFR2) inhi-

bition, using the compound Sugen 5416, with

chronic hypoxia, results in PAH with character-

istic obstructive neointimal lesions in the arteri-

oles, increased mPAP, and right ventricular

hypertrophy (Fig. 118.7) [15, 50]. Pulmonary

vascular remodeling in this model is character-

ized by SMC proliferation, an initial endothelial

cell apoptosis followed by endothelial cell prolif-

eration that continues even after reexposure to

normoxia (Fig. 118.7) [15]. In addition, when

these rats are subjected to normoxia for a longer

period of time (up to 14 weeks), more complex

neointimal lesions are formed, showing similari-

ties with human plexiform lesions (Fig. 118.7)

[51]. However, unlike in irreversible human

PAH, the survival rate of Sugen 5416/hypoxia

rats has been shown to be close to 100 % even

during long follow-up [51]. Apparently the

degree and magnitude of arteriopathy in these

rats is unable to induce RV failure, which raises

the question whether the extent of arteriopathy is

representative for the human setting.

Endothelial cell apoptosis could also play

a major role in vessel occlusion in this model.

Sakao et al. have shown that human pulmonary

microvascular ECs (hPMVEC), when subjected

to Sugen 5416, go into apoptosis and stimulate

vascular SMC proliferation [5].

Despite these observations, it remains unclear

how this characteristic arteriopathy develops in

• Flow (disturbed shear stress)

• Hypoxia / MCT

Media hypertrophy

Normal arteriole

Concentric laminar intimal fibrosis

Neointimal lesion

Plexiform lesion

Media hypertrophy +
early EC dysfunction

• Flow + additional hit (  pressure, MCT)

• Prolonged   flow (disturbed shear stress)  

Media hypertrophy +
EC dysfunction

Fig. 118.6 Schematic representation of effects of

increased flow on the development of pulmonary vascular

lesions in PAHmodels. Left side: Triggers such as increased
flow, monocrotaline, or hypoxia induce media hypertrophy

and can induce endothelial cell changes. However, in most

animal models, these hits alone do not trigger neointimal

development within the time frame studied. Right side:
Double-hit models progress from early endothelial cell acti-

vation via an initial hit, either increased pulmonary blood

flow or monocrotaline, followed by a second hit, increased

pressure, (prolonged) increased blood flow that combined

triggers neointimal development in these animal models
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the Sugen 5416/hypoxia rats. Sugen 5416 injec-

tion or hypoxia alone both do not result in oblit-

erative lesions of the intra-acinar vessels

indicating that also in this model additional

triggers are needed to develop complex vascular

lesions [15]. Unfortunately, little is known

about the exact role of Sugen 5416 in this process

of SMC and EC proliferation and vascular

occlusion. For instance, besides VEGF-R2 inhi-

bition, Sugen 5416 is also known for its inhibi-

tory effect on other tyrosine kinases, making it

possible that not only VEGF-R2 inhibition is the

leading effect on vascular remodeling [52, 53]. It

is therefore possible that other kinases also can

play a role in the development of vascular

remodeling in the 5416/hypoxia model. This

raises the question whether the Sugen/hypoxia

(normoxia) model of PAH is really ideal for bio-

molecular analysis of PAH. Indeed, Moreno-

Vinasco et al have shown that when comparing

gene expression of Sugen/hypoxia rat lungs

with human PAH lung tissue, only one similar

hit comes up (Fyn: a protein-tyrosine kinase

oncogene) [54].

Fig. 118.7 Examples of advanced lesions observed in

a model of inhibited angiogenesis combined with hypoxia

(Sugen/hypoxia): (a) Rats treated a synthetic VEGF recep-

tor antagonist and subjected to 3 weeks of hypoxia show

lumen obliteration that stains positive for factor VIII and

VEGFR-2 (Adapted fromTaraseviciene-Stewart et al. [15]).

(b) The severity of lesions increases in rats subjected to

Su5416, 3 weeks of hypoxia, and subsequent normoxia.

After 5, 8, and 13 weeks of normoxia, lesions progressed

to plexiform-like lesions with both intraluminal cell pro-

liferations as well as aneurysm like lesions (Adapted from

Abe et al. [51])
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Endothelin-B Receptor-Deficient Rats

Ivy et al. have reported in rats that endothelin

B (ETB) receptor deficiency combined with

monocrotaline results in the development of

neointimal lesions, increased RV hypertrophy and

reduced cardiac output compared to monocrotaline

alone [55]. The vascular lesions in this model are

comprised of cells staining positive for both EC

and SMC markers and show similarities with

human PAH lesions as well as those in other PAH

models. Also similar to other models is that this

model also needs a double hit for neointimal

lesions to develop. Still, when ETB receptor-

deficient rats are subjected to hypoxia instead of

monocrotaline [56], these neointimal lesions are

not seen even though PH does occur, indicating

that not all additional trigger induce the same mag-

nitude of pulmonary vascular remodeling.

Although treatment effects have yet to be

reported in this model, the current data suggests

that the ETB receptor exhibits angioproliferative

properties, when combined with the proper addi-

tional hit.

BoneMorphogenetic Protein Receptor
2 (BMPR-2) Gene Mutations

Germline mutations in the bone morphogenetic

protein receptor 2 (BMPR-2) gene are known to

play a role in the development of PAH [57].

In PAH patients BMPR-2 loss-of-function

mutations have only been found in the heterozy-

gous state. The heterozygous BMPR-2 knockout,

however, showed only mild increased pulmonary

artery pressure and pulmonary vessel

muscularization at best [58].

A more recent work has focused on cell-

specific BMPR-2 loss of function. SMC-specific

loss of BMPR-2 shows a more profound vascular

remodeling and increased RV systolic pressure,

although neointimal lesions were not found

[59, 60]. In contrast, endothelial-specific loss of

BMPR-2 expression in mice resulted in pulmo-

nary vascular remodeling consisting of prolifer-

ating a-SMA positive cells, in situ thrombosis,

and perivascular macrophage and leukocyte

infiltration leading to increased RV systolic pres-

sure and RV hypertrophy [61]. Although the

degree of vascular remodeling is not completely

comparable with human PAH, these BMPR-2

models may provide a better understanding of

the possible synergistic effects of genetic predis-

position and environmental triggers that

cause PAH.

Other models of potential interest are the Il-6

transgenic mice [62] and mice overexpressing

a calcium-binding protein S100A4Mts [63].

Nevertheless, in both models disease penetrance

is incomplete and a second hit is needed to develop

pulmonary, non-neointimal vascular lesions.

Treatment Effects in Neointimal
Animal Models

Currently PAH patients are treated, in addition to

supportive medication, with either (1) calcium

channel blockers or (2) one or a combination of

the following agents: prostacyclin analogues,

endothelin receptor antagonists, and phosphodies-

terase-5 inhibitors. Despite improvements with

these treatments, PAH still remains a fatal disease.

The general thought is that this is related to the

severity of pulmonary vascular remodeling, which

is considered irreversible once neointimal lesions

have formed. Therefore, future treatments should

focus targeting on reversal of these so-called irre-

versible neointimal lesions, something that has not

been accomplished so far.

In general – although some positive effects

have been described (predominantly in preven-

tion studies) – to date, no cure for animals with

established advanced lesions has been found.

Nevertheless, several interesting “proof of prin-

ciple” studies may direct future research for

development of novel therapies.

In monocrotaline/av-shunt rats, inhibition of

the vasoconstrictor thromboxane, a key player of

vascular remodeling in PAH, using the prostacy-

clin analogue treprostinil, resulted in a reduction

in pulmonary artery pressure, although

neointimal development was not reduced [64].
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Similar resistance to vascular remodeling

improvement was seen when using aspirin

or iloprost [65], suggesting a vasodilatory

effect rather than an antiproliferative effect of

the drug.

Other studies have shown that ACE inhibition,

using quinapril, attenuated neointimal formation

of the intra-acinar vessels [47]. Also, when

triptolide (a Chinese herb with anti-inflammatory

and antiproliferative effects [66]) was adminis-

tered to monocrotaline/pneumonectomy rats,

neointimal formation, pulmonary artery pressure,

as well as RV hypertrophy could be both attenu-

ated and reversed [66]. However, the authors also

described a mortality rate of roughly 30 % in the

triptolide-treated group.

In the future, novel treatments in PAH may

shift more towards targeting angiogenesis and

inflammation. Indeed, in monocrotaline/flow

models, simvastatin (also known for its anti-

inflammatory properties) [39], mast cell

stabilization (via cromolyn) [46], dehydroepian-

drosterone (known to have antioxidant and anti-

inflammatory effects) [67], rapamycin (an

antiangiogenic agent) [68], and EPO

(erythropoietin, known for endothelial repair by

endothelial progenitor cell mobilization) [69]

have shown to attenuate, or in part reverse

[39, 68], neointimal formation and/or increased

pulmonary artery pressure. However, caution is

ought to be taken when directly extrapolating

these data to the human setting as illustrated

a recent randomized controlled trial in PAH

patients, in which simvastatin as add-on therapy

did not show a positive effect on 6 min walking

distance [70].

Therapies in Models of Sugen +
Hypoxia

Similar to the human setting, vascular

remodeling seen in the Sugen 5416/hypoxia

model has shown to be resistant to many drugs

(Ca2+ channel receptor blockers, prostacyclin

analogues, dual endothelin A/B (ETA/B) receptor

antagonists) currently used for the treatment of

human PAH [50, 71].

Several other therapeutic treatments have

been evaluated in this model. For instance, the

caspase inhibitor Z-Asp-CH2-DCB [15], the anti-

neoplastic agent sorafenib [54], the bradykinin

receptor 2 agonist B9972 [72], and simvastatin

[50] all have shown to prevent the development of

neointimal formation and severe pulmonary hyper-

tension. However, similar to results from

flow-PAH models, caution has to be taken when

extrapolating these data to the human setting [70].

In addition, several other drugs including angioten-

sin-2 receptor blockers and angiotensin-converting

enzyme inhibitors have shown to have no effect on

prevention of pulmonary vascular remodeling

[50, 73]. Also, to date no drugs have shown reversal

of pulmonary vascular remodeling in this model,

which as an intervention is more clinically relevant

since most PAH patients present when vascular

remodeling has already developed.

Other Interesting Pathways in Animal
Models

Possible Novel Pathophysiological
Pathways in PAH

The pathogenesis of the complex pulmonary vas-

cular lesions is likely a multifactorial process,

necessitating system biology approaches to

indentify novel targets [74]. Using a microarray

analysis, van Albada et al. showed that increased

pulmonary blood flow specifically induced the

expression WNT-signaling genes and several

other transcription factors including activating

transcription factor-3 and early growth response

factor-1 (Egr-1) [14, 36]. Also, in the last years

many new putative pathways have been discov-

ered in non-neointimal models that could poten-

tially affect PAH development. Examples are the

PPAR gamma pathway in PAEC in mice [75],

tyrosine kinase inhibitors in hypoxic PH or

monocrotaline-induced PH [76], soluble GCs

[77] and the possible role of microRNAs in PH

[78]. Although promising pathways, their roles

have yet to be established in more clinically

relevant neointimal models of PAH.

2116 M.G. Dickinson et al.



Concluding Remarks

Pulmonary arterial hypertension is still

a progressive disease with typical lesions charac-

terized by neointimal formation, obliteration, and

plexiform lesions. The pathogenetic mechanism

underlying the formation of these progressive

pulmonary vascular lesions is still poorly under-

stood but might be the key to curative treatment.

Animal models mimicking the human disease

ideally are characterized by (1) a hit resembling

the human disease (e.g., increased pulmonary

blood flow), (2) the progression towards the char-

acteristic pulmonary vascular remodeling that

represents plexogenic arteriopathy and includes

the development of complex obliterative lesions

of the small intra-acinar arteries and

muscularization of larger preacinar arteries, and

(3) progressive disease development that leads to

RV dysfunction and eventually death. Although

no model to date is ideal, models showing the

closest resemblance with human disease are those

that use multiple triggers for disease development

and result in neointimal lesions (Fig. 118.8).

Since increased pulmonary blood flow is

a known trigger for neointimal development and

PAH associated with congenital heart diseases,

flow-associated animal models that result in

neointimal lesions are of particular interest for

this patient population.

Using these more clinically relevant

neointimal models, future studies should consider

focusing their attention on the following: (1) the

Experimental model Characteristics of arteriopathy

Increased flow models:
• short term or small systemic-to-pulmonary shunt  
  in rats, pigs, sheep

Other models
• hypoxic model rat /mouse
• MCT model in rats 

• media hypertrophy and muscularization 
  of arterioles

• media hypertrophy and muscularization 
  of arterioles

Increased flow models:
• MCT + aortocaval shunt in rats
• MCT + pneumonectomy 
• Chronic systemic-to-pulmonary shunt in rats, pigs, 
  sheep, dogs 

Other models:
• Sugen 5416 + chronic hypoxia
• S100A4/Mts1 overexpression in mice
• S100A4/Mts1 overexpression + YHSV-68in mice
• IL6 overexpression + with hypoxia in mice

• muscularization + obliterative lesions 
  (SMCs/ECs), perivascular inflammation.

• neointimal proliferation of ateries;  
  muscularization + obliterative lesions arterioles 

• muscularization + obliterative lesions (ECs)
• muscularization + obliterative lesions (SMCs)  
  + perivascular inflammation

• obliterative lesions (ECs)  + perivascular 
  inflammation

increased flow models:
• systemic-to-pulmonary shunt (prolonged increased   
  flow + pressure) in dogs, sheep

• MCT + pneumonectomy in young rats

Other models:
• Sugen 5416 / hypoxia + prolonged normoxia

• plexiform lesions with cellular vessel 
  obstruction, dilatation and recanalization 
• perivascular proliferation with lesions 
  containing ECs

• plexiform like lesions containing obliterative 
  lesions (SMCs/ ECs and aneurysm like lesions

Plexiform lesion

Obliterative lesion 
(neointima)

Media hypertrophy

Fig. 118.8 Summary of the main histopathological

changes found in several experimental models used to

study pathophysiological mechanism of PAH: (a) Models

with only increased blood flow typically show only

increased medial wall thickness in the time frame studied.

(b) Double-hit models with histology resembling human

pathology (e.g., increased flow + additional hit) typically

progress into advanced neointimal lesions with oblitera-

tion of the vascular lumen within the time frame studied.

(c) Severe prolongation of increase pulmonary blood flow

can induce plexiform lesions, as is also observed in other

double-hit models using experimental stimuli
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exact localization of neointimal development in

the vascular bed, (2) pathobiological pathways

triggered by clinically relevant hits (i.e.,

increased pulmonary blood flow), and (3) novel

therapeutic treatments that can reverse rather

than prevent neointimal development. Using

these methods, new pathways are deemed to

emerge which may lead to new therapeutic tar-

gets for patients with PAH in the future.
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