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Pulmonary Arterial Hypertension (PAH) is a devastating vascular disorder predisposed by 

mutation of bone morphogenetic protein receptor type II (BMPR2). Given that the heterozygous 

BMPR2 mutation incompletely manifests the disease condition of PAH and the endothelial 

dysfunction has been implicated in PAH individuals, we hypothesized that deletion of Bmpr2 in 

the pulmonary endothelial cells (ECs) is sufficient to predispose to PAH. To test this hypothesis, 

a novel PAH model has been established by using the Cre/loxP system. 

To the end, first we characterized the dynamic pattern of Alk1 expression via in vivo 

dissection of Alk1 promoter and intron regions. Based on in silico DNA analysis, we isolated a 

9.2 kb of Alk1 fragment which precisely recapitulates the endogenous pattern of Alk1 

expression. Transgenic lines carrying the 9.2 kb of Alk1 promoter/enhancer-lacZ gene 

demonstrated a predominant Alk1 expression in the ECs of large arteries and some capillary beds 

during development. At adult stage, the level of Alk1 in the systemic ECs was greatly 

diminished, whereas the Alk1 level in the pulmonary ECs was persistant throughout the stage. 

Next, using the 9.2 kb of Alk1 promoter/enhancer we have developed a novel Cre deleter 

line, referred as Tg(Alk1-cre)-L1, in which an unique pattern of the Cre-mediated DNA excision 

in the pulmonary ECs was detected. In the Tg(Alk1-cre)-L1 line, a uniformly distributed Cre 
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activity in the pulmonary ECs was detected from E15.5 on. The homogeneous pattern of Cre 

activity in the pulmonary ECs was persistant, while mosaic or no Cre activity was detected in the 

systemic ECs during adult stage. 

Finally, to investigate cellular impact of the impaired Bmpr2 signaling pathway in 

pulmonary ECs, the Tg(Alk1-cre)-L1 was bred with mice containing conditional Bmpr2 allele. 

The Alk1-cre(+);Bmpr2f/f mice were viable and seemingly indistinguishable from control 

littermates. In the hemodynamic and morphometric analyses, subsets of Alk1-cre(+);Bmpr2+/f 

and Alk1-cre(+);Bmpr2f/f mice revealed an elevation of right ventricular systolic pressure 

(RVSP) with increases in the number of muscularized distal arteries and thickness of the medial 

layer. It has been also demonstrated that the frequency of PAH in the groups was increased in an 

age-dependent manner. Furthermore, some of hypertensive mice exhibited signs of endothelial 

dysfunctions such as perivascular infiltration of leukocytes and in situ thrombosis. 

Taken together, we clearly demonstrated that the deletion of Bmpr2 gene in the pulmonary 

ECs by itself can predispose to PAH with abnormal vascular remodeling. Because our mouse 

model is the first genetic model which corresponds to pathophysiological features of human 

PAH, we believe that mouse lines we developed are useful genetic resources for further studies 

on elucidating the underlying mechanism of PAH. 
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CHAPTER 1 
INTRODUCTION 

Physiology of Pulmonary Circulation 

The lung is a vital and highly vascularized organ whose main functions are to provide 

oxygen (O2) to peripheral tissues/organs via the bloodstream and remove carbon dioxide (CO2) 

from the blood. To fulfill this purpose efficiently, the nature of pulmonary circulation is high 

flow and low resistance. Pulmonary circulation is very sensitive to any influences affecting the 

blood flow. This is because the lung is the only organ which accommodates for the whole 

cardiac output with low blood pressure. The right ventricle, a driving force for pulmonary 

circulation, is a thin-walled tissue that is poorly prepared for a rapid change in loading condition. 

The average right ventricular systolic pressure (RVSP) is about 25 mmHg and the average right 

ventricular diastolic pressure is 0-1 mmHg. The average systolic pressure of the pulmonary 

artery is the same as the average RVSP. On the other hand, the average diastolic pressure of the 

pulmonary artery is about 8 mmHg. 

Anatomically, pulmonary vessels differ from systemic vessels in that, for a given caliber, 

the medial layer of pulmonary arteries is much thinner than that of systemic arteries, which 

reflects the lower resistance in pulmonary circulation. Another difference compared to systemic 

blood vessels is that arterioles, which generate resistance in systemic circulation, are not present 

in the pulmonary circulation. The arterioles are replaced by structures called “precapillary 

arteries”. The lack of arterioles results in transmission of the pressure of the pulmonary artery to 

alveolar capillaries and pulsatile blood flow.  

Perturbations in the homeostasis of cardio-pulmonary vascular physiology result in fatal 

conditions such as pulmonary arterial hypertension (PAH). PAH is defined as more than 25 

mmHg of mean pulmonary artery pressure (mPAP) at rest, or 30 mmHg with exercise (1). PAH 
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is the third most common cardiovascular disease in persons more than 50 years old, after 

coronary disease and hypertension (2). Although PAH has been clinically recognized since the 

late 1800s (3), there are some limitations in studying the underlying mechanism of PAH. One of 

the biggest limitations is that most of the human lung samples available for studies are from lung 

biopsies or samples from lung transplants of individuals in the end-stages of PAH.  Therefore, 

there is a gap of knowledge in the pathophysiological progress of PAH. Furthermore, because a 

blood vessel is a multi-layered and dynamic organ, there is a paucity of knowledge as to the role 

of each layer in the initiation or procession of PAH. Therefore, the animal model system is 

considered as an alternative and plausible approach to studying PAH at different 

pathophysiological stages of the disease. The physiology of a mouse, particularly its pulmonary 

circulation, is similar to that of a human. For example, the mean systolic PAP of a mouse is 

about 24 mmHg and the mean diastolic PAP is 8.5 mmHg (4). Thus, the long-term goal of this 

study is to develop a novel mouse model for studying the underlying mechanisms of human PAH. 

Classification of PAH 

The current system of classification for pulmonary hypertension (PH) has been established 

as the result of three World Health Organization (WHO) conferences. The most recent 

classification of PH followed the results of the 3rd World Conference in Venice in 2003 (5). 

According to this conference, PH is generally classified as PAH, PH with left heart disease, PH 

associated with lung diseases and/or hypoxemia, PH due to chronic thromboitic and/or embolic 

disease (CTEPH), and miscellaneous (Table 1-1).  

PAH is subclassified into: 1) idiopathic PAH (IPAH, formerly known as primary 

pulmonary hypertension, or PPH), 2) familial PAH (FPAH), 3) in association with other 

pathological conditions (APAH), 4) in association with significant venous or capillary 

involvement, and 5) persistent PH of the newborn. IPAH is PAH due to an unknown cause. 
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IPAH is a rare disease with an incidence of 2-3 cases per million per year, and there are twice as 

many female as male patients (6). The mean age of diagnosis is 37 years (7). Shortness of breath 

(dyspnea) and fatigue are the most common symptoms of PAH, followed by chest pain, fainting 

spells (syncope), and heart failure. Although it is dependent on the study, around 10% of PAH 

individuals are estimated to be FPAH. FPAH is a form of inherited PAH due to mutations of 

bone morphogenetic protein receptor type II (BMPR2) or activin receptor-like kinase 1 (ALK-1). 

The symptoms are similar to those of IPAH. Other pathological conditions such as connective 

tissue diseases (CTD), congenital heart diseases, HIV infection, and some drugs may also lead to 

the development of PAH. Other occlusive vasculopathy, such as pulmonary occlusive venopathy 

and pulmonary microvasculopathy, can also cause PAH. The prognosis of survivor and clinical 

trials of PAH subjects are generally estimated by WHO functional class [formally known as New 

York Heart Association (NYHA) functional class] (Table 1-2), exercise endurance (distance 

walked in 6 minutes), and hemodynamics (8).  

Pathological Characteristics of PAH 

Pathologically, PAH is characterized by obstruction of the small pulmonary arteries in 

association with medial hyperplasia, neointima formation, plexiform lesions, and occasionally 

thrombotic lesions.  

Remodeling in Intimal Layer 

The intimal layer (approximately 1-2 μm of thickness) consists of a base membrane and a 

single-layered lining of endothelial cells (ECs) localized between the internal elastic laminae and 

vascular lumen. Pulmonary ECs seem to be a very quiescent cell-type with a doubling time of 

more than 0.5-1yr. Although the contribution of ECs to PAH is poorly understood, excessive 

proliferation of ECs is one of the key features of PAH. One remarkable pathological feature of 

PAH is neointima formation. The term reflects the formation of cell layers with an extracellular 
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matrix (ECM) between the endothelium and internal elastic laminae in small and large arteries 

(9). The major cell-type composing the neointima is myofibroblast, which may test positive with 

some smooth muscle cell (SMC) markers such as α-smooth muscle actin (αSMA) and vimentin. 

The myofibroblast does not express EC-marker genes such as CD31 and the von Willebrand 

factor (vWF) (9). The origin of the myofibroblast is currently unknown. In in vitro analysis, it 

has been shown that the myofibroblast isolated neointima exhibited a different response to 

growth factors compared to cell isolated from vascular SMCs (10). The data suggests that the 

myofibroblast might be originated from not only SMCs but different cell-types such as 

transdifferentiation of EC or advantitia cells.  

Although the rule of monolayer of endothelium is generally maintained in the PAH lung, 

studies have shown that tumors or tumorlet-like clusters of ECs contributed by monoclonal 

endothelial proliferation in plexiogenic-lesions can form (11;12). Plexiform lesion is a hallmark 

of a severe form of PAH showing intimal proliferation with the formation of multiple capillary-

like channels in a pulmonary artery (13). The cell-type responsible for plexiform lesions is still 

under debate, though it has been suggested that ECs, responding to cytokine, growth factors, or 

vascular injury, underlie the initiation of the lesions. Cell-types in the plexiform lesion include 

ECs, myofibroblast, and intermingled connective tissues (11). Interestingly, most pulmonary 

vessels with plexiogenic lesions show perivascular infiltration of the leukocytes (11;14). Among 

the cell-types consisting of blood vessel, EC is a dominant cell-type in the plexiform lesion (11). 

Using the conventional hematoxilin-eosin (H&E) staining, it has been shown that plexiform 

lesions have been detected in only 10-20% of total pulmonary artery samples (15). The 

plexiform lesion can be found in any vessel of the lung. One typical example of a plexiform 

lesion is in the supernumerary artery. If there is a plexiform lesion in the vessel, a concentric 
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laminar intimal fibrosis (CLIF) is found at the close to branching point, and followed by a 

plexiform lesion. After the plexiform lesion, an angiomatoid (aneurismal dilation of vessel) 

lesion is found (13). Although plexiform lesions can occur without CLIF, CLIF is associated 

with plexiform lesions. A recent study suggested that ECs with a mutation of BMPR2 seem to 

increase the susceptibility to apoptosis which results in fragile ECs of the precapillary arteries. 

However, after repeated apoptosis, the remaining apoptosis-resistant ECs seem to undergo 

massive proliferation and eventually develop plexiform lesions (16).  

Remodeling in Medial Layer 

Vascular SMCs are major components of the medial layer. Beside the SMCs, elastic 

laminae are stacked between SMCs. Like ECs, SMCs are also replicatively quiescent and 

relatively unresponsive to mitogen (17). Hyperplasia in the medial layer is a common feature in 

all the different forms of PAH. Medial thickening in PAH reflects the role of SMCs in the 

control of vascular tone. In precapillary vessels, cells inside internal elastic laminae seem to 

differentiate into SMCs (18). Depending on the location of the blood vessel, the source of SMC 

differentiation varies. In distal vessels lacking elastic laminae, pericyte and interstitial fibroblast 

from surrounding lung parenchyma appear to contribute to the process of muscularization (19).  

Remodeling in Advantitia Layer 

PAH also causes thickening of advetitia layer by increasing the number of fibroblasts. A 

recent study using a hypoxia model has been shown that CD68-positive circulating mesenchymal 

precursor of a monocyte/macrophage lineage contributes to the thickening of the advantitia layer 

(20). Many of the cells produce type I collagen and are αSMA-positive cells. It seems that the 

induction of many proinflammatory cytokines and chemokines such as monocyte 

chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-2, interleukin (IL)-

1β,  IL-6 are involved in the remodeling of the advantitia layer (21). 
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Treatment of PAH 

Basic Treatment 

To prevent the worsening of a disease’s progress, some lifestyle modifications such as 

low-level aerobic exercises, avoiding exposure to hypoxic conditions like high altitudes, and 

restriction from a high-salt diet are recommended (5;22). The hemodynamic changes during 

pregnancy, labor, and the postpartum period are devastating to PAH patients (23). Diuretic 

therapy can be used to reduce the right ventricle preload in PAH individual with heart failure. 

Increases in intracellular calcium and calcium-mediated signals have an effect on muscle 

contraction (24;25). A study has shown that a high dose of calcium channel blockers have a 

beneficial effect on the survival rate of some PAH patients (26). 

Prostacyclin Therapy 

Prostacyclin (Prostaglandin I2) and thromboxane A2 (TxA2) are major metabolites of 

arachidonic acid in blood vessels. Prostacyclin is a potent vasodilator through production of 

cyclic AMP (cAMP) and inhibits the growth of SMCs (27). On the other hand, TxA2 is a potent 

vasoconstrictor. It has been shown that PAH patients showed a decreased urinary level of 

prostacyclin metabolites (6-keto-prostacyclin F2α), whereas the urinary level of TxA2 metabolites 

(TxB2) has increased (28). The data suggests that the balance between vasodilator and 

vasoconstrictor is severely impaired in PAH individuals.  

The intravenous infusion of epoprostenol (prostacyclin) was first used to treat PAH in the 

early 1980s (29). Studies showed that continuous intravenous epoprostenol clearly has beneficial 

effects to WHO functional class III or IV (30;31). Epoprostenol treatment improved exercise 

tolerance, hemodynamics, and overall survival rates (31). The intravenous treatment of 

epoprostenol has some side effects such as jaw pain, headache, diarrhea, and nausea (32;33). As 
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an alterative method to intravenous delivery of prostacyclin, subcutaneous (treprostinil), oral 

(beraprost), or inhaled (iloprost) delivery of protacyclin analogues are being used (34-36).  

Endothelin-1 Receptor Antagonists 

Endothelin-1 (ET-1) is mainly released by ECs and exerts its effect in vascular SMC in a 

paracrine manner. ET-1 works as a vasoconstrictor and has a mitogenic effect on SMC 

proliferation (37). Its vascular effect is mainly mediated through ETA and ETB, which are G 

protein-coupled receptors (38). ETB is predominantly expressed in ECs, whereas ETA is mainly 

expressed in SMCs (39;40). It has been shown that individuals with PAH exhibit high levels of 

circulating ET-1 (41;42). Bosentan, a US Food and Drug Administration (FDA) approved drug, 

is a nonselective ET receptor antagonist which can work on both ETA and ETB. Studies 

demonstrate that the treatment of bosentan on WHO functional class III patient significantly 

ameliorate hemodynamics and 6MWT (43;44). Because ETA is the ET-1 receptor expressed in 

SMCs, selective ETA receptor blockers such as sitaxsentan and ambrisentan are being 

investigated for the treatment of PAH (45;46). 

Nitric Oxide (NO) Therapy 

NO produced by ECs functions as a potent vasodilator through the stimulation of soluble 

guanylate cyclase and increased production of intracellular cyclic GMP (cGMP) in SMCs (47). 

The cellular effects of an increased level of cGMP include decreased sensitivity to myosin and 

the inhibition of calcium released from the sarcoplasmic reticulum (47). The level of cGMP is 

regulated by phosphodiesterase type 5 (PDE5) (48). Studies have demonstrated that changes in 

NO pathways were found in lungs with PAH (49;50). It has also been shown that PDE5 is 

upregulated in the hypoxia-mediated animal model for PAH (51;52). 

Inhaled NO gas relaxes pulmonary arteries, which decreases vascular resistance, PA 

pressure, and RV afterload (53;54). A recent study demonstrated that the oral treatment of 
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cidenafil citrate (ViagraTM), an inhibitor of PDE5, improved exercise capacity, WHO functional 

class, and hemodynamics in PAH patients (55). 

Investigating Therapies 

Simvastatin (ZocorTM) is a lipid-lowering agent derived from Aspergillus terreus. It has 

been shown that simvastatin has a proapoptotic effect on neointimal SMCs in an experimental 

PAH model (56). Oral treatment of simvastatin (20-80mg/day) improves exercise endurance and 

hemodynamics without adverse effects (57). 

Studies have also shown that a platelet-derived growth factor (PDGF) receptor antagonist, 

imatinib mesylate (STI571, GleevecTM) reverses the experimental PAH model and improves 

exercise capacity, hemodynamics, and cardiac indices (58;59).  

Genetics of PAH 

Progress has been made in elucidating the cellular impact of a mutation in PAH genes 

during the development of PAH, since the BMPR2 gene was first identified as a PAH gene 

(60;61). Studies show that a mutation of the BMPR2 gene is responsible for as much as 70% of 

all FPAH cases and up to 26% of IPAH cases (62). BMPR2 is a member of type II receptors in 

the transforming growth factor-β (TGF-β) signaling pathway. Recent studies have also 

demonstrated that other TGF-β receptors, activin receptor-like kinase-1 (ALK-1) and endoglin 

(Eng), are also related to PAH (63-68). Mutations in ALK-1 and ENG are also linked to another 

inherited vascular disorder called hereditary hemorrhagic telangiectasia (HHT) (69-72). 

Interestingly, loss of BMPR2 expression is also found in human prostate cancer cells, suggesting 

that the BMPR2 signal plays an important role in the regulation of cell proliferation (73). 
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Transforming Growth Factor-β (TGF-β) Signal Transduction 

TGF-β is a large cytokine family that contributes to diverse cellular processes. TGF-β was 

originally named after its ability to cause a phenotypic transformation of cultured epithelial cells. 

However, the cellular effects of each member seem to be varied or even opposite, depending 

upon the cell-type and its developmental stage. Some of these cellular effects include cell 

proliferation, migration, apoptosis, pattern formation, and immunosupression. TGF-β family 

members include TGF-βs, bone morphogenic proteins (BMPs)/growth and differentiation factors 

(GDFs), and activins/inhibin. Each subgroup is categorized by sequence homology and the 

utilization of cytoplasmic mediator proteins, SMADs (74-76).  

TGF-β was initially identified by a finding that a pool of growth factors secreted from a 

transformed mouse fibroblast was able to induce the formation of foci in the soft agar assay (77). 

Later, Roberts et al. found that TGF-β was one of the active factors in that pool of growth factors 

(78;79). Since then, the TGF-β superfamily has expanded. In mammals, more than 30 ligands 

have been identified as members of the TGF-β superfamily. 

TGF-β signal transduction is initiated by the binding of a ligand to a heteromeric complex 

of transmembrane serine/threonine type II and type I receptors. Once ligands bind to a type II 

receptor, the ligand-type II receptor complex recruits and trans-phosphorylates type I receptor, 

which, in turn, activates cytoplasmic SMAD proteins. Although most ligands are functionally 

different, they utilize a limited number of receptors and SMADs. For more than 30 known TGF-

β family ligands, only five type II receptors and seven type I receptors have been identified, 

indicating that each receptor mediates multiple signals. One of the key features of TGF-β 

signaling pathways is that there is a considerable amount of redundancies in the interaction 

between ligands and type II receptors, as well as type II and type I receptors (80). Biochemical 
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studies have determined that activin type II receptors (ACVR2A and ACVR2B) utilize ALK2 

(ACVR1), ALK4 (ACVR1B), and ALK7 (ACVRL1C) depending on their interacting ligands 

including activins (INHBA, INHBB, INHBC, and INHBE), Nodal, BMP7, and GDF11. Activin 

receptor-like kinase 5 (ALK5) (TβRI; TGFBR1) has been shown to interact with the TGF-β type 

II receptor (TβRII; TGFBR2) and to mediate TGF-β subfamily signals. Recent studies have 

implicated ALK5 in mediating other TGF-β family signals, such as GDF8 and GDF11 (81). 

Eight SMAD proteins have been identified in mammals so far. The activated type I 

receptor phosphorylates receptor-regulated SMADs (R-SMADs). R-SMADs then form a 

complex with a common partner, SMAD4 (Co-SMAD) then enter into the nucleus. Once there, 

the SMAD complex interacts with diverse transcriptional coactivators or corepressors, according 

to their genetic makeup and cellular contexts. Depending on which R-SMAD is utilized, TGF-β 

signaling can be generally separated into two pathways: SMAD 2/3 for TGF-β and SMAD 1/5/8 

for BMP.  

Bone Morphogenetic Protein Receptor Type II (BMPR2) 

Human BMPR2 consisting of a total of 13 exons is localized on chromosome 2q33 (82-84). 

BMPR2 is comprised of 4 major domains: the extracellular domain (ED), transmembrane 

domain (TD), kinase domain (KD) and the long cytoplasmic domain (CD). The exons 1-3 

encode the ED, exon 4 encodes the TD, exons 5-11 encode the serine/threonine KD, and exons 

12 and 13 encode the CD. It has been shown that each domain is highly conserved among 

species (85). The large C-terminar CD is present only in the BMPR2 among receptors in TGF-β 

superfamily. Studies have suggested that human BMPR2 is produced by alternative splicing, in 

which a short form lacks exon 12 encoding a part of CD (84;86). The short form is only 30 

amino acids (AA) long compared to 527 AA in the long form after kinase domain (85;87). 
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Currently, the function of the long CD is largely unknown. Interestingly, a mutation in exon 12 is 

commonly observed in PAH patients, suggesting that the domain has a specific function; for 

example, crosstalk with other signaling pathways (88-90). Ramos et al. showed that BMPR2 is 

predominantly expressed in ECs, SMCs, type II pneumocyte, and epithelial cells (91). Studies 

also demonstrated that BMPR2 is localized in lipid rafts where BMPR2 interacts with caveolin-

1α and -1β (91;92). 

Atkinson et al. demonstrated that BMPR2 mRNA and proteins are markedly reduced in the 

lung of a PAH individual with a heterozygous mutation of the BMPR2 gene, as compared to 

normal individuals (14). A lesser reduction of BMPR2 was also found in individuals with 

secondary PH. The data suggests that reduction of the BMPR2 level primarily contributes to the 

development of PAH in patients with a BMPR2 mutation.  

Mutation of BMPR2 can be found in any of the exons except exon 13 (90). The types of 

mutations that can be found in BMPR2 include missense, nonsense, frameshift, deletion, 

duplication, abnormal splicing, and single nucleotide polymorphism (SNP) (88-90). More than 

50% of BMPR2 mutations are predicted to lead to protein truncation through a premature 

termination codon and that there is an age variability for the initial onset of PAH (93).  

One of the key genetic features of PAH is that a mutation of any of the PAH genes 

incompletely manifestates PAH. Studies have revealed that a BMPR2 mutation develops PAH in 

around 20-30% of individuals with heterozygous BMPR2 mutations, suggesting that other 

factors might be involved in the development of PAH (62;94). Studies also showed that Bmpr2 

null or hypomorphic mice are embryonic lethal due to defects in mesoderm formation and 

outflow tract formation of the heart (95;96).  
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So far, more than 20 BMP/GDF ligands have been identified in humans (97). In 

biochemical studies, some of the BMPs/GDFs such as BMP2, 4, 6, 7, 9, 15, and GDF-5 can bind 

to BMPR2 and utilize ALK-1, -2, -3, -5, or -6 as a type I receptor (98-101). Depending on the 

utilization of a type I receptor, signals through BMPR2 are mediated by either SMAD2/3 or 

SMAD1/5/8. BMP signaling through BMPR2 has been implicated for various biological 

processes such as cardiac development, bone and cartilage formation, craniofacial development, 

and reproduction (98;102-104). Cellular effects of the BMPR2 signal in the vasculature seem to 

be heterogeneous rather than homogeneous, depending on the cell-type. For example, BMPR2 

signal by BMP2, 4, or 7 seems to cause apoptosis in the human pulmonary artery SMC by 

downregulating Bcl-2 and in a caspases (caspase 3, 8, or 9)-dependent manner (105;106). Studies 

have shown that the reduction of the BMPR2 resulting from knockdown or overexpression of the 

mutant form of BMPR2 can rescue from BMP7-mediated apoptosis in SMCs (106). Even in the 

pulmonary artery SMC, the cellular effect of BMPR2 seems to be dependent upon the BMP 

protein. Frank et al. showed that BMP4 has an effects of  proproliferation and promotion of  cell 

migration of pulmonary artery SMCs, whereas BMP2 has an opposite effect (107).  

A more complicated model of BMPR2 signaling in SMC was recently reported (108). The 

authors showed that in the absence of Bmpr2, BMP2/4 can utilize ActRIIa and Alk2 or Alk3, and 

BMP7 can utilize ActRIIa and Alk2. The redundancy can partially explain why a BMPR2 

mutation incompletely develops PAH. On the other hand, a BMPR2 mutation in the pulmonary 

artery ECs initially causes an increase in apoptosis (16). The study suggested that after a certain 

amount of apoptosis has occurred, the surviving ECs proliferate in an uncontrolled manner, 

which in effect causes increased cellularity in the intimal layer. Although a dependence on cell-

type for the biphasic function of BMPR2 seems to exist, cell-cell interaction between ECs and 
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SMCs can also contribute to the development of PAH. A recent study has shown that SMCs 

exhibit a marked increase in cell proliferation in the presence of a conditioned medium from ECs 

from PAH individuals (109). The authors have demonstrated that one of the factors contributing 

to SMCs proliferation is an increased level of serotonin (5HT) due to elevated level of 

tryptophan hydroxylase (TPH), a required enzyme for 5HT production pathway, in ECs 

associated with PAH.  

Activin Receptor-Like Kinase-1 (ALK-1)  

ALK-1 is encoded by 10 exons and is localized on chromosome 12q11-q14 (110;111). It 

has been shown that a mutation of ALK-1 is responsible for HHT2 (72). Although some 

geographical regions may show a higher rate of incidence for HHT than others (110), the disease 

affects more than 1 in 10,000 individuals world-wide (112). It is characterized by recurrent 

epistaxis, mucocutaneous telangiectasia, gastrointestinal hemorrhage, and arteriovenous 

malformation (AVM) in the pulmonary, cerebral, or hepatic vasculature (112).  

Homozygous deletion of Alk1 causes embryonic lethality by embryonic day (E) 10.5 with 

severe defects in vascular development (113;114). Recently, Srinivasan et al. has shown that 

heterozygous Alk1 mice display the human HHT phenotype in a number of features showing 

age-dependent disease penetrance, vascular lesions in the specific organs and pathohistological 

similarity of the lesions (115). Interestingly, blood vessel malformation in the female uterus was 

also evident in aged Alk1+/LacZ mice with 129/Sv background (Unpublished observation). The 

observation is reminiscent of a vascular defect in Eng+/- mice with 129/Ola background (116). 

Seki et al. showed that arterial ECs show a robust Alk1 expression over venous ECs during 

embryonic and early postnatal stages, but a greatly diminished level of Alk1during adult life, 

except in pulmonary ECs (117).  
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Recently, studies have shown that some HHT patients with heterozygous mutation of 

ALK-1 exhibit pathophysiological conditions of PAH (63;65;66;68). These patients exhibit an 

increase in mPAP and plexiform lesions in the pulmonary vasculature in addition to HHT 

phenotypes. The result is paradoxical because the pulmonary pathophysiologys of PAH and 

HHT are considered to be in opposition. For example, HHT patients carrying pulmonary 

arteriovenous malformation (PAVM) suffer severe dilation in the pulmonary vessels, which may 

lead to a decrease in pulmonary resistance. On the other hand, PAH patients exhibit obliteration 

of small pulmonary arteries, which result in markedly increased pulmonary vascular resistance 

(63). The molecular mechanism by which heterozygous mutation of ALK-1 develops such 

opposite vascular phenotypes remains unknown. 

Endoglin 

Eng, which is encoded by 14 exons, is a type III receptor in TGF-β signaling pathways. 

Eng is localized on chromosome 9q33-q34. It has been shown that a mutation of Eng is 

responsible for HHT1 (70;71). A recent study demonstrated that a mutation of Eng can cause 

HHT phenotypes as well as PAH (68). The study showed that a substitution of a nucleotide is 

identified within the putative splicing site of intron 12 of Eng, 22 bp upstream of exon 13. The 

substitution seems to cause a loss of exon 13 without disruption of the reading frame of the Eng. 

Another study showed that an HHT individual with a mutation in Eng developed PAH 

after taking an appetite suppressant, dexfenfluramine (67). Although the underlying mechanism 

of PAH in a person with an Eng mutation is completely unknown, the studies suggest that the 

mutation of Eng influences other TGF-β signaling pathways, which then display PAH 

phenotypes, rather than Eng mutation alone causing PAH.  
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Animal Models for PAH  

Experimental Models 

Physiological models 

A hypoxia-caused mismatch in the ratio between ventilation (V) and perfusion (Q), is a 

potent factor in the development of PAH. The hypoxia-induced vasoconstriction is a unique 

feature of pulmonary physiology. Thus, if the lung is exposed to a hypoxic condition which then 

causes low partial pressure of arterial oxygen (PaO2), pulmonary vascular resistance (PVR) is 

increased to match the V/Q ratio. Although acute hypoxia might be beneficial to enhance the 

oxygenation of peripheral blood vessels, chronic hypoxia causes elevation in mPAP. According 

to the Poiseuille’s equation, PVR is inversely proportional to the fourth power of the radius of 

the pulmonary arteries. Therefore, small changes in the radius of a pulmonary artery can cause a 

drastic increase in pulmonary arterial pressure. Such chronic hypoxia is followed by vascular 

remodeling (118). Medial thickness is a remarkable feature of hypoxia-induced PH. Persons who 

dwell at high altitudes show an increase in hemodynamics, the number of red blood cells 

(polycythemia), right ventricular hypertrophy, and vascular remodeling (119). Although the 

molecular mechanism underlying hypoxia-mediated vascular remodeling is not clearly defined, 

the oxygen sensor(s)-mediated change of ion channels has been implicated as being involved in 

the vascular remodeling and constriction of SMCs (120;121). It has been shown that hypoxia 

causes change in the production of mitochondrial reactive oxygen species (ROS), which then 

results in an increase in cytoplasmic calcium ([Ca2+]cyt) concentration via increased influx and 

the release of Ca2+ (122;123). The increased [Ca2+]cyt results in phosphorylation of the myosin 

light chain, which causes an increase in vascular tone. Hypoxia is also followed by 

depolarization of the membrane by inhibition of voltage-gated K+ channel (Kv) activity (120). 

Recently, Takahashi et al. showed that sustained exposure to hypoxic conditions causes a 
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reduction in the BMPR2 level in the experimental model (124). It seems that a loss of BMPR2 in 

SMC causes a reduction of Kv expression, which results in depolarization of the membrane 

(125). A recent study demonstrated that sustained hypoxia causes perivascular accumulation of 

CD45, CD11b, CD14, and CD68-positive cells, termed fibrocytes, in pulmonary artery advantitia. 

The study suggests that circulating mesenchymal precursor cells play an important role in 

remodeling of pulmonary arteries with a hypoxic condition (20).  

 In contrast to V/Q mismatch with hypoxia, an over-perfusion of pulmonary circulation 

due to congenital heart diseases can cause PAH. Studies have shown that an over-circulation-

induced experimental model is sufficient to develop PAH with abnormal vascular remodeling, 

increases in ET1, inducible NOS (iNOS), and  vascular endothelial growth factor (VEGF) 

expressions (126;127). The studies also showed that PAH by induction of over-circulation in a 

porcine model could be prevented by administration of bosentan and sidenafil.  

 Monocrotaline (MCT) model 

Monocrotalline (MCT) is a pyrrolizidine alkaloid plant toxin derived from the seed of the 

Crotalaria spectabilis. Like the hypoxia-induced PAH animal model, administration of MCT to 

a rodent is a widely investigating model system in the PAH field. Because the pyrrolizidine 

alkaloid needs to be bioactivated to a pyrrolic derivative [MCT pyrrole (MCTP)] by cytochrome 

P450 in the liver, it often causes hepatic damage as well (128). It has been shown that treatment 

of MCTP causes megalocytosis of ECs and SMCs, characterized by markedly enlarged cells with 

enlarged nuclei and organelles (129). Studies have indicated that the endothelial golgi is a main 

target of the MCTP by disruption of the Caveolin-1/raft function due to blockage in trafficking 

of the raft scaffolding proteins (129;130). An in vitro study demonstrated that treatment of 

MCTP to cultured pulmonary arterial ECs causes apoptosis with an increase in permeability 

(131). The administration of MCT or MCTP causes, initially, an increase in cardiac output with 
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the muscularization of small arteries, followed by a gradual increase in vascular resistance. After 

three weeks of MCT treatment, cardiac output is dropped and pulmonary arterial pressure is 

further increased. Accumulating data suggests that MCT or MCTP injures both ECs and SMCs, 

which results in a dysfunction in both cell-types. A recent study also suggests that administration 

of MCT causes marked downregulation of Bmpr2, Alk1, Alk6, and Smad4, 5, 6, and 8 

expressions (132). The study suggests that MCT causes not only the dysfunction of vascular cells, 

but also downregulation in the expression of PAH genes.  

Genetic Models 

BMPR2 signaling pathway 

The significance of the heterozygous Bmpr2 mouse is still considered controversial as far 

as being a model system for human PAH is concerned. Beppu et al. has observed a mild 

elevation of pulmonary arterial pressure with mild muscularization of small pulmonary arteries 

in heterozygous Bmpr2 null mice (133). The Bmpr2+/- mice do not exhibit vascular lesions such 

as neointima formation or plexioform, except in the muscularization of precapillary arteries. 

However, once Bmpr2+/- mice were challenged with a hypoxic stimulus, there was no difference 

observed in the hemodynamics between Bmpr2+/- mice and the wild-type mice. Paradoxically, a 

hypoxic condition in a Bmpr2+/- mouse causes less muscularization of the pulmonary arteries 

(133). On the other hand, with the same mouse, other independent groups failed to observe an 

elevation of pulmonary arterial pressure (134;135). They did demonstrate that an adenovirus-

mediated pulmonary overexpression of 5-lipoxygenase (5LO), a mediator of inflammation, and a 

chronic infusion of serotonin (5HT) develops PAH in Bmpr2+/- mice. The result suggests that 

subjects carrying mutations in the BMPR2 gene are predisposed to the development of PAH, but 

not sufficient for development of PAH-associated vascular lesions. The studies raised the 

possibility that an additional genetic and/or environmental “second hit” is necessary to reach 
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clinical manifestation of PAH in subjects with heterozygous BMPR2 mutation. The Bmpr2+/- 

mice and human studies suggested that a mechanistic model of PAH, called haploinsufficiency 

of the BMPR2 gene in the onset of PAH, does not seem to be the precise mechanism for the 

development of PAH (89;90;93).  

A study highlighted the role of the Bmpr2 gene in SMCs by showing an elevation of RV 

pressure in transgenic mice by overexpressing a dominant-negative form of Bmpr2 in SMCs 

(136). In the study, the authors employed a method called inducible transgenesis in that a 

truncated Bmpr2, by insertion of a base pair at a kinase domain, was designed to be 

overexpressed by a SMC-specific SM22-α promoter under the regulation of tetracycline. The 

transgenic mice exhibited elevated RV pressure with muscularization of pulmonary arteries. 

However the mouse line does not show any of the other vascular injuries observed in the severe 

form of PAH such as neointima formation and plexiogenic lesions. The data suggests that 

impairment of the Bmpr2 signal in SMC is sufficient to cause elevation of pulmonary arterial 

pressure, but not to further other pathological conditions. 

A recent study demonstrated that Bmp4 plays a role in the development of hypoxia-related 

PAH (107). Frank et al. showed that mice in a hypoxic condition experience selective 

upregulation of Bmp4 with reduction of phosphorylation of Smad1/5/8 and Id1, a downstream 

gene of the Smad1/5/8, expression. However, the hypoxia-mediated hypertension was less severe 

in Bmp4 heterozygous mice (Bmp4+/lacZ) compared to wild-type mice. Further analysis suggested 

that Bmp4 derived from ECs plays an important role in the migration and proliferation of SMCs 

in the hypoxia-induced PAH model. The study showed that Bmp4 is one of the factors involved 

in the development of PAH under certain conditions. 
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Serotonin transporter (5HTT) 

Serotonin (5-hydroxytryptamine, 5HT) is known to function as a vasodilator in the 

systemic vessel, and vasoconstrictor in pulmonary blood vessels (137;138). 5HT is also known 

as a potent mitogen to SMCs (139). It has been implicated that 5HT is capable of causing PAH 

after an outbreak of the disease in individuals who used aminorex fumarate, an appetite 

suppressant that inhibits 5HT reuptake by platelet (138). Plasma levels of 5HT are normally low 

because most of the 5HT in the body is metabolized by the liver and stored by platelets (140). 

5HT is synthesized from L-tryptophan, an essential amino acid (109). Over 95% of 5HT is 

produced from enterochromaffin cells in the gut, whereas the remaining amount is synthesized in 

the other cell-types in the brain and lung (141). The synthesis is regulated by an enzyme called 

typtophan hydroxylase (TPH). There are two different isotypes of PTH, PTH1 and PTH2, 

involved in the synthesis of 5HT (109). Eddahibi et al. showed that TPH1 is more widely 

expressed in different organs such as intestine, brain and lung, whereas TPH2 is predominantly 

expressed in the brain. 5HT mediates its signal through at least five classes of 5HT receptors 

which belong to G protein-coupled receptor (GPCR) and serotonin transporter (5HTT). Because 

aminorex fumarate is a substrate for 5HTT, the outbreak of PAH after taking the drug has 

opened a new avenue of investigating the involvement of 5HT in the development of PAH. It 

also has been shown that a polymorphism in the human 5HTT promoter alters the level of gene 

expression (142). Generally, the polymorphism is composed of two alleles: a 44-bp insertion or 

deletion, designated the L and S alleles. In PASMCs with the L/L genotype, 5-HTT expression is 

1.5-fold higher than that in LS or SS cells under basal conditions, and this difference is even 

more marked when 5-HTT expression is increased by external stimuli (143;144). Interestingly, 

the ECs from an IPAH individual showed high levels of TPH1 mRNA. On the other hand, 5HTT 

is upregulated in the SMCs from an IPAH individual (109). In recent studies, however, two 
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independent groups failed to find any correlation between 5HTT polymorphism and BMPR2 in 

the age at diagnosis or survival interval of PAH patients (145;146). It has been shown, however, 

that 5HTT is upregulated in different forms of PAH in the remodeled SMCs (147). Furthermore, 

Guignabert et al. demonstrated that an early increased level of 5HTT after MCT treatment was 

observed, and an administration of fluoxetine, an inhibitor of 5HTT, prevented and reversed 

MCT-induced PAH (148). It has been shown that a null mutation of 5HTT results in a less severe 

PAH with sustained hypoxia (143). Recent studies have demonstated that an overexpression of 

5HTT causes elevated RV pressure with muscularization of pulmonary arteries (149;150). In the 

same line of evidence, Long et al. observed that Bmpr2+/- mice exhibited an increase in 

susceptibility upon the administration of 5HT (135). However, the authors found that the 

synergistic effect was mediated by both 5HT2 and 5HT1 receptors. Although some discrepancies 

exist, previous in vitro and in vivo studies suggest that 5HT, through 5HTT, plays an important 

role in the remodeling of pulmonary vasculature. 

Endothelial nitric oxide synthase (eNOS) 

It has been shown endothelial nitric oxide synthase (eNOS) is strongly expressed in the 

pulmonary ECs and the epithelium of normal lungs (49). In the same study, it was also shown 

that the expression of eNOS (NOS3) is severely impaired in a PAH individual. Giaid et al. 

demonstrated that the staining intensity of eNOS was negatively correlated with the severity of 

pathological condition. Interestingly, the study showed that there was an inverse correlation 

between the level of eNOS expression and total vascular resistance of pulmonary vessels in PAH 

patients with plexiform lesion. Steudel et al. showed that deletion of eNOS causes pulmonary 

arterial pressure to elevate, with a decrease in vasodilatory response to acetylcholine (151). 

However the authors failed to find any morphometric changes in eNOS-/- mice, suggesting that 

eNOS modulated vascular tone rather than vascular remodeling. Another study demonstrated that 
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the muscularization of pulmonary arteries was more severe than normal in both female and male 

eNOS-/- mice during embryonic stages and at birth, but the abnormal muscularization was 

persisted only in the male eNOS-/- mice, suggesting a gender bias in eNOS-/- mice (152). 

Paradoxically mice with hypoxia-induced PH displayed an increased level of the eNOS protein 

without a concomitant increase in NO bioactivity (153;154).  

Recent studies highlighted that a co-factor for eNOS, tetrahydrobiopterin (BH4), plays an 

important role in the pulmonary vessel homeostasis (155;156). The studies demonstrated that a 

hyperphenylalaninemic mutant mouse (hph-1) exhibits a 90% reduction in GTP-cyclohydrolase 

1 (GTP-CH1), which catalyzes the rate-limiting step for the de novo production of BH4. BH4 

functions as an essential co-factor for several enzymes, including phenylalanine-4-hydroxylase 

(PAH), tyrosine-3-hydroxylase (TH), tryptophan-5-hydroxylase (TPH), all three forms of nitric 

oxide synthase (NOS1, NOS2, and NOS3), and glyceryl-ether mono-oxygenase (157). 

Interestingly, the elevation of RV pressure and muscularization of pulmonary arteries with a 

reduction of NOS activity were evident in hph-1 mice compared wildtype mice. The 

hypertensive phenotype in hph-1 mice can be rescued by crossing them with a transgenic line 

selectively overexpressing GTP-CH1 in ECs. The data suggests that an impairment in BH4 

production of the ECs can cause PAH, presumably through the eNOS pathway. 

Atrial natriuretic peptide (ANP) 

ANP, a member of natriuretic peptides, is a cardiac hormone with potent diuretic, vascular 

relaxant, and antiproliferative properties. In systemic circulation, it modulates intravascular 

volume and the hypertensive response to salt loading (158). Like other natriuretic peptides, ANP 

acts on a membrane-bound receptor that activates particulate guanylate cyclase and promotes 

cGMP accumulation (159).  
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In pulmonary circulation, ANP seems to play a role as a physiological modulator in the 

regulation of vascular resistance and vascular remodeling. Klinger et al. showed that ANP-

deficient mice have moderately elevated RV systolic pressures (22 ± 2 vs. 15 ± 1 mmHg) and 

thickened RV walls when compared to heterozygous or wild-type mice. After 3 weeks of 

hypoxia, the mean RV systolic pressures for homozygous mutants were higher (29 ± 3) than 

heterozygous or wild-type mice (23 ± 1 and 22 ± 2 mmHg, respectively). There was a greater 

degree of vascular remodeling of the distal pulmonary vessels in homozygous mice than in 

heterozygous or wild-type mice under both hypoxic and normoxic conditions (158).  

Vasoactive intestinal peptide (VIP) 

Studies demonstrated that VIP plays an important role as a vasodilator, an inhibitor of 

SMC proliferation, an anti-inflammatory and an anti-apoptotic agent in pulmonary vessels 

(160;161). A recent study demonstrated that deletion of the VIP gene leads to a mild elevation of 

RV pressure with right ventricular (RV) hypertrophy and pulmonary vascular remodeling (162). 

Immunohistochemical analysis showed that a thickening of the medial layer resulted from an 

increase in SMCs and collagen deposition. However the study failed to show the massive 

proliferation of ECs which is typically seen in the severe form of the disease. Another feature of 

VIP-/- mice is that a perivascular infiltration of inflammatory cell was observed surrounding 

affected vessels.  

S100A4/Mts1 

The S100 family members are known to be involved in multiple cellular processes 

including cell motility, intercellular adhesion, extracellular signal transduction, and cell 

proliferation and differentiation (163). S100A4/Mts1, a member of the S100 family of calcium-

binding proteins, has been implicated as being induced in malignant metastatic breast cancer and 

in the stimulation of angiogenesis (163;164). Ambartsumian et al. demonstrated that the 
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S100A4/Mts1 protein is capable of enhancing the endothelial cell motility in vitro and 

stimulating the corneal neovascularization in vivo (163). Lawrie et al. showed that S100A4/Mts1 

can facilitate both the proliferation and migration of the human pulmonary artery SMC through 

receptor for advanced glycation end products (RAGE). Furthermore, it has been shown that a 

subset of transgenic mice (~5%) overexpressing S100A4/Mts1 could develop plexogenic 

arteriopathy with intimal hyperplasia which led to the occlusion of the vessel lumen (165). The 

study also showed that the expression of S100A4/Mts1 was induced in the medial layer of 

vessels with plexiogenic lesions and neointima formation. 

Unanswered Questions in PAH 

Although much progress has been made in the PAH field, a number of questions are yet to 

be answered. First, one debating issue in the etiology of PAH still exists regarding the vascular 

components underlying the initiation and process of the pathological condition of PAH. Because 

all blood vessel components exhibit abnormal remodeling in a PAH individual, there is a paucity 

of information about the cell-type initiating the abnormal vascular remodeling. Studies show that 

a subset of PAH individuals possess endothelial dysfunctions including perivascular infiltration 

of leukocytes, an increase in inflammatory cytokines, and in situ thrombosis (3;14;166-168). The 

data has raised the possibility that dysfunction in the endothelium may lead to an imbalance in 

vasodilators vs. vasoconstrictors, which then triggers the aforementioned abnormal vascular 

remodeling. Nevertheless, no part of the study has clearly demonstrated that the cellular impact 

of the mutation of PAH genes are in a specific cell-type of pulmonary blood vessels.  

Secondly, an emerging body of evidence has implicated that an additional factor (modifier) 

might be necessary to reach the pathophysiological condition, along with a heterozygous 

mutation of BMPR2 gene. In this vein, another issue needing to be answered in the BMPR2 

signaling pathway is which downstream mediator impaired by BMPR2 mutation causes PAH. 
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SMAD is known as a canonical mediator of the BMPR2 signal. A study shows that 

phosphorylation of Smad1/5 was reduced in the pulmonary arterial SMCs of PAH individuals 

with BMPR2 mutation (169). The study suggests that not only BMPR2 expression is reduced, 

but additionally, the activation of the SMAD pathway is severely impaired by a mutation of 

BMPR2 in PAH individuals. On the other hand, because the BMP signaling pathway has a 

crosstalk with other pathways, there is a mounting evidence that the mitogen-activated protein 

kinases (MAPKs), including p38MAPK, p42/44MAPK (ERK1/2), and c-Jun-N-terminal 

kinase/stress-activated protein kinase (JNK/SAPK), are regulated by BMPs and TGF-βs in 

certain cell-types (92;170). Recent studies have shown that exogenous BMP ligands affect 

phosphorylation of p38MAPK and p42/44MAPK, and have a proliferation effect on SMCs (108;169). 

The studies suggest that those MAPK pathways somehow interact with SMAD pathways. 

However, no data has demonstrated which pathway(s), ie. SMAD-dependent or SMAD-

independent, is responsible for PAH due to BMPR2 mutation.   

Thirdly, because the plexiogenic lesion seems to be due to monoclonal proliferation of ECs, 

as shown in the previous studies (12;171), the possibility of a loss of heterozygosity (LOH) of 

BMPR2 gene in those cells has been suggested. The idea is that the monoclonal cell growth 

within such lesions is considered to be akin to neoplasia. Because homozygous null of Bmpr2 

results in early embryonic lethality, it has been suggested that a mutation of one allele of the 

BMPR2 gene is transmitted through the germ line, whereas a mutation of the other allele is 

brought about by somatic mutation. Although there was a limitation in the number of samples, 

Machado et al. failed to find out the LOH of the BMPR2 gene in the plexiform lesion of a PAH 

lung (172). Nevertheless, to test the observation made in humans, the conditionally homozygous 

deletion of the BMPR2 gene in an animal would answer the issue.  
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Lastly, the current mechanism for the hyperplasia in the vascular wall is based on the 

finding of a resistance to apoptosis and proproliferation in SMCs of the MCT model and in PAH 

patients (16;173;174). Besides the hypothetic model based on proliferation vs. apoptosis, recent 

studies have shown that circulating EC progenitor cells or bone marrow-derived cells (BMDCs) 

can also contribute to, to some degree, vascular remodeling (175-178). Although the 

physiological effects of transplanted BMDCs in the experimental model are controversial or 

various, the studies do demonstrate that the BMDCs or circulating EC progenitor cells can be 

incorporated into remodeling medial and intimal layers. Based on the above findings, one 

important question that can be raised is which cell-type, ie. preexisting SMCs or ECs vs. 

circulating progenitor cells or BMDCs, is the dominant player in the abnormal vascular 

remodeling. The studies suggest that both may occur in the process of PAH individuals. 

Nevertheless, none of the studies have demonstrated the issue.  
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Table 1-1.  Diagnostic classification of pulmonary hypertension (PH) 
Pulmonary arterial hypertension 
Idiopathic 
Familial 
Associated with 
Collagen vascular disease 
Congenital left-to-right shunt 
Portal hypertension 
Infection with human immunodeficiency virus 
Drugs and toxins 
Other conditions 
Associated with substantial venous or capillary involvement 
Pulmonary veno-occlusive disease 
Pulmonary capillary hemangiomatosis 
Persistent pulmonary hypertension of the newborn 
Pulmonary hypertension with left heart disease 
Left-sided atrial or ventricular heart disease 
Left-sided valvular heart disease 
Pulmonary hypertension associated with lung disease or hypoxemia or both 
Chronic obstructive pulmonary disease 
Interstitial lung disease 
Sleep-disordered breathing 
Alveolar hypoventilation disorders 
Chronic exposure to high altitude 
Developmental abnormalities 
Pulmonary hypertension due to chronic thrombotic or embolic disease or both 
Thromboembolic obstruction of proximal pulmonary arteries 
Thromboembolic obstruction of distal pulmonary arteries 
Nonthrombotic pulmonary embolism (tumor, parasites, foreign material) 
Miscellaneous 
Sarcoidosis, pulmonary Langerhans’-cell histocytosis, lynphangiomatosis, and 

compression of pulmonary vessels (adenopathy, tumor, and fibrosing mediastinitis) 
This classification is adapted from Humbert et al., 2004 (5) 
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Table 1-2.  Functional classification of pulmonary arterial hypertension (PAH) 
Class Description 

Class I 
Pulmonary arterial hypertension witout a resulting limitation of physical 

activity. Ordinary physical activity does not cause under dyspnea or fatigue, 
chest pain, or near syncope 

Class II 
Pulmonary arterial hypertension resulting in a slight limitation of physical 

activity. The patient is comfortable at rest, but ordinary physical activity 
causes under dyspnea or fatigue, chest pain, or near-syncope 

Class III 
Pulmonary arterial hypertension resulting in a marked limitation of physical 

activity. The patient is comfortable at rest, but less than ordinary activity 
causes under dyspnea or fatigue, chest pain, or near-syncope 

Class IV 
Pulmonary arterial hypertension resulting in an ability to carry out any physical 

activity without symtoms. Dyspnea, fatigue, or both may be present even at 
rest, and discomfort is increased by any physical activity. 

This classification is adapted from Humbert et al., 2004 (5) 
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Figure 1-1.  Signal transduction of TGF-β. There are more than 30 known ligands in the TGF- 
β superfamily. TGF-β family members include TGF-βs, bone morphogenic proteins 
(BMPs)/growth and differentiation factors (GDFs), and activins/inhibin. The ligand 
starts signaling by binding to and phosphorylating the serine/threonine kinase 
receptors, and then the signal is propagated through phosphorylation of the 
cytoplasmic SMAD proteins. There are seven type I, five type II and two type III 
receptors in the signaling pathway. The type II receptor includes TGF-β type II 
receptor (TβRII), activin type II receptors (ActRIIA and ActRIIB), bone 
morphogenetic protein type II receptor (BMPR2), and Müllerian inhibiting substance 
type II receptor (MISR2). The type I receptors include activin receptor-like kinase 
(ALK) 1-7. The type III receptors include β-glycan and endoglin. Eight SMAD 
proteins have been identified in mammals so far. The activated type I receptor 
phosphorylates receptor-regulated SMADs (R-SMADs). The R-SMADs then form a 
complex with a common partner SMAD 4 (Co-SMAD), and enter into the nucleus. 
The inhibitory (I)-SMADs, SMAD 6 and SMAD 7, negatively modulate TGF-β 
signaling by inhibiting the interaction between R-SMADs and type I receptor or 
SMAD 4 and by targeted degradation of receptors. 
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CHAPTER 2 
MATERIALS AND METHODS  

Sequence Comparison Analyses 

Mouse and human ALK1 genomic DNA sequences were obtained from the UCSC Genome 

browser (http://genome.ucsc.edu). To visualize the mouse and human ALK1 genomic sequence 

homology, dot-plot sequence comparisons were performed by using the Dot Matcher program 

available at European Molecular Biology Open Software Suite (http://p8090-

bioinfo.pbi.nrc.ca.lp.hscl.ufl.edu/EMBOSS/), and DNA sequence homology alignment was 

conducted using the Blast 2 Sequences program 

(http://www.ncbi.nlm.nih.gov.lp.hscl.ufl.edu/gorf/bl2.html). Blast 2 Sequences was also used to 

search for common regulatory elements between Alk1 and endothelium- or artery-specific genes. 

The following genes were included: Tek (Tie-2), Nos3 (eNOS), and Cdh5 (VE-cadherin), for 

endothelium-specific genes; and Efnb2 (Ephrin-B2), Bmx, Nrp (Neuropilin-1), Dll4, Notch1, 

Notch3, and Notch4, for artery-specific genes. Full-length gene sequences as well as 10 kb 5' 

regulatory regions from each gene were used as queries, and comparisons against 9.2 kb pXh4.5-

in2 sequence were performed with default settings. 

In Silico Analysis of Alk1 Promoter 

To identify potential transcriptional factor binding sites (TFBSs) in the pXh4.5-in2 

sequence, the rVISTA 2.0 program provided by Lawrence Livermore National Laboratory was 

utilized (http://rvista.dcode.org/). The program matches a TFBS consensus matrix from the 

TRANSFAC 7.3 database (http://www.biobase.de) to query sequences and tests whether matched 

consensus matrixes are conserved between two query sequences. Some transcriptional factors 

(TFs) have multiple consensus matrixes with different names in the database. Therefore, the 

number of potential TFBS consensus matrixes is usually greater than the number of potential 
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TFs. In addition, the number of TFBSs is usually greater than the number of TFBS consensus 

matrixes because each TFBS consensus matrix can be matched to multiple locations in the query 

sequences. For the Alk1 regulatory element analysis, the same set of sequences used for the dot-

plot analysis were inputted into the rVISTA 2.0 program. Potential TFBSs that were conserved 

between the mouse and human sequences were then obtained. The program located 471 

conserved potential TFBSs in the 9.2 kb mouse sequence, where each TFBS was matched to one 

of the 112 TFBS consensus matrixes. Among these112 matrixes, 16 TFBS consensus matrixes 

for the 12 TFs were known to regulate EC-specific genes. 

Generation of Transgenic Mouse Lines 

The pXh4.5-SIBN and pBam9-SIB constructs were generated from 4.5 kb of Xho I and 9.2 

kb of Bam HI fragments of Alk1, which contain 2.7 kb and 8 kb of the promoter regions, 

respectively, as well as exon 1 through a 5' region of intron 2. For the third construct, pXh4.5-

in2-SIB, the 3' end of the 4.5 kb of Xho I fragment was extended to 3' region to include the rest 

of intron 2, exon 3, and a 5' region of intron 3, for a total length of 9.2 kb. Each Alk1 genomic 

fragment was connected to either the SIBN or SIB cassette, which contained SV40 splicing 

donor/acceptor signals (SD/SA), internal ribosomal entry sequence (IRES), β-galactosidase gene, 

poly A signal, and with or without a neomycin resistant gene cassette driven by the PGK 

promoter. The DNA constructs were microinjected into the male pronuclei of fertilized eggs 

from the FVB strain using the established procedures. The founder lines were screened by 

genomic Southern blot or PCR analyses. Several founder lines from pXh4.5-SIBN, pBam9-SIB 

and pXh4.5-in2-SIB were further examined for their transgene expression by whole-mount X-gal 

staining of F1, F2, or F3 embryos. Consequently, four pXh4.5-SIBN, one pBam9-SIB, and two 
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pXh4.5-in2-SIB mouse lines were established. The mouse lines from the pXh4.5-in2-SIB 

construct will be referred as Tg(Alk1-lacZ) hereafter. 

For the generation of Tg(Alk1-cre) lines, the 9.2 kb of Alk-1 promoter/enhancer element 

was used. The 9.2 kb of Alk1 fragment was connected to a Cre transgene. For proper splicing and 

initiation for transcription, the Cre cassette also contained SD/SA, IRES and Cre genes. Two 

independent founder lines, Tg(Alk1-cre)-E and Tg(Alk1-cre)-L1, were obtained from the pAlk1-

Cre construct. To test the ability of the Cre-mediated DNA excision, the Tg(Alk1-cre) F1 mouse 

was crossed with a Cre tester line, R26R, and subsequently X-gal staining and histology were 

carried out. 

Mouse Breeding 

All procedures performed on animals were reviewed and approved by the University of 

Florida Institutional Animal Care and Use Committee. The mice used for the procedures were 

wild-type C57BL/6J and FVB mice, which were purchased from Harlan (Indianapolis, Ind). The 

establishment of Alk1+/lacZ, Alk5+/lacZ, and Flk+/lacZ reporter lines were described previously 

(81;117;179). 

The pregnant female mice were sacrificed at specific gestational days. To examine the 

expression pattern of Alk1 in embryos, male Tg(Alk1-lacZ) mice were crossed with either the 

C57BL/6J or FVB wild-type mice. Once a vaginal plug was found, the stage of the embryo was 

considered as at embryonic days (E) 0.5. The pregnant female mice were dissected at various 

embryonic stages such as E7.75, 8.5, 9.5, 10.5, 11.5, 12.5, 13.5, 15.5, and 18.5 embryos. The 

harvested embryos were then subjected to X-gal staining. To examine the expression pattern of 

Alk1 at postnatal stages, various organs such as lung, heart, intestine, eyes, brain, kidney, and 

skin were isolated and used for X-gal staining. 
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For examination of the expression pattern of Alk1, Flk1, or Alk5  gene in the placenta, 

female Tg(Alk1-lacZ), Alk1+/lacZ, Alk5+/lacZ, or Flk1+/lacZ mice were intercrossed with wild-type 

C57BL/6J male mice. The embryos and uteri/placentas were used for examining expression 

patterns of LacZ in the maternal and fetal blood vessels in the placenta and umbilical vessels. To 

generate Alk1-null embryos, male and female Alk1+/lacZ mice were intercrossed. At E9.5 and 

10.5, placentas with embryos were harvested, fixed and stained with an X-gal solution. 

To test the Cre-mediated DNA excision, a male Tg(Alk1-cre) F1 mouse was crossed with a 

female R26R mice. At E9.5, 10.5, 11.5, 13.5 and 15.5 embryos were harvested, fixed and stained 

with an X-gal solution. To examine the Cre-mediated DNA excision in a germ cell, male or 

female Tg(Alk1-cre);R26R bigenic mice were crossed with wild-type C57BL/6J mice. At various 

embryonic stages, embryos were harvested and subjected to X-gal staining.  

Conditional allele of Bmpr2 was generated in a previous study (180). Mice carrying Bmpr2 

conditional allele were bred with the Tg(Alk1-cre)-L1 line. After multiple rounds of the breeding 

process, the following mouse groups containing different genetic combination were generated: 

Alk1-cre(+);Bmpr2f/f, Alk1-cre(+);Bmpr2+/f,and Alk1-cre(-);Bmpr2f/f. To visualize the Cre-

mediated Bmpr2 deletion, an R26R transgene was introduced into a few of the mice in each 

group, and a PCR analysis was carried out with a primer set flanking two loxP sequences. 

X-Gal Staining 

For examination of the embryonic expression pattern of Alk1in the Tg(Alk1-lacZ) line, the 

pregnant female mice were euthanized by cervical dislocation. Mouse uteri with embryos were 

removed, placed in PBS, and opened to expose the embryos. The residual uterine wall and yolk 

sac were carefully removed. If the embryos were older than E12.5, chest and abdominal walls of 

the embryos were opened, and internal organs were isolated and processed together with the 

embryos. The isolated embryos were subjected to fixation with a fixative solution (1% 
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formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl2, 5 mM EGTA, and 0.02% NP-40) for 10 

minutes at room temperature. After fixation, the embryos were washed with PBS for 5 minutes. 

The washing was repeated three times on a rocker. Next the embryos were put into an X-gal 

solution [5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 0.01% NaDeoxycholate, and 0.5 

mg/ml X-gal]. The embryos were incubated in the X-gal solution overnight at 37℃. The next 

morning, the stained embryos were washed with PBS, fixed with 4% paraformaldehyde for 2hrs, 

washed again with PBS and kept at 4℃ for future use. To examine the LacZ expression in 

organs at postnatal stages, each organ was removed, sliced to 1-2 mm thickness and stained with 

the same X-gal staining procedure as the embryos.  

To examine the β-galactosidase activities in the extraembryonic proper of Tg(Alk1-lacZ), 

Alk1+/lacZ, Alk5+/lacZ, or Flk1+/lacZ embryos, the uterine wall and yolk sac were opened, and the 

placenta with the embryo attached were fixed for 15 minutes in the X-gal fixative solution. For 

E12.5 - 15.5 stages, placentas were sagittally dissected to 1-2 mm thickness for better penetration 

of X-gal solution. After washing with PBS, the same X-gal staining procedure that was 

employed on the embryos was applied. The stained samples were either embedded in paraffin for 

histology or cleared with organic solvent (Bezyl alcohol:Benzyl benzoate = 1:1) for whole mount 

imaging.  

PCR Analysis 

Tail biopsies were carried out at three weeks post-delivery. A small piece of the yolk sac 

was used for the genotyping of embryonic stages. The clipped tail or yolk sac was lysed in lysis 

buffer [50 mM Tris (pH 8.0), 0.5% TritonX-100] with proteinase K (1 mg/ml) for overnight at 

55℃. The next morning the lysed tail samples were centrifuged at 12000 rpm for 10 minutes to 

precipitate tissue debris. The PCR reaction mixture consisted of the following: 2.5 μl of 10X 
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buffer, 3 μl of MgCl2 (25 mM), 0.5 μl of dNTPs (25 pM), 0.5 μl of each primer, 1 μl of genomic 

DNA, and 15 μl of H2O. Mineral oil was overlaid to prevent the PCR mixture from evaporation. 

A “hot start” PCR reaction was prepared under the following directions: the mixture was stayed 

at 94℃ for 10 minutes then the temperature was lowered to 72℃. Once the temperature reached 

72℃, 2 μl of a Taq polymerase was added. After adding the Taq polymerase, the PCR cycle was 

run in the following way: 35 cycles at 94℃ for 45 seconds, 1 cycle at 60℃ for 45 seconds, and 1 

cycle at 72℃ for 1 minute. The primers used for genotyping are summarized in the Table 2-1. 

Wound Healing Study 

Four-month-old mice were anesthetized with an intraperitoneal (I.P.) injection consisting 

of 0.015 mL of 2.5% Avertin per gram of body weight. The back of the mouse was shaved and 

swabbed with Betadine. Three 4mm-diameter full-thickness excisional wounds were placed on 

the mid-dorsum using a biopsy punch. The wounds were not sutured and were treated with 

Betadine. The wounded areas were completely recovered after 14 days, in most cases. The mice 

were euthanized at six different time points (3, 5, 8, 10, 12, and 14 days after wounding), and full 

dorsal-side skins were removed and stained with X-gal, followed by fixation and clearing. 

Histology and Immunohistochemistry 

The pieces of tissue and embryo samples were dehydrated with increasing concentrations 

of ethanol (70 %→ 95 %→ 100 %) for 15 minutes each and incubated in an organic solvent for 

another 15 minutes. After incubation in the organic solvent, the samples were incubated in 

paraffin for at least 2 hrs. The embedded embryos, placentas, and adult tissue samples were cut 

into 6-7 μm of thicknesses. For morphometric analysis after hemodynamic study, the left lobe of 

lung was transversely cut to 5 μm thickness. Tissue sections were deparaffinized in CitrosolV for 

at least 15 minutes and sequentially rehydrated with an ethanol series (100 % → 95 %→70 %, 15 
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minutes/each) and water. Some of the sections were subjected to hematoxylin and eosin (H&E) 

staining. To determine the X-gal positive cells, the sections were counterstained with nuclear fast 

red (NFR).  

For immunohistochemistry, the standard ABC method was used with a Vector staining kit 

(Vector laboratories, Inc., CA). Briefly, sections were hydrated and endogenous peroxidase 

activity was blocked by treating them with 3% (v/v) hydrogen peroxide (H2O2) at room 

temperature for 10 minutes. After two times of washes with PBS, the sections were incubated 

with blocking serums corresponding to their secondary antibodies species for 1 hour at room 

temperature, followed by an incubation of primary antibodies. Biotinated secondary antibodies 

were incubated for thirty minutes after being washed with PBS. After secondary antibody 

incubation, sections were treated with peroxidase-conjugated avidin/biotin complex for thirty 

minutes followed by two PBS washes. Color development was carried out with a DAB+ substrate 

chromogenic solution (Vector laboratories, Inc., CA). The antibodies used for 

immunohistochemistry are the following: αSMA (clone: 1A4; Sigma, 1:800), Pecam1 (clone: 

Mec13.3; PharMingen, 1:200), phosphor-Smad1/5/8 (Cat. # 9511; Cell Signaling Tech., 1:300), 

CD68 (clone: M-20; Santa Cruz Biothech., 1:400), cytokeratin (Cat. #: Z0622, DAKO, 1:600), 

Ki-67 (clone: M-19 Santa Cruz Biothech., 1:400) von Willebrand factor (Cat #: A0082; DAKO, 

1:400), fibrin(ogen) (Cat. #: A0080; DAKO, 1:400), Tenascin-C (Cat. #: AB19013; Chemicon, 

1:200), cleaved caspase-3 (clone: 5A1; Cell Signaling Tech., 1:400), and Serotonin transporter 

(clone: C-20; Santa Cruz Biotech., 1:200) antibodies. 

Hemodynamic Analysis 

 Indirect systemic pressure was recorded by using the tail-cuff method. A pneumatic pulse 

sensor was distally placed on the tail to an occlusion cuff controlled by a Programmed Electro-
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Sphygmomanometer (PE-300, Narco Bio-Systems, TX). To evaluate pulmonary pressure, right 

ventricular systolic pressure (RVSP) was measured by right heart catheterization through the 

right jugular vein. Briefly, each mouse was anesthetized with Ketamine (100 mg/kg)/Xylazine 

(15 mg/kg) and placed in a supine position. A 2-3 cm incision was made to expose the right 

jugular vein. A Mikro-Tip pressure transducer (SPR-835, Millar Instrument, TX) was inserted 

into the right external jugular vein and advanced into the right ventricle. All electrical outputs 

from the tail cuff, the pulse sensor and transducer were recorded and analyzed by a Powerlab 

8/30 data acquisition system and the associated Chart software (ADinstrument, CO). After the 

hemodynamic study, the mouse was euthanized, and the organs, including the heart and lungs, 

were isolated for further analyses. The outflow tract and atria were removed prior to the 

weighing of the right and left ventricle plus the septum. 

Morphometric Analysis 

After the hemodynamic analysis, the left lung was then inflated with 20-25 cmH2O of 

gravity for 20 minutes followed by flow with 4% paraformaldehyde for another 20 minutes. The 

trachea of the inflated lung was tied up with suture silk and fixed with 4% paraformaldehyde 

overnight. The next morning, the lung sample was washed two times with PBS for 10 minutes 

each, then transversely sliced into 0.5 cm sections. To determine the muscularized peripheral 

vessels and wall thickness, immunostaining with αSMA was performed. In each section, αSMA-

positive vessels were categorized by their locations such as vessels at the level of terminal 

bronchioli, respiratory bronchioli, alveolar ducts, or alveolar sac. To determine muscularization 

of pulmonary vessels, peripheral blood vessels ranging from 30-70 μm of diameter were counted 

in at least four fields at X20 magnification. The counted vessels were categorized as fully 

muscularized (75-100% of medial layer is covered by αSMA staining), partially muscularized 
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(1-74% of medial layer is covered by αSMA staining), or non-muscular vessels at the level of 

alveolar duct and alveolar sac. The percentage of pulmonary vessels in each category was 

calculated by dividing the number of vessels in the category by the total number of counted 

vessels in the same field. To calculate the percentage of wall thickness (WT), circular and fully 

muscularized vessels with ranges of 30-70 μm of diameter were selected. A thickness (WT1) 

between the outer boundary and the inner boundary of the αSMA-positive medial layer was 

measured. Another thickness (WT2), the diametrically opposite point of the vessel, was 

measured. At the same time, the external diameter (ED) was also measured. The percentage 

medial thickness for these vessels were calculated as [(WT1 + WT2) X 100]/ED. 

Western Blotting 

 One of the right lung lobes were used for Western blot analysis. Once removed from a -

80℃ freezer, the lung lobe was placd into a Chemicon lysis buffer [50 mM Tris (pH 6.8), 1 mM 

EDTA and 2% SDS], disrupted with a  pestle until the lung tissue was able to move freely, 

sonicated three times for 5 seconds and spun at 13000 rpm for 15 minutes. The concentration of 

protein was determined using the Biorad DC Assay kit. Forty micrograms of total proteins were 

fractionated by 12% of SDS-PAGE, transferred to PVDF membranes and incubated with the 

primary antibody for BMPR2 (Cat #: 612292; BD Transduction Lab., 1:500). After incubation 

with horseradish peroxidase-linked anti-mouse IgG, a chemiluminescent detection reagent (ECL 

PlusTM, Amersham Pharmacia Biotech Inc, NJ) was used to detect the protein. The antibodies 

used for the other Western blotting analysis’s are the following; phospho-ERK (clone: E-4; Santa 

Cruz Biothech., 1:800), total ERK (p44/42) (Cat #: 9102; Cell Signaling Tech., 1:800), Smad 1 

(clone: T-20; Santa Cruz Biothech., 1:400), Alk1 (clone: D-20; Santa Cruz Biothech., 1:400), 
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eNOS (Cat #: 610296; BD Transduction Lab., 1:800), GAPDH (Cat. #: ab8245; abcam, 

1:10,000), and β-actin (clone:A5441; Sigma, 1:10,000). 

Statistics 

Data were described as mean ± SEM. The difference between groups was determined by 

the Student’s t-Test or Two-way ANOVA. A value of p< 0.05 was considered as a statistically 

significant. 
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Table 2-1.  Primers used for PCR reactions 
Genes Forward primers Reverse primers 
Bmpr2 
(floxed) CACATATCTGTTATGAAACTTGAG CACATATCTGTTATGAAACTTGAG 

Bmpr2 
(null) CACATATCTGTTATGAAACTTGAG TTATTGTAAGTACACTGTTGCTGTC 

Cre GCTAAACATGCTTCATCGTCGGTC CAGATTACGTATATCCTGGCAGCG 
LacZ GTCGTTTTACAACGTCGTGACT GATGGGCGCATCGTAACCGTGC 
Alk1 
(wildtype) CAGCACCTACATCTTGGGTGGAGA ACTGTTCTTCCTCGGAGCCTTGTC 

Alk1 
(mutant) CAGCACCTACATCTTGGGTGGAGA CGGGTACAATTCCGCAGCTTTTAG 

Alk5 TGCCAAATGAAGAGGATCCATCAC
TAG AAGACCACTTGCTGTGGACAGAG 
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CHAPTER 3 
IDENTIFICATION OF ARTERIAL ECS-SPECIFIC ALK1 PROMOTER 

Note 

The work presented in this chapter was published in “Isolation of a Regulatory Region of 

Activin Receptor-Like Kinase 1 Gene Sufficient for Arterial Endothelium-Specific Expression” 

by Seki T, Hong KH, Yun J, Kim SJ, Oh SP, 2004 Circulation Research;94:e72., and “Activin 

receptor-like kinase 1 (ALK1) is essential for placental vascular development in mice” by Hong 

KH, Seki T, and Oh SP, 2007 Laboratory Investigation; 87(7):670-679. 

Introduction 

Blood vessels consist of a network of arteries, capillaries, and veins. Recent discoveries of 

artery- or vein-specific genes, such as ephrinB2 and its receptor EphB4, and some molecules 

involved in the Notch-delta signaling pathway have contributed to a significant advancement in 

understanding the mechanisms by which arteries and veins gain their distinct identities during 

vascular development (181). In contrast to the long-standing belief that the acquisition of arterial 

and venous identities is largely determined by different physiological parameters (eg, blood flow, 

blood pressure, and shear stress), genetic studies in mice and fish suggest that arterial and venous 

ECs acquire their distinct molecular identities before the establishment of blood flow (182;183). 

Studies have shown that the aforementioned artery- or vein-specific genes play crucial roles in 

angiogenesis and segregation of the two blood vessel types (182;184;185). It remains unclear, 

however, whether those genes are directly involved in the morphogenesis of vessel type–specific 

architecture during development.  

ALK1 is a TGF-β type I receptor in vascular ECs (113;186). Haploinsufficiency of ALK1 

in a human causes HHT2, also known as Osler-Weber-Rendu syndrome, which is characterized 

by recurrent epistaxis, localized mucocutaneous telangiectases, and arteriovenous malformations 
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(AVM) in the lungs, liver, and brain (187;188). Mutations on the gene include nonsense, 

missense, frameshift, and interference of splicing, all of which seem to result in loss-of-function 

mutations (188). Clinical and genetic data have demonstrated that 60% of HHT cases are caused 

by such exonic mutations; however, types of mutation in the remaining 40% of the cases are still 

inexplicable (189;190). Although there has been significant progress in understanding the 

genetics of HHT, an etiological role of non-exonic mutations of ALK1 in HHT still remains to be 

studied. 

Pathologically, the telangiectasia is divided into three stages. In the first stage, the 

cutaneous vascular bed is obvious with the dilation of postcapillary venule followed by a 

thickening of vessel walls resulting from accumulation of excessive pericytes. In the second 

stage, dilated arterioles are observed with intervening capillary beds. In the end stages, the 

venule becomes gradually dilated and spreaded throughout the skin in a tortuous pattern. The 

capillary network is no longer observed and is replaced by direct connections between arterioles 

and venules. The arteriole and venule portions of each arteriovenous connection appear to 

maintain characteristics of their origins (191).  

Our lab and another group have reported that Alk1 plays an important role in vascular 

development and remodeling (113;114;117). Homozygous Alk1 mutant mice show embryonic 

lethality around E10.5 with severe vascular defects characterized by hyperdilation of large 

vessels, and failure in recruitment of VSMCs sheathing ECs tube (113). Consistent with this 

result, a mutation in the zebrafish Alk1 gene, vbg, resulted in an increased number of ECs within 

the affected vessel, suggesting the role of Alk1 in vascular remodeling (192). It has also been 

shown that Alk1 heterozygous mice display HHT-like phenotypes in a number of characteristics 

including age-dependent penetrance, lesions in specific anatomical locations, histological 
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similarities between the lesions, and even the recapitulation of the secondary phenotype of 

cardiac pathology (115). 

Using Alk1-lacZ "knock-in" mice (Alk1+/lacZ), we have previously observed a dynamic 

spatiotemporal expression pattern of Alk1: Alk1 is expressed predominantly in arterial ECs 

throughout the developmental and postnatal growth stages, and its expression is diminished in the 

adult stage; Alk1 expression is induced in reconstructing and remodeling arteries during 

angiogenesis prompted by either wound healing or tumorigenesis (117). The data from these 

expressions together with the VSMC defect in Alk1-deficient embryos suggest that ALK1 may be 

directly involved in the morphogenesis of arterial development and remodeling. As proposed in 

the earlier study, HHT has been generally considered as a disease that is initiated in the vein 

(112). However, our demonstration, which shows predominant Alk1 expression in arterial ECs, 

suggests that the artery is the primary vessel affected, and the remodeling of the vein could be a 

secondary effect caused by hemodynamic changes (117).  

The placenta is a vital organ for exchanging gases, nutrients, waste products, and various 

cytokines as a maternal and fetal interface (193;194). Morphogenesis of the chorioallantoic 

placenta begins with formation of the chorion from extra-embryonic ectoderm and the allantois 

from mesoderm at the posterior end of the embryo during gastrulation. Subsequently, allantois 

reaches to the chrionic plate, and feto-placental blood vessels are established by E8.5 (195). 

Extensive branching morphogenesis by the allantoic mesoderm and the chorionic trophoblasts 

(syncytiotrophoblasts) takes place to structure the labyrinth (Lab) layer at which the maternal-

fetal exchange occurs. Both mouse and human placentas are similar because both belong to the 

hemochorial placenta, in that the lining of the fetal trophoblast cells are in direct contact with the 

maternal blood. Trophoblasts from the ectoplacental cone contribute to the spongiotrophoblast 



 

55 

(Sp) layer, in which maternal arterial endothelial cells are eroded away and replaced by fetal 

trophoblast cells. This replacement step is important because it makes the maternal arteries low 

resistant vessels (194). 

The main goal of this chapter is to characterize the nature of the spatiotemporal pattern of 

Alk1 expression using the conventional transgenic approach, and to further analyze both 

embryonic and extraembryonic Alk1 expression in the transgenic line. 

Results 

Generation of Transgenic Constructs and In Silico Analysis of the Alk1 Promoter 

To investigate the cis-acting elements required for the spatiotemporal expression of the 

Alk1 gene (Figure 3-1A), three different transgenic constructs containing various regions/lengths 

of putative regulatory sequences connected to the lacZ gene were generated (Figure 3-1B). The 

first construct, pXh4.5-SIBN, contained a 2.7 kb promoter, exon 1, and a part of 5' region of 

intron 2. Five independent founder lines were established from this construct, and the 

transmission of the transgene to F1 offspring was confirmed via genomic Southern blot analyses. 

None of the embryos from these lines, however, displayed the vascular-specific expression of the 

lacZ gene. To investigate whether the essential regulatory elements resided in upstream 

sequences, the 2.7 kb promoter region was extended to a total length of 8 kb in the second 

construct, pBam9-SIB. As in the first case, a mouse line from this construct did not exhibit a 

vascular-specific expression pattern of the transgene either.  

These results prompted us to search for the potential regulatory elements by comparing 

DNA sequences between the human and mouse ALK1 gene loci. Intriguingly, dot plot and blast 

analyses revealed the presence of highly conserved sequences at the 3' region of intron 2 (Figure 

3-1C). The span of a 1.8 kb conserved region in the 3' region of intron 2 consisted of at least five 

homologous regions ranging from 37 to 145 bp in length, and each sequence cluster showed more 
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than 80% identity (data not shown). Based on these results, a third construct, pXh4.5-in2-SIB, 

which was similar to the first construct, pXh4.5-SIBN, but with the extension of the 3' region to 

include the remaining intron 2, exon 3, and approximately 300 bp of 5' region of intron 3, for a 

total length of 9.2 kb were generated (Figure 3-1B). Two founder lines from this construct 

showed artery-specific expression of the lacZ gene (Figure 3-2A), which recapitulated the pattern 

seen in Alk1+/LacZ embryos (Figure 3-2B).  

To examine detailed regulatory activities of the 9.2 kb Alk1 sequences, a pattern of X-gal 

stainings in various stages of embryos, adult organs, as well as in wounded skins, were prepared 

and compared to the results to those of the Alk1+/lacZ mice.  

Expression Pattern of LacZ in Tg(Alk1-lacZ) Mice 

Two transgenic mouse lines from the pXh4.5-in2-SIB construct, Tg(Alk1-lacZ)C2 and K1, 

showed identical expression patterns with slightly different intensity [thus, will be collectively 

referred as Tg(Alk1-lacZ) hereafter]. In embryos, the transgene expression pattern of Tg(Alk1-

lacZ) was virtually indistinguishable from Alk1+/LacZ except for the intensity levels (Figure 3-2). 

Strong expressions in the capillaries of perineural tissues in E10.5 to 13.5 embryos were 

consistently observed (Figure 3-2C and 2D). The transgene expression in Tg(Alk1-lacZ) was 

detected in developing arterial ECs, but neither in VSMCs nor in venous ECs (Figure 3-2E and 

2F). The artery-specific expression was also clearly shown in internal thoracic arteries (Figure 3-

2G and 2H), mesenteric arteries (Figure 3-2I), and descending aorta and intercostal arteries 

(Figure 3-2J and 2K). Strong expression in the pulmonary vessels (Figure 3-2L and 2M), and the 

lack of staining in the liver (data not shown) were also consistent with those in Alk1+/LacZ.  

The X-gal staining patterns of Tg(Alk1-lacZ) mice during postnatal life were, to a large 

extent, identical to the ones of Alk1+/LacZ mice, in which the intense Alk1 expression in arterial 

vessels during the postnatal growth phase was greatly diminished in most of the tissues except for 
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the lungs at the adult stage. Consistent with these observations, Tg(Alk1-lacZ) mice showed 

intense vascular staining, such as in the brain and the iris (Figure 3-3A and 3B), during the early 

postnatal growth phase. In the adult stage, however, positive staining was barely detectable in the 

capillary-like small vessels throughout the body, except for a moderate amount of expression in 

the lungs (Figure 3-3C through 3E). In the skin, the Tg(Alk1-lacZ) mice showed intense staining 

of arteries at the newborn stage (Figure 3-3F) as observed in Alk1+/LacZ. Unlike Alk1+/lacZ mice, 

however, the expression was greatly reduced in the 2-week-old mice. 

Next, a transgene expression during induced angiogenesis in adult mice using a skin wound 

healing model was also examined. Although overall X-gal staining intensity in the skin was 

lower in Tg(Alk1-lacZ) mice when compared with the Alk1+/lacZ mice, the expression pattern was 

comparable. During wound healing in the adult stage, the transgene expression was induced in 

arterial vessels in a similar fashion as the Alk1+/lacZ mice, although the staining was significantly 

lighter and limited in both duration and area (Figure 3-3G through 3J). Although the vascular 

staining in the wounded area of the Alk1+/lacZ mice was present from days 3 to 12 after wounding, 

staining of the transgenic mice was observed only from days 3 to 8. Also, the staining was 

restricted to the vessels adjacent to the wounds and did not extend to distant arteries that fed the 

wound lesion in the transgenic mice.  

Identification of Regulatory Elements in the Homologous Regions 

Our transgenic studies indicate that the conserved intronic regions may contain the 

enhancer element(s) for the artery-specific Alk1 expression. To investigate whether the 9.2 kb 

regulatory fragment of the Alk1 gene contains common regulatory elements, DNA sequence 

homology alignments between the 9.2 kb regulatory sequence and regulatory regions of other 

known endothelium- or artery-specific genes were performed. Extensive homology searches, 

however, did not reveal any significant continuous homology region.  
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To identify potential transcriptional factor binding sites (TFBSs) in the 9.2 kb regulatory 

fragment, comprehensive in silico analysis with the rVISTA 2.0 program was performed. In the 

analysis, 16 conserved TFBSs for 12 transcriptions factors known to regulate EC-specific genes 

within the 9.2 kb regulatory fragment were found (Table 3-1, Figure 3-4). The in vivo relevance 

of the conserved intronic regions and TFBSs remains to be investigated. 

Alk1 Is Expressed in the Primitive Blood Vessels During Early Chorioallantoic Placenta 
Development 

Utilizing Alk1+/lacZ as well as Tg(Alk1-lacZ) lines, the expression pattern of Alk1 during 

early chorioallantoic placental development was investigated. The first detectable Alk1 

expression was observed in the allantoic bud at around E7.75 (Figure 3-5A). At the subsequent 

stages when the allantoic mesoderm forms primitive umbilical vessels and reaches to the 

chorionic plate, Alk1 expression was detected in these primitive vascular beds formed in the 

allatoic mesoderms as well as in the embryonic blood vessels (Figure 3-5B). Most Alk1-positive 

cells in these extra-embryonic tissues were positive for Pecam1, a mature endothelial cell-

specific marker (Figure 3-5C and 5D). Alk1 expression was apparent in patent blood vessels 

formed in the chorio-allantoic connection of E9.0 embryos (Figure 3-5E and 5F).   

Alk1 Is Differentially Expressed in Umbilical Arterial Endothelium, and Required for the 
Distinctive Umbilical Artery and Vein  

To further investigate whether the arterial endothelium-specific expression pattern that we 

have observed in the embryo proper is conserved in extraembryonic vessels, we examined the X-

gal staining pattern in the umbilical vessels of E15.5 Alk1+/lacZ and Tg(Alk1-lacZ) mice and 

compared it with that of Flk1+/lacZ and Alk5+/lacZ mice. X-gal-positive cells were found mostly in 

the umbilical arterial endothelium of Alk1+/lacZ mice (Figure 3-6A and 6B). No X-gal positive 

cells were found in the vascular smooth muscle or adventitial layers, and the venous endothelial 

cells had a very weak X-gal positive staining. Tg(Alk1-lacZ) mice exhibited the same expression 
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pattern with the Alk1+/lacZ mice, except that the X-gal staining intensity in the venous 

endothelium was stronger than that of Alk1+/lacZ mice (Figure 3-6C and 6D). In contrast, X-gal-

positive cells were found in both the arterial and venous endothelium as well as in the capillaries 

in the advantitial layer of the umbilical artery in Flk1+/lacZ mice (Figure 3-6E and 6F). 

Interestingly, the X-gal staining intensity in the venous endothelium was stronger than that of the 

arterial endothelium (Figure 3-6E). In addition, X-gal-positive staining in the microvessels 

surrounding medial layer of arteries were detected in Flk1+/lacZ (Figure 3-6E), but not in Alk1+/lacZ 

mice (Figure 3-6C). These results demonstrate heterogeneity of expression of endothelial-

specific genes in a vessel type-dependent manner. The Alk5 expression was predominantly 

detected in the medial layers but not in the endothelium of both umbilical arteries and veins 

(Figure 3-6G and 6H). The non-overlapping expression patterns of these TGF-β type I receptors 

are consistent with our previous study in embryonic vessels, suggesting that TGF-β  might be 

involved in vascular morphogenesis utilizing two distinct type I receptors: ALK1 in ECs and 

ALK5 in vascular SMCs.   

The vessel type-specific expression patterns as well as the function of Alk1 were 

investigated with Alk1+/lacZ and Alk1lacZ/lacZ embryos at E9.5 and 10.5 stages. The differential 

expression pattern was not obvious at the E9.5 stage (Figure 3-7A), but became noticeable by the 

E10.5 stage (Figure 3-7C). Umbilical arterial and venous lumens were clearly separated in 

Alk1+/lacZ mice along the entire length of umbilical vessels (Figure 3-7A and 7C), whereas only 

one large lumen was found in the Alk1-null embryos at both E9.5 (four out of four embryos) and 

E10.5 (three out of three embryos), especially around the middle of umbilical vessels (Figure 3-

7B and 7D).    
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Alk1 Is Expressed in the Arteries and Capillaries in the Labyrinth Layer of Placenta  

Next, the Alk1 expression in the mid- and late gestational stages of placentas was 

examined. Expression patterns in both Tg(Alk1-lacZ) and Alk1+/lacZ placentas were essentially 

identical, although the overall staining intensity appeared to be higher in the Tg line (Figure 3-

8A – 8F). A murine placenta is a multiple layered organ consisting of an endometrium-derived 

deciduas (Dec), a junctional zone containing trophoblast giant cells, a spogiotrophoblast (Sp), 

and a labyrinth (Lab) where physiological exchanges occur (193). The Lab layer contains 

multiple cellular barriers: a single layer of mono-nucleated cytotrophoblasts, two layers of multi-

nucleated syncytiotrophoblasts, and fetal capillary endothelial cells (194). Predominant arterial 

staining was again manifested, and fetal arteries projecting to the Lab layer of the definitive 

placenta were distinctively highlighted by the X-gal staining. On the other hand, X-gal staining 

was not detected in the Sp as well as Dec layers of placentas in the Alk1 reporter lines.  

Dissimilar from Alk1 reporter lines, X-gal-positive fetal arteries projecting into the Lab layer 

were unobservable in the Flk1+/lacZ mice (Figure 3-8G – 8I). In addition, Flk1 expression was 

detected from maternal vessels in the decidua and uterine walls (Figure 3-8G). 

Histological sections of X-gal stained Alk1+/lacZ placenta confirmed the restricted Alk1 

expressions in the umbilical vessels and the Lab layer (Figure 3-9A – 9D). No detectable X-gal 

staining was observed from fetal and maternal vessels in the Sp and Dec layers. To determine the 

cell type expressing Alk1 in the Lab layer, we stained E12.5 placenta sections with anti-Pecam1 

or cytokeratin (CK) antibodies. We used E12.5 placentas because the villus density in the Lab 

layer is less compact than that of E15.5, and thus different cell layers can be identified more 

easily. The X-gal-positive cells in the Lab layer appeared to be Pecam1-positive, but mostly non-

overlapping with CK-positive cells, showing that Alk1 is expressed in endothelial cells but not in 

syncytiotrophoblasts. 
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Alk1-Deficiency Results in Impairment of Umbilical and Placental Blood Vessel Formation 

To investigate the role of Alk1 in placental development, Alk1-null placentas at E9.5 stage 

were examined. The branching morphogenesis of the chorionic ectoderm and invasion of 

allantoic mesoderm into the Lab layer of Alk1lacZ/lacZ placentas were largely unaffected (Figure 3-

10A and 10B). In Alk1-null placentas, however, the chorionic vessels were severely dilated and 

showed signs of fusions, similar to the vascular abnormality observed in Alk1-null embryos 

(113). 

Discussion 

In this chapter, we have demonstrated, using transgenic mice, that the 9.2 kb fragment of 

the Alk1 gene contains essential regulatory elements for its spatiotemporal expression and that 

heterogeneous Alk1 expression is conserved in extra-embryonic vasculature and is restricted to 

fetal ECs. Also implicated, an intriguing possibility is that the conserved region in intron 2 may 

contain the enhancer elements for the artery-specific gene expression. This result suggests that 

intron 2 contains a potential regulatory element(s) which directs its arterial EC-specific 

expression.  

Supporting this notion, a homology study between mouse and human ALK1 revealed that 

at least five homologous regions ranging from 37 to 145 bps exist at the 3’ end of intron 2. Each 

homologous region shows more than 80% homology between the two species. The data also 

demonstrated that 16 conserved transcriptional factor binding sites (TFBSs) for 11 transcription 

factors known to regulate EC-specific genes within the homologous regions of 3’ end of intron 2. 

The in silico data suggests a potential role of the intronic sequence in the spatiotemporal 

regulation of Alk1 expression during vascular development. Thus, the analysis of role of the 

homologous intronic sequences in the regulation of Alk1 expression may provide novel genetic 

insights in arteriogenesis. This study also suggests that the expression pattern observed in the 
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Alk1+/lacZ mice was not a consequence of Alk1 haplo insufficiency. The presented 9.2 kb 

regulatory fragment, as the first regulatory elements specific for arterial endothelial cells, would 

provide invaluable information regarding regulatory mechanisms of Alk1, as well as other artery-

specific genes. Furthermore, this regulatory fragment can be used to activate or silence a gene in 

developing arteries to study its function in arteriogenesis and in the remodeling of arterial vessels. 

We also showed that Alk1-deficiency results in severe dilation and fusion of 

chorioallantoic and umbilical vessels, suggesting a vasodilatory phenotype of the Alk1-null 

embryos. The variance of expression patterns between Tg(Alk1-lacZ) and Alk1+/lacZ mice in the 

skin wounds may be due to either the strain differences, or a lack of additional cis-acting 

elements involved in the Alk1 expression during wound-induced angiogenesis.  

Using lacZ reporter lines we also demonstrated heterogeneous Alk1 expression patterns in 

umbilical and fetal placental vessels and that Alk1-deficiency leads to persistent umbilical 

vessels and extensive dilation of chorioallantoic vessels. Alk1 expression was first detected in 

the allantoic bud and then in the allenochorionic primitive vessels when allantois reaches to the 

chorion. Alk1-null embryos formed a large persistent vessel instead of a separated umbilical 

artery and vein. At present it is not clear whether the two umbilical vessels might have been 

formed and then laterally fused, or that separation had not occurred during development of the 

umbilical vessels of the mutant embryos.   

At later stages, Alk1 was shown to be expressed predominantly in the arterial endothelium 

of umbilical vessels. This result is consistent with our previous findings in embryonic vessels 

(117), indicating that oxygen concentration is not the underlying basis of the vessel type-specific 

differential Alk1 expression. Recent studies suggest that arterial and venous endothelial cells 

have distinct molecular identities prior to patent vessel formation. Ephrin-B2 was expressed in 
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both arterial ECs and SMCs, whereas EphB4 (a putative receptor for Ephrin-B2) was expressed 

almost exclusively in venous ECs prior to the onset of circulation (196;197). More recently, 

several other artery-specific genes have been reported in vertebrate embryos, including a Notch 

ligand Delta (Dll4) (198;199) and a Notch-Delta downstream transcription factor (Gridlock) 

(200). Studies have clearly shown that these genes are involved either in early lineage 

determination between arterial and venous ECs or in segregating two vessel identities at the 

capillary level. However, it is unclear whether these artery- or vein-specific genes are involved in 

creating a structural and functional distinction between arterial or venous vasculature.   

Unlike Ephrins and Delta ligands, which are membrane-bound and thus require cell-to-cell 

contact, Alk1 interacts with TGF-β ligands as paracrine or endocrine signals. It has been 

demonstrated that Alk1-deficiency leads to impaired differentiation or recruitment of SMCs and 

severe dilation and fusion of embryonic and extra-embryonic vessels (113;114). With the 

correlation between the thickness of smooth muscle layers and the level of Alk1 expression in 

the artery and vein, we speculate that ALK1 may play an important role in arteriogenesis and in 

the remodeling of arteries. Temporal deletion of the Alk1 gene at later stages of development 

would provide a direct answer to this hypothesis.   

Alk1-null embryos exhibited severe dilation of blood vessels with an elevated VEGF 

mRNA label (113). A question was raised as to whether such vascular defects were a response to 

a hypoxic condition. In the study, we presented evidence that the process of establishing the 

labrynthine layer was unaffected in Alk1-null placenta, yet chorionic vessels were severely 

dilated to the same degree to the embryonic vessels. This result suggests that the phenomenon of 

blood vessel dilation is primarily due to Alk1-deficiency per se rather than a secondary response 

to hypoxia.  
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ALK1 shares numerous common characteristics with ENG. Both ALK1 and ENG are 

plasma membrane proteins mediating TGF-β family signals, are involved in the same genetic 

disease, and are expressed in vascular endothelial cells. Recent reports have suggested that 

elevated sENG in conjunction with sFLT1 of placental origin might be a major pathogenetic 

marker and cause of preeclampsia (201;202). Preeclampsia is characterized by hypertension and 

proteinuria in the third trimester of pregnancy and occurs in 5% of all pregnancies (203;204). 

Deficiency or incompletion of replacing maternal arterial endothelium with trophoblasts 

increases vascular resistance and maternal blood pressure, and thus may contribute to the 

pathogenesis of preeclampsia. Unlike Flk1 (VEGF receptor 2) whose expression is limited to 

endothelial cells, a strong fetal Flt expression was observed in spongiotrophoblasts and 

syncytiotrophoblasts in addition to ECs (205). Eng was also shown to be highly expressed in the 

syncytiotrophoblasts (206). Since both ALK1 and ENG interact as a signaling partner and are 

involved in the same genetic disease, there is an emerging question whether ALK1 is also 

involved in preeclampsia (207). 

In the study, a difference in the expression pattern of Alk1 from those of Eng or Flt1 in the 

placenta has been found: Alk1 expression was restricted to fetal endothelial cells while Eng and 

Flt1 were shown to be expressed in the placental trophoblast cells (205;206). This difference 

suggests that Alk1 is most likely not involved in preeclampsia at the level of placenta. 
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Table 3-1.  List of transcription factors of which TFBSs were found in the Alk1 regulatory 
fragment and their respective EC-specific target genes 

Binding sites 
TFs In promoter In enhancer 
SP1 VEGFR2, VE-cadherin, ICAM2, eNOS  
SP3 VE-cadherin  
AP2 VEGFR2  
CREB VEGFR1  
NF-κB VEGFR2, PECAM, ICAM2  
GATA vWF VEGFR2 
GATA1 ICAM2  
GATA2 PECAM, endothelin1, ICAM2, eNOS  
ETS ICAM2 Tie2, VEGFR2 
ETS1 VEGFR1, VEGFR2, VE-cadherin, vWF  
ETS2 VEGFR1, VEGFR2  
ELF1 Tie2  
 
SP1 indicates specific protein 1; SP3, specific protein 3; AP2, adaptor protein 2; CREB, cyclic-
AMP response element binding protein; NF-κB, nuclear factor-κB; ELF1, E74-like factor 1; 
VEGFR, vascular endothelial growth factor receptor; VE-cadherin, vascular endothelial 
cadherin; ICAM2, intercellular adhesion molecule; eNOS, endothelial nitric oxide synthase; 
PECAM, platelet/endothelial cell adhesion molecule; and vWF, von Willebrand factor. 
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Figure 3-1.  Transgenic constructs and the dot plot analysis between human and mouse ALK1 
genomic sequences. A) Full mouse Alk1 gene structure. Restriction enzyme sites used 
for generating the transgenic constructs are indicated by X (XhoI) and B (BamHI). 
Boxes represent exons, and exon numbers are indicated above. B) Schematic 
representations of 3 transgenic constructs. Detailed construct information is available 
in the Materials and Methods. C) Dot plot analysis between partial genomic 
sequences of human (y-axis) and mouse (x-axis) ALK1 gene. Exon 1 of the human 
ALK1 gene is split in 2 exons (1 and 2) in the mouse Alk1 gene. Continuous sequence 
homologies are highlighted by gray shaded areas. Note that the 3' regions of mouse 
intron-2 and human intron-1 are highly conserved (gray bracket). 
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Figure 3-2.  Artery-specific lacZ expression in the blood vessels of Tg(Alk1-lacZ) embryos. A) 

and B) Whole-mount X-gal–stained E11.5 Tg(Alk1-lacZ) and Alk1+/LacZ embryos, 
showing the identical staining pattern but with much higher intensity in Tg(Alk1-
lacZ). C) and D) Strong LacZ-positive capillary-like vessels in the developing neural 
tube; C) the section of E11.5 embryo and D) a dorsal view of E12.5 neural tube. E) 
and F) Sections of X-gal–stained E11.5 Tg(Alk1-lacZ) embryos counterstained with 
nuclear fast red (NFR) or immunostained with anti-αSMA. Note that the X-gal–
positive cells were found in a single layer of endothelium in the artery (a, 
arrowheads), but not in the vein (v), and were not concomitant with SMCs. G) and 
H), Blood vessels on the thoracic wall of newborn pups before and after X-gal 
staining, showing that only arteries and connecting small arteries were X-gal positive. 
I) Whole-mount X-gal–stained mesenteric vessels of E18.5 fetuses. Only mesenteric 
artery (a) but not vein (v) showed the transgene expression. J) and K) X-gal–stained 
aorta and intercostal blood vessels before and after clearing with the organic solvents. 
Similar sizes of intercostal arteries (a) and veins (v) were running side-by-side J), 
whereas only arteries and dorsal aorta (ao) were X-gal positive. X-gal–positive 
staining in the rib skeleton (*) is from the endogenous β-gal activity. L) Intense X-gal 
staining in the lungs and aorta (ao) of E15.5 Tg(Alk1-lacZ) embryos. M) NFR 
counterstained section of E15.5 lungs showed X-gal–positive arteries (a) and 
capillaries (arrowheads). Note that bronchial epithelial cells were X-gal negative. 
Scale bars in C, E, F, and M = 50 µm. 
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Figure 3-3.  Postnatal transgene expressions in Tg(Alk1-lacZ) mice. A) - D) X-gal–stained blood 

vessels in the brain and the iris. A) and B) Intense transgene expression in newborn 
brain and 2-week-old iris were greatly diminished in the adult stage. C) and D) Only 
speckled staining in small branches (arrowheads) was observed. E) Adult lung section 
counterstained with NFR. Alveolar capillaries expressed the transgene in the adult 
stage. F) Intense staining in the arteries of newborn skin. G) - J) X-gal staining in the 
skin during days 3, 5, 8, and 10 after wounding. LacZ expression was induced during 
wound healing (arrowheads), but in a limited extent. Number and intensity of X-gal–
positive vessels peaked at day 5 after wounding and diminished completely by day 
10. Asterisks (*) in G) through J) indicate the wounds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

69 

 
Figure 3-4.  Potential transcriptional factor binding sites identified in the mouse Alk1 pXh4.5-in2 

fragment by the rVISTA analysis. Top, 16 TFBS matrixes, which represent TFBSs 
for 12 different transcription factors. Some transcription factors have multiple TFBS 
matrixes. For example, SP1 has 4 different TFBS matrixes (SP1, SP1_Q2, SP1_Q4, 
and SP1_Q6). Positions of each conserved TFBS are indicated as a bar within the 
matrix. Bottom, Mouse Alk1 gene structure (the top line), and the sequence homology 
between mAlk1 and hALK1 sequences. Color legends in the boxed area indicate the 
nature of the highly homologous regions. Repetitive sequences are indicated by green 
boxes on the bottom line. Only the transcriptional factors known to have active roles 
in regulating EC-specific genes are shown. 
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Figure 3-5.  Whole-mount X-gal staining of Tg(Alk1-lacZ) embryos at days E7.75–E9.0 during 

early chorioallantoic development. A) The first detectable Alk1 expression was found 
in the allantoic bud of E7.75 embryos. al, allantois. B) - D) X-gal staining was 
detected in the developing blood vessels of the embryo proper as well as in the 
primitive chorioallantoic vessels of E8.5 embryos. C) Transverse sections of X-gal 
stained E8.5 embryos at the level of the allantois were counterstained with NFR or D) 
immunostained with Pecam1 antibodies, showing that the majority of X-gal-positive 
cells are Pecam1-positive. E) - G) Longitudinal section of E9.0 embryos shows X-gal 
staining in embryonic and extra-embryonic ECs. F) and G) Higher magnification 
views of allantoic mesoderm, showing development of patent blood vessels positive 
for X-gal and Pecam1. Arrows in D) and G) indicate some representative cells 
positive for both X-gal and Pecam1. 
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Figure 3-6.  Expression patterns of Alk1, Flk1, and Alk5 in E15.5 umbilical vessels. Transverse 

sections of whole-mount X-gal-stained umbilical vessels of Alk1+/lacZ; A) and B), 
Tg(Alk1-lacZ); C) and D), Flk1+/lacZ; E) and F), and Alk5+/lacZ; G) and H) embryos 
were counterstained with NFR in A), C), E), and G) or immunostained with αSMA 
antibody in B), D), F), and H). A) – D) Note that X-gal-positive cells were mostly 
detected in the endothelium of the umbilical artery (UA) of Alk1+/lacZ and Tg(Alk1-
lacZ) embryos. E) and F) X-gal-staining intensity was stronger in the umbilical vein 
(UV) than in the UA, and capillaries in the medial and adventitial areas were also X-
gal-positive in Flk1+/lacZ mice. G) and H) X-gal-positive cells were localized in 
smooth muscle layers, but not in endothelium of the UA and UV in Alk5+/lacZ. A high-
magnification view of the UA is shown as an inset in G). 
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Figure 3-7.  Impaired formation of two distinct umbilical vessels in Alk1-null embryos. A) and 

C) Histological analysis of umbilical vessels of Alk1+/lacZ and B) and D) Alk1lacZ/lacZ 
embryos at E9.5 and E10.5. Transverse sections of whole-mount X-gal-stained 
umbilical vessels were counterstained with NFR. Two distinct blood vessels were 
apparent in Alk1+/lacZ, whereas only one large persistent vessel was present in 
Alk1lacZ/lacZ embryos. C) It is interesting to note that the UA-predominant Alk1 
expression became evident in E10.5 embryos. 
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Figure 3-8.  Comparison of Alk1 and Flk1 expression patterns in the definitive placentae. A) – I) 

Whole mount X-gal-stained placentae of E15.5 Alk1+/lacZ, Tg(Alk1-lacZ), and 
Flk1+/lacZ embryos were cleared with organic solvents. B), E) and H) Higher 
magnification of longitudinal views of A), D) and G) C), F) and I) Horizontal views 
of X-gal-stained placenta from fetus side. Note that Alk1 expression is limited to the 
Lab layer and strong in fetal arteries projecting into the Lab layer. Ar, fetal arteries; 
Dec, decidua basalis; Emb, embryonic side; Lab, labyrinth layer; Sp, 
spongiotrophoblast layer; Ut, uterine wall; Ve, fetal veins. 
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Figure 3-9.  Longitudinal sections of X-gal-stained Alk1+/lacZ placenta. A) - D) Histological 
sections of E15.5 placenta shows that X-gal-positive cells are localized mostly in fetal 
blood vessels at umbilical arteries and capillaries in the Lab layer, whereas no X-gal-
positive cells are detected in the Sp and Dec layers or in the uterine wall. E) and F) 
Immunostaining (shown as brown color) of the Lab areas of X-gal-stained E12.5 
placenta with Pecam1) or CK) antibodies, showing that EC, but not 
syncytiotrophoblasts, are X-gal positive. 
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Figure 3-10.  H&E staining of histological sections of E9.5 placentas from A) and C) Alk1+/lacZ 

mice, and B) and D) Alk1lacZ/lacZ mice. Asterisks and arrows in C) and D) indicate 
chorioallantoic blood vessels and areas of allantoic mesodermal invasion into 
developing Lab, respectively. Ch, chorionic ectodermal cells. 
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CHAPTER 4 
DEVELOPMENT OF A NOVEL TRANSGENIC LINE EXPRESSING CRE RECOMBINASE 

IN ENDOTHELIAL CELLS 

Notes 

The work presented in this chapter will be published in part with “In vitro dissection of 

TGF-β signal transduction pathways reveals ALK5- and TGFβR2-independent role of ALK1 for 

pathogenesis of hereditary hemorrhagic telangiectasia 2 (HHT2).” by Park SO, Lee YJ, Seki T, 

Hong KH, Flies N, Jiang Z, Park A, Wu X, Karlsson, S, Kaartinen V, Moses HL, Raizada MK, 

Roman BL, and Oh SP, 2007 (submitted) and “Genetic ablation of the Bmpr2 gene in pulmonary 

endothelium is sufficient to predispose pulmonary arterial hypertension.” by Hong KH, Lee YJ, 

Beppu H, Bloch K, Li E, Raizada MK, and Oh SP (in preparation). 

Introduction 

Using a mouse as a model system for studying human genetic diseases has been considered 

to be advantageous for multiple reasons. First, mice have a relatively short lifecycle. Second, its 

genome has been completely sequenced and gene delivery methods using microinjection, 

electroporation, chemicals, viruses, and naked DNA to different developmental stages of mice 

gamete have been well established with high efficacy. Third, embryonic stem (ES) cells showing 

germ-line transmission are available from various mouse strains including inbred strains (129 

and C57BL/6) or hybrid strains between 129 and C57BL/6. Forth, mouse ES cells have a high 

efficiency of homologous recombination compared to other species. Lastly, mouse physiology is 

comparable to human physiology 

(http://www.informatics.jax.org/mgihome/other/mouse_facts3.shtml).  

Much progress in the manipulation of the mouse genome has been made since the Cre/loxP 

system was firstly used (208). Although some limitations in the Cre/loxP system still exist, one 

of the biggest advances contributed by the Cre/loxP system is that it allows us to bypass 
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embryonic lethality due to the lack of a gene, and study the role of a gene of interest in a specific 

cell-type or tissue. On the other hand, one of the critical limitations of the Cre/loxP system is that 

once genomic DNA is recombined by the Cre recombinase in a cell type, the progenitor cells, 

which might have an ability to differentiate into other cell types, also contain the recombined 

allele. Even though the main feature of the Cre/loxP system is beneficial for some lineage tracing 

or fate-mapping studies during development, there is a possibility that the loss of a gene in 

unwanted cell types or tissues may then cause phenotypes in those cell types or tissues. To 

overcome this drawback of the Cre/loxP system, it is required that a better gene manipulation 

system need to be found or multiple mouse lines showing different patterns of Cre-mediated 

DNA excisions need to be developed. 

The cardiovascular system, in mammals, includes the heart, blood and blood vessels. 

These three components are anatomically and functionally closely related to maintain the 

homeostasis of our body system. Because of the close relationship, one of the difficulties in 

studying the etiology of a particular cardiovascular disease lies in which type of cell, in a certain 

component, is primarily responsible for the disease. For example, an endothelium, which 

displays functional and morphological heterogeneity depending on its location or subcellular 

environments, is a continuum tissue from the heart to peripheral organs. Developmentally, the 

origin of ECs seems to be various. Initially, it has been proposed that only the mesodermal cells 

that migrated from the primitive streak into the yolk sac produces ECs and hematopoietic stem 

cell (HSC) progenitors in situ in mammals (209). However, subsequent studies have shown that 

such progenitors also arose intraembryonically, specifically in the para-aortic mesoderm serving 

as the precursor to the aorta-gonad-mesonephros (AGM) region (210). The placenta has also 

been implicated as an organ presenting both EC and hematopoietic precursor cells (211). 
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Although the exact time of specification of the mesodermal cells to ECs remains to be answered, 

it is generally accepted that the vasculogenesis, a process of blood vessel formation occurring by 

a de novo production of ECs, begins first in the yolk sac, followed by the AGM region, and then 

the placenta, in mammalian embryos (212). At the stages of ECs specification, EC precursors 

and cardiac progenitor cells seem to share some common markers such as fetal liver kinase-1 

[Flk1 or vascular endothelial growth factor receptor-2 (VEGFR-2)] and LIM-homeobox 

transcription factor islet-1 (Isl1), and can be trans-differentiated between each other. Mice 

lacking Flk1 exhibited embryonic lethality between E8.5 and 9.5 with defects in the development 

of haematopoietic cells and ECs. Yolk-sac blood islands were absent at E7.5 days, organized 

blood vessels were not observed in the embryo or yolk sac at any stage, and haematopoietic 

progenitors were severely reduced (179;213). In a recent study, it has been shown that Flk1-

positive cells have an ability to be differentiated to cardiomyocytes, SMCs, and ECs as well 

(214). Another fate-mapping study demonstrated that the Isl1 delineating the second cardiogenic 

progenitor field can mark cell populations that contribute to myocardial cells, subsets of 

endocardium, and aortic endothelium (215;216).  

So far, multiple transgenic (Tg) and knockin (KI) lines expressing the Cre in ECs have 

been developed. Those mice include Tg(Tie2-cre), Tg(Tie1-cre), Tg(Flk1-cre), Flk1+/cre, and 

Tg(Vecad-cre). Among them, the most commonly used mouse line is the Tg(Tie2-cre) line (217). 

A recent study demonstrated that Tie2-cre-mediated β-galactosidase activity was found in the 

endocardium, the mesenchyme of the atrioventricular (AV) cushions as well as ECs (218). 

Indeed, the onset of Cre-mediated recombination in the ECs and the mesenchyme of AV 

cushions of the Tg(Tie2-cre);R26R mice was readily detected at E9.5 (217). During early heart 

valve formation, a subset of ECs which specifies the cushion-forming regions delaminates and 
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invades into the cardiac jelly, a mass of connective tissue, where they subsequently proliferate 

and complete their differentiation into mesenchymal cells (219;220). Although the Tg(Tie2-cre) 

line is widely using to delete a gene of interest in the ECs, it possibly deletes a gene in the AV 

cushion, which then causes defects in the cardiac valve. Supporting this possibility, recent 

studies showed that conditional abolition of some genes using the Tg(Tie2-cre) line lead to 

defects in the valve formation as well as minor or detrimental phenotypes in the blood vessel 

(221-223). The studies suggest that the Tg(Tie2-cre) line is a useful model for studying the 

function of a gene in the entire ECs or for fate-mapping studies, but is not suitable for studying 

functions of  genes in the ECs of specific vascular beds. 

It has been shown that the Tg(Flk1-cre) line exhibits strong Cre activity in the 

hematopoietic cells as well as ECs of developing blood vessels. Aside from that, Cre activity is 

very weakly detected in the pulmonary vasculature (224). Furthermore, Cre-mediated lineage 

tracing study using Flk1+/cre mice have shown that both vascular endothelium and cardiac muscle 

arise from Flk1-positive mesodermal progenitors during development (225). 

Like the Tg(Tie2-cre) line, the Tg(Tie1-cre) line also exhibits the Cre-mediated DNA 

excision in the mesenchymal cells in the cardiac cushion (226;227). Song et al. showed that the 

Tie1-cre-mediated β-galactosidase activity in the Tg(Tie1-cre);R26R bigenic mice was readily 

detected at E9.5 with whole-mount staining (227). Histological analysis revealed that the Tie1-

Cre-mediated β-galactosidase activity was detected in the endocardial cells, mesenchymal cells 

in the AV cushion and ECs, indicating that the Tie1-Cre-mediated DNA recombination occurred 

prior to endothelial-mesenchymal transition (EMT) during AV cushion formation. 

As described above, the current Cre deleter lines used in endothelial biology have multiple 

advantages and disadvantages simultaneously. Therefore, the goal of this chapter is to establish a 
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stable transgenic line expressing Cre in arterial and pulmonary ECs using the 9.2 kb of Alk1 

promoter/enhancer. Because the Tg(Alk1-cre) line developed in this study will be used in the 

development of a mouse model for PAH, the primary focus of this chapter lies in the 

development and screening of the Tg(Alk1-cre) line(s) which exhibits an activity of Cre-

mediated DNA excision in the lung ECs dominantly during late gestation and adult stages.  

Results and Discussion 

Expression Pattern of Alk1 During Lung Development 

To examine the detailed expression pattern of endogenous Alk1 in the lung, lungs from 

various stages of the Tg(Alk1-lacZ) embryos were subjected to X-gal staining and histological 

analysis. Mouse lung development has been proposed to be divided into five stages based on 

epithelial processes: 1) embryonic (or lung bud) stage, 2) (pseudo)glandular stage, 3) canalicular 

stage, 4) saccular stage, and 5) alveolar stage (228;229). The lung bud stage (E8.0 - 9.0) occurs 

as the lung primordium is budded out from the foregut endoderm and subsequently envaginated 

into surrounding splanchnic mesenchyme. The endodermal bud branches and differentiates 

within the surrounding mesoderm, which ultimately gives rise to the airways, blood vessels, and 

alveoli of the mature lung together. The glandular stage (E9.0 - 16.0) is characterized by rapid 

and further branching of epithelial cells. The primary phase of vessel formation occurs during the 

canalicular stage (E16.0~) as blood vessels extend more peripherally following the airway 

branches. During maturation stages, the saccular and the alveolar stages (E17~), are 

characterized by formation of thick-walled saccules that are capable of respiratory function and 

eventually become the delicate septae of mature alveoli (230). As shown in Figure 4-2A, the 

Alk1-positive cells were readily detected in the primordial lung bud at E9.5. Using Tg(Tie2-

lacZ) line, it has been shown that already at E9.5 - 10.0, ECs expressing Tie2 was part of the 

splanchnic plexus surrounding the developing esophagus and airways (231). In the study, Parera 
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et al clearly showed that ECs expressing other markers such as Flk1, Pecam1 and Fli1 were 

present surrounding lung epithelial cells.  

As shown in Figure 4-1A, the branching of primordial lung to both left and right sides was 

obvious at E10.5. The whole mount X-gal staining of the lung revealed that a continuum of 

Alk1-positive cells was present at the proximal pulmonary vessels, whereas some patchy or 

speckled Alk1-positive cells were seen at the distal part of the lung (Figure 4-1A). The Alk1-

positive cells in the forming of the proximal or branching pulmonary vessels were readily 

identified in the X-gal stained sections (Figure 4-2B). In the analysis, the forming afferent vessel, 

in which only the proximal part of the vessel contained erythrocyte-filled lumen, was continuous 

from the 6th aortic arch (Figure 4-2B). Although the Alk1-positive cells were weakly stained with 

anti-Pecam1, most of the X-gal stained cells were overlapped with the marker (Figure 4-2C).  

At E11.5, the Alk1-positive cells were further extended into the distal lung and formed 

efferent vessels which would give rise to the pulmonary vein (Figure 4-1B). Histological analysis 

showed that most of the Alk1-positive cells were overlapped with Pecam1 staining, and distal 

vessels were evident of formation of erythrocyte-containing lacunae (Figure 4-2F). It is 

interesting to note that the αSMA-positive cells started to sheathe the proximal part of the airway 

but not the vessels (Figure 4-2E). The data suggests that although the ECs expressing Pecam1 

and Alk1 form the architecture of primitive lung blood vessels, the vessels are not mature yet.  

In the E12.5 and 13.5 lungs, Alk1-positive cells started to delineate lines of connection 

from the pulmonary artery to the pulmonary vein ECs (Figure 4-1C and 1D). A cross section of 

an E13.5 lung showed that Alk1-positive cells extended further to the distal lung and surrounded 

the epithelial cells (Figure 4-3A).  
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In the E15.5 lung, the immunohistochemistry clearly indicated that the Alk1-positive cells 

were limited in the ECs (Figure 4-3B and 3C). The αSMA staining clearly marked SMCs 

surrounding epithelial cells and Alk1-positive ECs (Figure 4-3D). The pattern of X-gal staining 

in the lung was comparable with immunostaining with Pecam1 in the wildtype lung (Figure 4-3E 

and 3F). 

In the present study, the expression pattern of Alk1 during lung development was 

examined. As discussed in Chapter 3, Alk1 is continuously expressed in pulmonary ECs, 

whereas other systemic vessels exhibit reduced or no Alk1 expression during adult stages. The 

data presented in this chapter suggest that pulmonary ECs start to express Alk1 from E9.5 and 

continue to express Alk1 throughout the rest of the developmental stages and adult life. Using 

vascular casting and electron microscopy, it has been proposed that pulmonary vessel formation 

is established by two distinct processes: the central (proximal) vessels formation is occurred by 

angiogenesis and peripheral (distal) vessels by vasculogenesis (232). The study suggested that 

the connection between the central and peripheral vascular lumen is established around E13.0-

14.0 where the pulmonary circulation starts. However, Schachtner et al. showed that the 

connection between proximal vessels containing lumen and distal vessels lacking lumen was 

already formed by E10.5, indicating that the distal vessel is also formed in angiogenesis (230). 

Consistent with the finding, a recent study also demonstrated that using the Tg(Tie2-lacZ) line, 

the proximal and distal vessels are connected to each other during the lung bud stage (231).  

Although in the presented study we can not completely rule out the possibility that Alk1 is 

expressed in the angioblasts, endothelial progenitor cells, Alk1-positive cells were present with a 

patchy and discontinuous cluster in the distal lung. The data, although it is substantial, suggests 

that Alk1 plays a role in the vasculogenesis during lung development. Another important finding 
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made known through this study is that like umbilical venous ECs, pulmonary venous ECs also 

express Alk1 from at least E12.5.  

Generation of Tg(Alk1-Cre) Line 

To develop the mouse line expressing the Cre recombinase in the arterial ECs, we 

constructed a pAlk1-cre vector which contained the 9.2 kb of Alk1 promoter, SV40 splice donor 

and acceptor (SDSA), the internal ribosome entry site (IRES), and the Cre recombinase gene 

(Figure 4-4). By using the standard DNA injection technique, two founder lines were obtained 

(data not shown). The founders were screen by PCR analysis. The founder lines were mated with 

C57BL/6J mice to generate F1 offspring. To determine the tissue-specificity of the Cre-mediated 

DNA excision (which will be referred to as Cre activity hereafter), the F1 Tg(Alk1-cre) lines 

were intercrossed with a Cre tester line, R26R mice containing stop codon flanked by loxP 

sequences and a gene encoding β-galactosidase in the ROSA26 locus (233). Then, to determine 

whether the Cre activity could be seen in germ cells, some of the Alk1-cre(+);R26R bigenic mice 

were crossed with wild type C57BL/6J mice. Interestingly, one of the Tg(Alk1-cre) line, called 

Tg(Alk1-cre)-E, exhibited an ectopic onset of Cre activity in the germ cells. From the mating 

scheme, E10.5 embryos genotyped Alk1-cre(+);R26R, Alk1-cre(-);R26R, Alk1-cre(+), and wild 

type were obtained. After X-gal staining and PCR genotyping, like Alk1-cre(+);R26R embryo, 

embryos genotyped Alk1-cre(-);R26R displayed Cre activity throughout their entire body, 

suggesting that the Cre-mediated DNA excision had occurred during germ cell formation in the 

Tg(Alk1-cre)-E line (data not shown).  

In contrast to the Tg(Alk1-cre)-E line, the other line called Tg(Alk1-cre)-L1 exhibited an 

onset of Cre activity during the late embryonic stages. In this line, the patchy X-gal staining was 

observed in E13.5 lung as shown in Figure 4-5A. A histological sectioning of the lung displayed 
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discontinuous X-gal staining in the pulmonary vessels. Immunostaining with anti-Pecam1 

showed incomplete colocalization of the immunostaining on the X-gal stained ECs (Figure 4-5B 

and 5C). At E15.5, however, the Tg(Alk1-cre)-L1 showed a uniform X-gal staining in the 

pulmonary ECs (Figure 4-5D). As shown in Figure 4-5E and 5F, the X-gal staining was 

completely overlapped with Pecam1 immunostaining. Interestingly, Cre activity in the Tg(Alk1-

cre)-L1 line was dominant in the pulmonary vessel whereas mosaic or no activities were 

observed in the systemic vessels.  

Newborn pups from the Tg(Alk1-cre) and R26R cross were obtained. As shown in Figure 

4-6A, whole-mount X-gal staining was seen in the dorsal aorta and branching intercostal arteries 

in the Alk1-cre(+);R26R bigenic mouse, but not in the Alk1-cre(-);R26R monogenic mouse 

(Figure 4-6B). In the histological analysis, however, a mosaic Cre activity judged by 

discontinuous X-gal staining was detected in the cross section of the dorsal aorta (Figure 4-6C).  

Next, the pattern of X-gal staining during postnatal life was carefully examined. As shown 

in Figure 4-6D, the staining intensity and pattern of X-gal staining was robustly and evenly 

detected in most of the ECs at 2 week-old lungs. The Cre activity in the Tg(Alk1-cre)-L1 line 

was detected in most likely all of the pulmonary ECs including arteries, capillaries and veins.  

In this study, we presented a novel Tg(Alk1-cre)-L1 line which exhibited uniform and 

persistent Cre activity in the pulmonary ECs from E15.5 on. The immediate goal of this chapter 

was to develop a novel Tg(Alk1-cre) line for the development of an animal model of human PAH 

in Chapter 5. As discussed in Chapter 3, because it has been shown that Tg(Alk1-lacZ) line 

displays the absence of LacZ expression in the endocardiac ECs, there are clear advantages of 

using the Tg(Alk1-cre)-L1 line over already established Cre lines driven by other endothelial 

cell-specific promoters, such as Tie2-Cre, Tie1-Cre, Flk1-Cre, and Flk1+/cre KI lines. To 
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overcome any early developmental defects in cardiogenesis and pulmonary blood vessel 

formation, the Tg(Alk1-cre)-L1 line is useful because of pulmonary EC-dominant Cre activity. 

Moreover the deletion of Bmpr2 by crossing with the Tg(Tie2-cre) line can cause severe cardiac 

defects (personal communication). The presented Tg(Alk1-cre)-L1 line will be a unique mouse 

line for studying the underlying mechanism of Bmpr2-related PAH in ECs.  
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Figure 4-1.  Dynamics of Alk1 expression during mouse lung development. The whole mount 

view of X-gal stained Tg(Alk1-lacZ) lungs at E10.5 - 13.5. A) At E10.5, lung 
branching to left and right lobes were readily detected (marked white dot line) and 
continuous distributions of Alk1-positive cells were evident in the afferent vessels 
(arrow head). On the other hand, a patchy distribution of Alk1-positive cells was 
detected in the distal lung. B) At E11.5, the primitive lung lobes were obvious. Alk1 
expression is further extended to the distal lung. C) and D) At E12.5 and 13.5, Alk1 
expression was detected in the large vessels such as aorta (Ao) and branching left and 
right common carotid arteries (LCA and RCA, respectively) and right and left 
subclavian arteries (RSA and LSA, respectively). At the stages, Alk1 expression is 
detected in the pulmonary arteries and veins (arrow). Eso; esophagus, RL; right lobe, 
LL; left lobe, CL; cranial lobe, ML; medial lobe, CDL; caudal lobe, SL; sacral lobe. 
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Figure 4-2.  Ontogeny of Alk1 in the E9.5 - 11.5 lungs. A) The isolated Alk1-positive cells were 

readily detected in the primordial lung bud at E9.5 (arrow head). B) The branching of 
primordial lung to both left and right sides was obvious at E10.5. A continuous line of 
Alk1-positive cells were detected at the proximal part of lung (arrow head), whereas 
patchy Alk1-positive cells were detected at distal lung at E10.5. C) Most of Alk1-
positive cells were colocalized with Pecam1 immunostaining. D) At E11.5, the Alk1-
expressing cells were further extended to distal lung. E) Immunostaining with αSMA 
defines bronchial SMCs. Note that no αSMA-positive cells were detected in the 
vessels. F) Immunostaining with Pecam1 was completely overlapped with X-gal 
staining. Tr; trachea, Eso; esophagus. 
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Figure 4-3.  Ontogeny of Alk1 in the E13.5 and E15.5 lungs. A) and B) The Alk1-positive cells 

were further extended to distal lung during E13.5 - 15.5. C) A high magnification of 
view of E15.5 revealed the Alk1expression in the ECs. D) Immunohistochemistry 
with αSMA further confirmed that the Alk1 expression were limited in the ECs. E) 
and F) The pattern of immunostaining with Pecam1 was indistinguishable with the 
pattern of X-gal staining at E15.5. 
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Figure 4-4.  The pAlk1-cre construct. The 9.2 kb of Alk1 promoter/enhancer is connected to Cre 

cassette. For proper splicing and transcription, the Cre cassette contains SV40 
splicing donor/acceptor signals (SD/SA), internal ribosomal entry sequence (IRES), 
Cre gene and poly A signal. 
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Figure 4-5.  The pattern of Cre activity in the lung of Tg(Alk1-cre)-L1 line. A) At E13.5, a 

patchy Cre activity was detected in ECs. B) and C) Immunostaining with Pecam1 
demonstrated colocalization of X-gal stained ECs. Note that a subset of pulmonary 
ECs exhibits Cre activity. D) - F) At E15.5, most of pulmonary ECs displayed Cre 
activity confirmed by Pecam1 immunostaining. 
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Figure 4-6.  Cre activity in the Tg(Alk1-cre)-L1 line during postnatal stages. A) Whole mount X-

gal staining showed Cre activities in the aorta (red arrowheads) and branching 
intercostal arteries in the Alk1-cre(+);R26R bigenic mice, but not in the Alk1-Cre(-
);R26R monogenic mice B). C) Histology revealed a mosaic pattern of Cre activity in 
the aortic ECs. D) In the 2wks lung, a uniform pattern of Cre activity in the 
pulmonary ECs was detected. D’) A high magnification view of one of pulmonary 
arteries. Black arrowheads represent ECs containing a recombined allele via Cre 
activity. 
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CHAPTER 5 
DEVELOPMENT OF AN ANIMAL MODEL OF HUMAN PULMONARY ARTERIAL 

HYPERTENSION (PAH) 

Note 

The work presented in this chapter will be published in the “Genetic ablation of the Bmpr2 

gene in pulmonary endothelium is sufficient to predispose pulmonary arterial hypertension.” by 

Hong KH, Lee YJ, Beppu H, Bloch K, Li E, Raizada MK, and Oh SP (in preparation) 

Introduction 

Pulmonary arterial hypertension (PAH) is a rare lung disorder (2-3 per million per year), in 

which pulmonary arterial mean pressure rises far above normal levels (25 mmHg at rest and 30 

mmHg during exercise) (234-236). Pathological features of PAH include intimal fibrosis, medial 

hypertrophy, adventitial proliferation, plexiform lesions, and the obliteration of small arteries in 

the lung. Such alterations in precapillary pulmonary arteries cause increased pulmonary vascular 

resistance, which leads to right ventricular hypertrophy and eventually to heart failure. Prognosis 

of PAH is still poor, despite recent advances in therapeutics showing a beneficial effect on the 

survival rate of some PAH patients (8).   

 The pathogenesis of PAH is largely unknown, but there are ample evidence implicating 

the involvement of diverse vascular effectors. In general, pulmonary hypertension can be 

promoted by hormones, growth factors, neurotransmitters, and environmental stresses that 

induce pulmonary vascular constriction, cell proliferation, or vascular remodeling (1;6). Genetic 

studies have shown that impairment of bone morphogenic protein receptor type II (BMPR2) 

signaling plays a critical role in pathogenesis of PAH. Most cases of PAH are sporadic, but about 

10% of them are inherited in an autosomal-dominant manner. Heterozygous mutations of the 

BMPR2 gene were found in 70% of familial PAH cases (60;90;93;237). Furthermore, 26% of 

apparently sporadic PAH cases also contain germline BMPR2 mutations (62). The characteristics 
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of BMPR2 mutations indicate haploinsufficiency as the molecular mechanism of disease (14). In 

addition to the BMPR2 gene, recent studies have shown that PAH also develops in hereditary 

hemorrhagic telangiectasia (HHT) patients with ALK1 (Activin receptor Like Kinase-1) or ENG 

(ENDOGLIN) mutations (63;65;66).   

 Studies have shown that abut 20% of people harboring a heterozygous BMPR2 mutation 

exhibit PAH phenotype, suggesting that the heterozygous BMPR2 mutations are necessary, but 

by themselves insufficient, to account for the clinical manifestation of PAH (238). 

Environmental or genetic second hits may play a pivotal role in triggering the disease. 

Mononuclear cell infiltrations were often observed in the PAH vascular lesions, implicating 

inflammation as a potential environmental factor triggering PAH (14). Inflammation inflicted by 

viral transduction of 5-lipoxygenase (5LO), an inflammation mediator, in Bmpr2 hetrozygous 

mice (Bmpr2+/-) mice displayed PAH phenotype (134). Serotonin also increased susceptibility to 

PAH in Bmpr2+/- mice by inhibiting BMP signaling in smooth muscle cells (135). In terms of 

genetic second hit, loss of heterozygosity (LOH) of BMPR2 allele was investigated. A report 

showed that BMPR2 heterozygosity was retained in plexiform and concentric vascular lesions of 

7 familial PAH patients harboring BMPR2 mutations (172), demonstrating that BMPR2 LOH is 

not required for abnormal vascular remodeling in PAH. It remains unknown, however, whether 

or how homozygous BMPR2 mutations impact on morphogenetic changes of pulmonary vessels 

pertinent to PAH.  

      The cellular origin critical for initiation of PAH pathogenesis has not been clearly 

demonstrated. Hyper-proliferation SMC layer is a key feature of PAH pathogenesis. Plexiform 

lesions consist of over-proliferating endothelial cells. Adventitial proliferation is also involved in 

PAH pathology. BMPR2 is expressed in multiple cell types in the lung. In blood vessels, 
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BMPR2 expression was observed in SMC and adventitial fibroblasts, as well as in ECs (14;239). 

Transgenic mice in which a dominant-negative form of Bmpr2 was expressed selectively in 

SMCs developed pulmonary hypertension (136), implicating perturbed BMPR2 signaling in 

SMCs for the pathobiology of PAH. It remains unknown, however, whether BMPR2 mutations 

in pulmonary ECs can also trigger the disease.   

 Here we show using the Cre/loxP system that heterozygous Bmpr2 deletion in pulmonary 

ECs can predispose to PAH. We also demonstrate that homozygous Bmpr2 deletion in 

pulmonary ECs is insufficient to cause PAH, but increases susceptibility to PAH. This novel 

animal model will provide valuable resources with which to further our understanding of the 

etiology and pathogenesis of PAH.  

Results 

Bmpr2 Deletion in Pulmonary ECs by a Novel Cre Transgenic Mouse Line 

To investigate the role of BMPR2 signaling in pulmonary vascular endothelium, we 

utilized a Bmpr2 conditional knockout mouse strain (180) and a novel Cre transgenic mouse line, 

designated as Tg(Alk1-cre)-L1 (Park et al., unpublished). The Tg(Alk1-cre)-L1 line was 

established during the screening of multiple transgenic founder lines in which the Cre 

recombinase is driven by a 9.2 kb Alk1 genomic fragment (240). Unlike other Tg(Alk1-cre) and 

known endothelium-specific Cre lines, Cre-mediated DNA excision (Cre activity, hereafter) was 

not detected in the endocardial cells and their progeny in Tg(Alk1-cre)-L1 mice. On the other 

hand, the Cre activity was observed in pulmonary ECs from its emergence during embryogenesis 

till adulthood. We have monitored the Cre activity of neonatal and adult Tg(Alk1-cre)-L1 mice 

by crossing them with R26R mice in which constitutive lacZ expression is designed to be 

activated by Cre. As shown in Figure 5-1A and 1B, the Cre activity was detected in vast areas of 

the lung of 5 month-old Tg(Alk1-cre)-L1;R26R mice. Histological sections showed that 
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pulmonary ECs were positive, whereas the bronchial epithelia and smooth muscle layers were 

negative for the Cre activity. We crossed Tg(Alk1-cre)-L1 mice with Bmpr2f/f females to 

generate Bmpr2+/f;Tg(Alk1-cre)-L1 male mice, that were subsequently crossed with 

Bmpr2f/f;R26R females.  

The Cre(+);Bmpr2f/f mice were viable over 8 months. Genomic PCR analysis on multiple 

organs/tissues of two month-old Cre(+);Bmpr2f/f mice revealed that the Cre-mediated Bmpr2 

gene excision was detected only in the lung sample, indicating a lung-specific Cre expression in 

the L1 line (Figure 5-1C). Western blot analysis on whole lung extracts with anti-BMPR2 

antibody revealed a reduced amount of BMPR2 protein in Cre(+);Bmpr2+/f and Cre(+);Bmpr2f/f 

lungs compared to Cre(-);Bmpr2f/f controls (Figure 5-1D).  

Bmpr2 Deletion in Pulmonary ECs Can Induce Elevation of RVSP and RV Hypertrophy 

 To assess the pulmonary artery pressure, right ventricular pressure was measured by right 

heart catheterization through the right jugular vein. At 2-4 month-old ages, mean right 

ventricular systolic pressure (RVSP) of control [Cre(-);Bmpr2f/f] mice was 23 ± 0.68 mmHg 

(n=11). The mean RVSP of Cre(+);Bmpr2+/f was not significantly higher than that of control, but 

one mouse had RVSP of 44 mmHg (Figure 5-2A). The mean RVSP of Cre(+);Bmpr2f/f was 

significantly higher (30.1 ± 2.1 mmHg; p < 0.05) than that of control (Figure 5-2A). Out of 24 

Cre(+);Bmpr2f/f mice examined, 7 of them showed RVSP higher than 30 mmHg. This result 

indicates that endothelial heterozygous and homozygous Bmpr2 deletion can elevate pulmonary 

arterial pressure in a gene-dosage dependent manner.  

 To determine whether the frequency or severity of pulmonary hypertension (PH) is 

affected by aging, we measured the RV pressure on 6 month-old mice. As shown in Figure 5-2B, 

the frequency of PH in Cre(+);Bmpr2+/f (3/10) and Cre(+);Bmpr2f/f (6/9) 6 month-old group was 

increased compared to that in 2-4 month-old corresponding genotype groups. There was no 
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significant difference in the systemic pressure among different genotype groups, nor between PH 

(i.e., above 30 mmHg RVSP) and non-PH (N-PH; below 30 mmHg RVSP) groups (Figure 5-

2C).  The RV/(LV+septum ) ratio, an indicator of RV hypertrophy, was significantly higher in 

the PH group compared to the control or non-PH group, confirming the presence of sustained 

elevation of RV pressure (Figure 5-2D).  

Increased Number and Medial Wall Thickness of Alpha-SMA-Positive Distal Arteries in 
the Mutant Mice with Elevated RVSP 

 To determine whether the elevation of RVSP and right ventricular hypertrophy were 

associated with pulmonary vascular remodeling, lung tissue sections were examined by H&E 

staining and immunohistochemistry. General aspects of lung development and morphology were 

indistinguishable among genotype groups and between the PH and non-PH groups. 

Immunostaining of the lung sections with αSMA antibodies revealed increased number of 

αSMA-positive small arteries and thickness of SMC layers of small arteries in the PH group 

compared to the non-PH group (Figure 5-3A and 3B). Quantitative morphometric analysis 

demonstrated that the percentages of αSMA-positive small arteries (30-70 μm outer diameter) in 

the PH group were significantly greater than those in the non-PH group in both Cre(+);Bmpr2+/f 

and Cre(+);Bmpr2f/f mice (Figure 5-3C). It is noteworthy that the percentage of αSMA-positive 

small arteries in the non-PH Cre(+);Bmpr2f/f mice was also significantly greater than that in the 

non-PH Cre(+);Bmpr2+/f mice (Figure 5-3C). The thickness of medial layer of αSMA-positive 

small arteries in the PH group was also significantly greater than that in the non-PH group 

(Figure 5-3D).     

Pathohistological Features of PAH in the Mutant Mice with Elevated RVSP 

Elevated serotonin signaling and tenascin-C (Tn-C) expression have been implicated in the 

pathogenesis of PAH. Transgenic mice overexpressing the 5-hydroxytryptamine transporter 
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(5HTT) gene in smooth muscles develop pulmonary hypertension (150). Tenascin-C (Tn-C) is 

an extracellular matrix glycoprotein induced in a number of experimental and clinical forms of 

PAH, including familial PAH, monocrotalin-induced PAH, and flow-induced vascular 

remodeling (241-243). Immunostaining with anti-5HTT and Tn-C antibodies visualized marked 

elevation of these proteins in the SMC layer of the PH lungs (Figure 5-4C and 4F).   

We found a high incidence of focal leukocyte infiltrations at the periphery of pulmonary 

vessels of Cre(+);Bmpr2+/f (38%; 5/13) and Cre(+);Bmpr2f/f (44%; 11/25) mice compared to the 

control mice (0/11) (Figure 5-5A and 5B). Among Cre(+);Bmpr2f/f mice, frequency of the 

infiltration appeared to be higher in the PH group (8/14) than that in the N-PH (3/11) group. 

Most of the infiltrated cells were CD68-positive monocyte/macrophages (Figure 5-2B inset). 

Neointima formation in occlusive arteries was also observed in a limited number of the PH lungs 

(Figure 5-2C – 2E). In situ thrombosis of small muscular arteries was also observed in about 

50% (9/18) of the PH lungs. As shown in Figure 5-5F, lumens of the affected vessels were 

partially or completely occluded by fibrin(ogen)-positive thrombi.  

Discussion 

We show here that some, but not all, mice having the genetic ablation of Bmpr2 in 

pulmonary ECs exhibited an elevation of RVSP with various histopathological features 

reminiscent of human PAH lungs, demonstrating for the first time in vivo that Bmpr2 mutation in 

endothelium is sufficient to predispose PAH. Homozygous Bmpr2 deletion, by itself, was not 

sufficient to cause PAH, but increased the susceptibility to PAH. 

 PAH is a heterogeneous disorder, having multiple etiology. A mounting body of 

evidence, however, has shown that BMP signaling pathway plays a pivotal role in the 

pathogenesis of PAH. Genetic studies have demonstrated that heterozygous BMPR2 mutations 

predispose PAH in sporadic as well as familial cases (60;62;90;93;237). In addition, recent 
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studies revealed that impaired BMPR2 signaling might be a central mechanism for PAH caused 

by hypoxia and MCT administration, two major experimental animal models for PAH (132;243). 

Since the pathogenesis of PAH involves all vascular components, identity of the principal 

cell type for PAH pathogenesis has been investigated. West et al. have shown by an inducible 

transgenic approach that overexpression of a dominant-negative form of Bmpr2 resulted in 

elevation of pulmonary arterial pressure, suggesting that impairment of the Bmpr2 signal in SMC 

might be sufficient to cause PAH (136). Despite the lack of direct evidence, pulmonary ECs have 

been suspected as a primary cell type in which BMPR2 mutations elicit PAH. Occurrence of 

plexiform, which consist of proliferative endothelial cells, in severe form of PAH, suggests that 

pulmonary ECs are the principal source of PAH pathogenesis. Predisposition of PAH by 

mutations in ALK-1 or ENG genes (63;65;66), which express primarily in endothelial cells 

(117;244), also support this speculation. The data presented here is the first direct in vivo 

evidence, however, that endothelial Bmpr2 mutation is sufficient to predispose PAH. 

Since familial PAH is a dominantly inherited disease and haploinsufficiency is a common 

mechanism for familial PAH, Bmpr2+/- mice received much attention as a genetic model. 

Although an initial report showed modest elevation of mean pulmonary arterial pressure in 

Bmpr2+/- mice (133), more recent studies using the same mouse strain showed no significant 

difference of RVSP between Bmpr2+/- and control mice (134;135). We showed here dichotomy 

of PAH phenotype among mice harboring heterozygous Bmpr2 deletion in pECs: 1/11 (9%) in 2-

4 month-old group and 3/9 (33%) in 6 month-old group. The reason for this discrepancy is 

unclear, but perhaps the differences in a number of experimental conditions used might have 

contributed to it. These include methods for hemodynamic study (i.e. direct cardiac puncture vs. 

cardiac catheterization), anesthesia conditions, and number, age and strain of mice. 
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We showed that endothelial Bmpr2 deletion can cause muscularization of the medial layer 

of distal arteries. Since no Cre activity was detected in SMCs, the BMPR2 signaling must be 

intact in SMCs of these mice. Therefore, medial hypertrophy in the PH group mice is due to 

indirect effect of defects in endothelial cells. We observed a higher incidence of infiltration of 

CD68-positive mononuclear cells in the perivascular regions of Cre(+);Bmpr2+/f and 

Cre(+);Bmpr2f/f mice compared to Cre(-);Bmpr2f/f controls, and a higher frequency in the PH 

group than the N-PH group. This data suggests that Bmpr2 deletion in pulmonary ECs may cause 

some forms of endothelial dysfunction, which makes the pulmonary vessels more susceptible to 

secondary triggers such as inflammation or thrombosis. This result is consistent with 

pathological findings in human PAH samples, and also consistent with the report demonstrating 

that Bmpr2+/- develop PAH upon treatment with pro-inflammatory reagents or serotonin 

(134;135). What remains to be investigated, however, is the nature of the ‘endothelial 

dysfunction’, and the underlying mechanism by which Bmpr2 deletion in pulmonary ECs causes 

such a condition. 

Based on the observation that cells in the plexiogenic lesion are monoclonal (12;171), 

LOH of the BMPR2 gene in those cells has been suggested as a potential pathogenetic 

mechanism for PAH. Machado et al. investigated microsatellite instability in 5 loci including a 

BMPR2 locus on DNA samples isolated from plexiform and concentric vascular lesions of 7 

familial PAH patient lungs by laser microdissection technique, but heterozygosity of the BMPR2 

gene appeared to be maintained (172). This result demonstrated that LOH of BMPR2 is not 

necessary for the development of such vascular lesions. We demonstrated here that homozygous 

Bmpr2 deletion in pulmonary ECs by itself is not sufficient to develop PAH. Our data showed, 

however, that homozygous Bmpr2 deletion significantly increases the susceptibility to PAH, 
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compared to heterozygous Bmpr2 deletion. We observed a high incidence of infiltration of 

CD68-positive mononuclear cells in the perivascular regions of PAH lungs, suggesting that 

Bmpr2 deletion in pulmonary ECs may cause some forms of endothelial dysfunction, which 

makes the pulmonary vessels more susceptible to secondary triggers such as inflammation or 

thrombosis. This result is consistent with pathological findings in human PAH samples, and also 

consistent with the report demonstrating that Bmpr2+/- develop PAH upon treatment with pro-

inflammatory reagents or serotonin (134;135). What remains to be investigated, however, is the 

nature of the ‘endothelial dysfunction’, and the underlying mechanism by which Bmpr2 deletion 

in pulmonary ECs causes such a condition.  

It is unclear why some, but not all, mutant mice develop PAH.  There was no gender bias 

for the PAH phenotype in the mutant mice. To examine the possibility that the phenotypic 

variation resulted from variance of Bmpr2 deletion in pulmonary ECs, we monitored the Cre 

activity by introducing the R26R allele. No differences in the intensity and pattern of X-gal 

staining were detected between PH and N-PH groups regardless of their genotypes, indicating 

that the phenotypic variation should not be attributed to incomplete excision of Bmpr2 gene in 

pulmonary ECs. Also, the PAH phenotype had no correlation with the presence of R26R allele. 

We showed here that about 30% of Cre(+);Bmpr2+/f mice showed PAH phenotype at 6 months of 

age. This statistic result is similar to human studies showing that about 20% of people harboring 

BMPR2 mutations develop PAH (238). Since mice used in this present study were on 129Sv, 

C57BL/6, and FVB mixed background, strain-specific genetic modifiers might have played a 

role for controlling the susceptibility to the second hit. 

The underlying pathogenetic mechanisms for PAH is poorly understood. One of the major 

impediments for this task is limited access to biological samples. PAH is a rare disease, and only 
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available pathological samples are from lung transplantation patients, at the very last stage of the 

disease. The animal models for PAH will therefore provide relevant pathological samples from 

early to late stages of PAH. Once established, these animals can also be used to test the efficacy 

of novel therapeutic drugs. Tg(Alk1-cre)-L1 as well as Cre(+);Bmpr2f/f mouse lines presented 

here will be useful genetic resources to further our knowledge about PAH pathogenesis, 

specifically for the role of BMPR2 signaling in pulmonary endothelium.   

Currently available endothelial Cre lines, including Tg(Tie1-cre), Tg(Tie2-cre), Flk1+/cre, 

and Tg(Vecad-cre) lines, express the Cre recombinase in the endocardial cells, progeny of which 

constitute atrioventricular cushions (217;225;226;245). Conditional deletion of several 

TGF/BMP receptors using these Cre lines appeared to have some form of cardiac malformations, 

such as cardiac valve or ventricular septal defects (221;227;246). When we deleted the Bmpr2 

gene using Tg(Tie2-cre) mice, most Tg(Tie2-cre);Bmpr2f/- mice died before the weaning age 

because of the presence of cardiac malformations (unpublished; Beppu et al.). In this regard, the 

Tg(Alk1-cre)-L1 line is superior to these known endothelial Cre lines for evaluating the impact 

of a gene deletion in pulmonary ECs because Cre is not expressed in the endocardial cells and 

their progeny during cardiogenesis stages (Park et al. unpublished). The Tg(Alk1-cre)-L1 line 

will also be useful to assess the role of other BMPR2 signaling partners (e.g BMPR1A and 

SMAD1) or of potential downstream mediators in PAH pathogenesis of PAH. 
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Figure 5-1.  Tg(Alk1-cre)-L1 mice express the Cre recombinase in the pulmonary vascular 

endothelial cells. A) and B) The cells in which Cre-mediated recombination has 
occurred were visualized by staining the lungs of 5-month-old Tg(Alk1-cre)-L1;R26R 
bigenic mice with X-gal for the lacZ expression. Sections of whole mount X-gal 
stained lungs were counter stained with nuclear fast red (NFR; A), or with αSMA 
antibody. Insets are magnified views of the area indicated by arrows. Note that X-gal 
positive cells resided in vascular ECs, but neither in airway epithelial cells nor 
smooth muscle cells. C) PCR detection of the Bmpr2ΔEx4,5 allele (i.e., deletion of 
exons 4 and 5 of Bmpr2 by Cre) from genomic DNA isolated from multiple 
organs/tissues of 2-month-old Cre(-);Bmpr2f/f (left) and Cre(+);Bmpr2f/f (right), 
demonstrating a lung-specific Cre activity. A primer set amplifying an Alk1 locus 
(~190 bps) was used as a control for PCR reaction. D) Western blotting analysis with 
BMPR2 antibody on whole lung lysate shows reduced levels of BMPR2 protein 
(~120 kd) in Cre(+);Bmpr2+/f and Cre(+);Bmpr2f/f lungs compared to Cre(-);Bmpr2f/f 
lungs. GAPDH (~36 kd) was used as a loading control. 
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Figure 5-2.  Endothelial Bmpr2 deletion resulted in elevation of RVSP and RV hypertrophy in 

gene dosage and age dependent manners. A) and B) RV pressure of control, 
Cre(+);Bmpr2+/f and Cre(+);Bmpr2f/f mice was measured at 2-4 and 6 months of age. 
Each dot represents RVSP of an individual mouse. Mean value (m) of RVSP of each 
genotype group was given and indicated by horizontal bars. Pulmonary hypertensive 
(PH) group (i.e. RVSP greater than 30 mmHg; open bar) and none-PH (N-PH; solid 
bar) group were separated in each genotype in C) and D). C) Systolic systemic 
pressure was recoded by an indirect tail cuff method. There was no significant 
difference among any comparisons. D) The RV/(LV+S) ratios in PH groups were 
significantly greater than that in N-PH groups regardless of their genotypes. Levels of 
statistical significance are indicated. 
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Figure 5-3.  Mice in the PH group exhibited increased number of muscularized distal arteries and 

thickening of medial layers. A) and B) Representative histological sections of control 
and PH lungs, stained with αSMA antibody. Insets in A) and B) are magnified views 
of the areas indicated by arrows. Note readily identifiable strong αSMA-positive 
small arteries in the PH group lungs, and thickening of arterial walls (inset in B). 
Scale bars in insets represent 25 μm. C) and D) Percentages of small arteries positive 
for αSMA staining and medical thickness of distal arteries were compared among 
five groups, i.e. control, PH and N-PH groups in each mutant genotype. Mice in PH 
group in either genotype showed significant increases in number of αSMA-positive 
small arteries and in thickness of medial layers. 
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Figure 5-4.  Previously identified PAH-associated protein expressions were elevated in SMC 
layers of PH mouse lungs. A) - F) Immunostaining of control and mutant lungs with 
antibodies against serotonin transporter (5HTT) and tenascin-C (Tn-C) revealed 
elevated expression of both 5HTT and Tn-C in SMC layers of PH group samples 
compared to control and N-PH group samples. Representative areas containing 
similar sized vessels were shown. Scale bars represent 25 μm. 
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Figure 5-5.  Vascular lesions of the PH lungs mimic some pathological features of human PAH. 

A) and B) H&E staining of control and PH lungs, showing focal leukocyte infiltration 
around pulmonary arteries of PH lungs of Cre(+);Bmpr2f/+ or Cre(+);Bmpr2f/f mice. 
Immunohistochemical studies revealed what the infiltrated cells were mostly CD68-
positive mononuclear cells (inset in B). Br, Bronchus; PA, pulmonary artery. C) and 
D) Immunostaining with αSMA and von Willebrand factor (vWF) antibodies showed 
occlusive arteries with neointima formation in a PH lung. E) Elastic van Geison 
staining showed neointima formation. Most cells in neointima were αSMA-positive. 
eEL, external elastic lamina. F, H&E staining showing a representative in situ 
thrombotic lesion in a PH lung. Lumen of the affected vessel was occluded by 
formation of fibrin(ogen)-positive thrombus (inset).
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CHAPTER 6 
CONCLUSION AND PERSPECTIVES 

In the presented studies, two distinct TGF-β receptors linked to inherited cardiovascular 

diseases, i.e HHT2 and PAH, were studied. Although the biological significance of TGF-β has 

been implicated in a variety of biological processes for decades, multiple debatable and unknown 

issues regarding the role of the receptors in the vascular biology are yet to be answered. 

Throughout the studies, most of the work has been engaged in elucidating the physiologic or 

pathogenic roles of the receptors in the endothelial biology.  

In Chapter 3, we sought to characterize the regulatory mechanism of dynamic pattern of 

Alk1 expression via in vivo analysis of the Alk1 promoter and intron 2 regions. In Chapter 4, we 

developed and characterized a novel Tg(Alk1-cre)-L1 line displaying a unique pattern of Cre 

activity in the pulmonary ECs. Finally, in Chapter 5, using the Tg(Alk1-cre)-L1 line we sought to 

test a long-awaited and evidence-based hypothesis in the PAH field by selectively deleting 

Bmpr2 in the pulmonary ECs. 

The 9.2 kb of Alk1 Promoter As a Driver of Spatiotemporal Pattern of Alk1 Expression 

The in silico approach used to analyze the Alk1 promoter revealed highly homologous 

regions between mouse and human ALK1 in the promoter and intron 2 regions. Based on the 

data, the Alk1 promoter was further dissected in order to determine what the key 

regulator/enhancer for Alk1 expression. Because, as noted in Chapter 1, Alk1 exhibits a 

heterogeneity in the tissue-specificity of expression, the well-established in vivo transgenesis 

approach was employed to bypass any disagreement that may have been caused by an in vitro 

culture of the ECs. To our surprise, the 9.2 kb of pXh4.5-in2-SIB construct, containing whole 

homologous sequences in intron 2, precisely recapitulated the endogenous Alk1 expression, 

whereas the two other constructs failed to show an Alk1-specific expression pattern. The X-gal 



 

108 

staining in the Tg(Alk1-lacZ) (from the pXh4.5-in2-SIB construct) was predominantly limited in 

the arterial ECs of large vessels and perineural and pulmonary capillaries during development. 

As expected, Alk1 expression was greatly diminished during the adult stage, but could be 

induced with wound challenge. However, the inducibility of Alk1 during wound-healing was not 

as robust as in Alk1+/lacZ mice. The difference between the lines is most likely caused by a lack of 

an additional regulatory element(s) which would be necessary for precise induciblity of the Alk1 

gene in adult. Consistent with the phenotype displaying excessive dilation/fusion in embryonic 

vessels of Alk1lacZ/lacZ, null mutation of Alk1 also caused the malformation of umbilical vessels. 

The phenotype includes dilation of the vessels at E9.5, followed by fusion of the vessels at E10.5. 

Of interest, although the Alk1 expression was detected in both umbilical arterial and umbilical 

venous ECs, the Alk1 expression in the umbilical arterial ECs is still dominant. The data 

indicates that because partial pressure of oxygen in the umbilical vein is higher than that in the 

umbilical artery, the level of oxygen does not seem to be a direct mechanism in the regulation of 

the Alk1 expression. Supporting this view, a recent microarray analysis showed that no 

significant changes of oxygen-sensitive genes in the blood outgrowth endothelial cells (BOECs) 

isolated from HHT patients were detected (247).  

HHT is a vascular disease caused by a mutation in the TGF-β type receptor (Eng or ALK1) 

or in a cytoplasmic mediator (SMAD4). Most of the diagnostic screening for this mutation has 

been carried out with direct sequencing of coding exons. It has been shown that 60% of HHT 

cases are caused by such exonic mutations, however, the types of mutations in the rest of the 

cases are still inexplicable (189). The presented results are the first to demonstrate the potential 

role of intronic sequence in the regulation of Alk1 expression. Thus, the results from the study 
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may provide genomic sequence information for screening non-exonic mutations of ALK1 in 

HHT2 patients. 

A future prospect would be follow-up studies on further dissecting and defining the 

homologous regions in intron 2. To directly determine whether the homologous sequence in 

intron 2 does function as a true enhancer element governing EC-dominant expression, an in vivo 

transient transgenic approach would be a beneficial tool. According to this method, various 

transgenic constructs containing a minimal Alk1 promoter, intron 2 sequence with or without 

homologous region along with the lacZ reporter gene would be designed, introduced into 

fertilized mouse eggs and embryos would be harvested to visualize the transgenic constructs’ 

expression through X-gal staining. The confirmed promoter and homologous sequence would be 

a useful resource for a viral vector system. Furthermore, the in vivo dissection of the homologous 

region would provide us sequence information for the identification of trans-acting factors in the 

regulation of dynamic pattern of Alk1 expression. 

A Novel Tg(Alk1-Cre)-L1 Line As a Pulmonary EC-Dominant Cre Deleter 

Using the 9.2 kb Alk1 fragment, a novel Tg(Alk1-cre)-L1 line was developed. In the line, 

uniform Cre activity was persistently observed in pulmonary ECs from E15.5 on. On the other 

hand, the ECs of systemic vessels displayed mosaic Cre activity. Consistent with the pattern of 

Alk1 expression in pulmonary vessels, pulmonary Cre activity in the line was shown in almost 

all of the pulmonary ECs during embryonic and early postnatal stages. In the Tg(Alk1-lacZ) line, 

however, the X-gal staining was mostly limited to small vessels, such as small arteries and 

capillaries, during the adult stage. As discussed in Chapter 4, once an allele is recombined by Cre 

in a cell, progenitor cells from the cell also contain the recombined allele. This is most likely the 

reason why the homogeneous pattern of X-gal staining in all pulmonary ECs persisted through 

the late embryonic and in the adult stages of the Tg(Alk1-cre)-L1;R26R bigenic mice. More 
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importantly, unlike any other pan-endothelium-specific Cre lines, the Tg(Alk1-cre)-L1 line 

exhibited minimal Cre activity in the ECs of the coronary vessel and capillaries in the heart and 

no endocardial Cre activity. As discussed in Chapter 1, based on the trace of X-gal staining 

pattern in the Tg(Alk1-cre);R26R bigenic mice, the turnover rate for pulmonary EC seems to be 

very slow in adults. 

Alk1-Cre(+);Bmpr2f/f Mice As an Unique Model System of PAH  

In Chapter 5, the pathogenic role of perturbed endothelial Bmpr2 signaling in the 

development of PAH was highlighted. Based on the pathohistological evidence of endothelial 

dysfunction and low disease penetrance in PAH individuals, we hypothesized that the 

homozygous deletion of Bmpr2 in the pulmonary ECs increases the genetic susceptibility to 

PAH. Indeed, endothelial Bmpr2 deletion could predispose elevation of RVSP, muscularization 

of small arteries and right ventricular hypertrophy. Although the disease penetrance was still 

incomplete in our mouse model, homozygous deletion of Bmpr2 in ECs led to higher frequency 

of PAH than heterozygous deletion with an age-dependent manner. The data suggests that the 

factors altering gene dosage of Bmpr2 play a pathogenic role in the development of PAH. 

Certainly, none of the mutant mice appeared to display congenital heart defects such as septal 

defects or valvular pulmonary stenosis. This result was possibly achieved due to the lack of 

endocardial Cre activity in the Tg(Alk1-cre)-L1 line. Our initial attempt with collaboration was 

to conditionally delete Bmpr2 in ECs by using the Tg(Tie2-cre). However, the Tie2-

cre(+);Bmpr2f/f mice displayed postnatal anomalies including heart defect. The result further 

indicates that unlike any other EC-specific Cre lines, the Tg(Alk1-cre)-L1 line is a unique line as 

a pulmonary EC-dominant Cre deleter without causing heart defect. The Tie2-cre(+);Bmpr2f/f 

mice would be a useful resource for studying other types of PH such as persistent PH caused by 

congenital heart defects. Interestingly, the subset of hypertensive mice exhibited signs of 



 

111 

endothelial dysfunction such as perivascular infiltration and in situ thrombosis. Although the 

subset of PAH individuals also exhibit the signs of endothelial dysfunction, the mechanism 

underlying such dysfunctions is still open to question. It is tempting to speculate that the Bmpr2 

signal plays a protective role in the endothelium from injuries such as inflammation responses 

and mechanical forces such as flow shear stress.  

Perspectives 

Although our murine models have helped to explain some critical issues in the etiology of 

PAH, a number of mechanistic questions are still unanswered. For subsequent examination of 

inflammatory responses as one of the multiple hits in our model system, a chronic infusion of 

inflammatory cytokine such as IL-1β, IL-6 or MCP-1 into Alk1-cre(+);Bmpr2+/f and Alk1-

cre(+);Bmpr2f/f mice would be a useful approach to resolving this possibility. Because the mouse 

model we used in the PAH study harbors mixed genetic backgrounds (i.e. 129Sv/J, C57BL/6 and 

FVB), strain-specific modifier gene(s) might play a role in the development of 

pathophysiological manifestation in the Alk1-cre(+);Bmpr2+/f or Alk1-cre(+);Bmpr2f/f mice. 

Therefore, PCR-based genome-wide scan for the identification of potential quantitative trait loci 

(QTL) linked to PAH in the hypertensive mice would be useful approach to test this possibility. 

As discussed in Chapter 1, PAH is known to exhibit opposite vascular phenotypes of HHT. 

It has been demonstrated that the subset of HHT individuals with the ALK1 mutation also 

displayed clinical manifestations of PAH. Therefore, one of the fundamental questions in the 

genetics of PAH would be how the ALK1 mutation genocopies the BMPR2 deficiency. A recent 

study suggests that in the presence of BMP9, BMPR2 can preferentially interact with ALK1 in 

ECs and inhibit growth factors stimulated-cell migration and proliferation (99). Moreover, Yu et 

al. demonstrated that loss of the BMPR2 function can be compensated by another TGF-β type II 
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receptor, ActRIIa, in SMCs (108). Therefore, to further test the mechanistic role of the 

interactions between the receptors, some genetic compound mice such as Alk1-

cre(+);Bmpr2f/f;ActRIIa-/- or Alk1-cre(+);Bmpr2f/f;Alk1+/f would provide a direct answer for the 

questions. Follow-up studies with the mouse strains would help to explain the incomplete disease 

penetrance in our mouse model and BMPR2 mutation carrier as well. Because the Alk1-

cre(+);Alk1f/f mice exhibit postnatal lethality with malformation in the pulmonary vessels, the 

Alk1-cre(+);Bmpr2f/f;Alk1+/f mice would at least in part provide answers for the interwoven link 

among the receptors as a disease-causing mechanism. Furthermore, the mouse line would be a 

useful genetic resource to study a decision-point of the two distinct diseases, i.e. HHT and PAH, 

caused by ALK1 mutation. 

Another intriguing question in the PAH field is whether PAH as a consequence of the 

BMPR2 mutation is mediated by a SMAD-dependent signaling mechanism. To investigate the 

pathogenic significance of SMAD-dependent signaling as a downstream contributor to the 

development of PAH, the conditional deletion of endothelial Smad1 in compound Alk1-

cre(+);Smad1f/f mice would be worthy. A recent study showed that homozygous inactivation of 

endothelial Smad5 in Tie2-cre(+);Smad5-/f mice did not impair blood vessel formation, 

suggesting SMAD1 to be a main downstream mediator of BMPR2 in ECs (248). Indeed, reduced 

levels of phosphorylated SMAD1 was observed in the pulmonary vessels in PAH individuals 

with a heterozygous BMPR2 mutation (169). Thus, the Alk1-cre(+);Smad1f/f mice would further 

provide evidence of the dependence of SMAD1 signaling in the development of PAH.  

The isolated pulmonary EC would be a good research resource to investigate the impact of 

endothelial BMPR2 mutation in vitro. To nullify the Bmpr2 allele, ROSA26-creER(+);Bmpr2f/f 

mice would be generated, the pulmonary ECs can be isolated from the mouse strain, and 
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tamoxifen would be treated to the isolated ECs. Because the CreER efficiently becomes active 

by tamoxifen, the system would provide sets of experiments to test the impaired Bmpr2 function 

in the endothelial biology under various conditions. The isolated ECs would be a useful resource 

to investigate questions regarding the perturbed trafficking of mutant Bmpr2 to membrane, and 

desensitization of mutant Bmpr2 to ligands. It has been shown that BMPR2 containing some 

types of mutation fail to reach the cell membrane (249). The data suggests that the failure in 

targeting BMPR2 to membrane might be one of the disease-causing mechanisms with or without 

heterozygous BMPR2 mutation. The functional significance of membrane trafficking of BMPR2 

was recently reviewed (250). Morrell et al. showed that SMCs isolated from the pulmonary 

artery of individuals with IPAH exhibited altered growth responses to the BMP-2, -4, and -7, as 

compared with SMCs isolated from controls (251). The dynamics of BMPR2 on the plasma 

membrane seem to be a complex system (252). Currently it is unknown how the mutant BMPR2 

desensitizes the ligands; thus, it would be worthy to test the possible involvement of the receptor 

desensitization in ECs containing mutant Bmpr2. 

In conclusion, using genetically modified mice we have demonstrated that the endothelial 

deletion of Bmpr2 can predispose PAH. The mouse lines, as powerful research resources, have 

the potential to be used in the isolation of new therapeutic targets and discovery of target drug(s) 

for PAH. The presented data also will meet our common endeavor in the improvement of public 

health. 
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