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Abbreviations

Alveolar capillary dysplasia, ACD  
Angiopoietin, Ang 
Bacillus amyloliquefaciens H. BamHI 
Beta Fibroblast growth factor, bFGF  
Beta galactosidase, b-gal  
Charge couple device, CCD 
Cyclization recombination/ locus of X- 
 over P1, Cre/LoxP  
Cyclooxygenase-2, Cox2 
Deoxyribonucleic acid, DNA 
Diaminobenzidine, DAB 
Embryonic day 0, E0 
Embryonic stem cells, ES cells 
Endothelial nitric oxide synthase,  
 eNOS 
Extracellular matrix, ECM 
Fetal liver kinase receptor, Flk-1 
Fms-like tyrosine kinase receptor, Flt-1 
Gene that encodes beta galactosidase, 
 LacZ 
Horseradish peroxidase, HRP 
Hydrogen peroxidase, H2O2 
High power fields, hpf 
Human growth hormone, HGH 
Insulin-like growth factor-I, IGF-I  
Matrix metalloproteinases, MMPs 
Monocyte chemoattractant protein-1, 
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Osmium tetroxide, OsO4  

Neuropilin-1, NP-1 
Nitric oxide synthase, NOS 
Persistent pulmonary hypertension of 
 the newborn, PPHN 
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Placenta growth factor, PlGF 
Plasminogen activator inhibitor-1, 
 PAI-1 
Platelet derived growth factor, PDGF 
Platelet/endothelial cell adhesion 
  molecule, PECAM  
Platelet factor 4, PF-4 
Polymerase chain reaction, PCR 
Postnatal day 1, PN1 
Potassium hydroxide, KOH 
Ribonucleic acid, RNA 
Tissue inhibitors of metalloproteinases, 
 TIMPs 
Transforming growth factor, TGF 
Type I alveolar epithelial cell, T1 
Tris-Na-Blocking buffer, TNB 
Urokinase plasminogen activator, u-PA 
Vascular endothelial growth factor, 
  VEGF 
Vascular endothelial growth factor 
  inhibitor, VEGFI 
Vascular endothelial growth factor 
 receptor, VEGFR 
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Introduction 

Lung Development: Intimal Relationship between Airways and Vasculature 
 
The human lung is a complex, highly structured organ, in which a vast vascular 

network is intimately associated with an equally vast arbor of epithelial-lined tubes and 

sacs for the prime purpose of gas exchange. The prenatal period of lung development is 

mainly concerned with the establishment of passages for conducting air to the distal 

lung where gas exchange will occur (Table 1). 

Prenatal period 
-------------------------------------------------------- 
Embryonic stage:   1–7 weeks 
Fetal period:    5 weeks to birth 
Pseudoglandular stage:  5–17 weeks 
Canalicular stage:  16–26 weeks 
Saccular stage:  24–38 weeks 
 
Postnatal period 
-------------------------------------------------------- 
Alveolar stage   36 weeks to 1–2 years 
 
Table 1. Stages of lung development 
 
 

 During the earliest pseudoglandular stage repetitive branching results in all the 

conducting airways and at the same time, the pulmonary vasculature also develops by 

progressive branching of the pulmonary artery that parallels the path of the airways but 

is separated from it by mesenchyme.  During the second or canalicular stage, the acinus 

is formed, the air-blood barrier develops and surfactant synthesis begins.  In the final, 

saccular stage, the capillary network expands as the air spaces widen and the number of 

air-blood barriers increases. At birth, the primary septae of the terminal sacs are 

composed of a central core of connective tissue with a capillary on either side. Shortly 

after birth, the terminal saccules undergo septation by the protrusion of secondary 

crests from the primary septae, thus increasing the air-blood interface (Figure 1) 
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Figure 1. Temporal structural changes during pre and postnatal lung development with 
genes that play a primary role in this process (Adopted from [1]). 
 

This intricate pattern of epithelial-endothelial association is the culmination of a 

carefully orchestrated cascade of genomic activity involving numerous genes and gene 

products.  The timing of individual gene activity determines the interplay between 

mesenchymal (vascular) and epithelial cells and dictates the developmental stages 

during which different components of the airway–vascular tree are formed.  Lung 

development is unique in that a very close relationship is maintained between 

epithelium and mesenchyme during both intra-uterine and post-natal development 

(Figure 2) and interruption has catastrophic consequences. 
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AIR-BLOOD BARRIERBRONCHOBRONCHO--ARTERIAL UNITARTERIAL UNIT
 

Figure 2. The intimal relationship between mesenchymal (vascular) and epithelial 
components of adult lung parenchyma is demonstrated in the central areas (broncho-
arterial unit) and the peripheral lung tissue (air-blood barrier). (Adopted from Netter: 
Atlas of Human Anatomy [left] and form Robins: Pathology of Human Disease [right])  

 

Basic Processes of Vascular Development 
 
In general, two main processes contribute to blood vessel formation: vasculogenesis 

and angiogenesis. In vasculogenesis, primitive blood vessels are formed de-novo, 

without the presence of a preexisting “mother” vessel. This concept was introduced 75 

years ago [2] and was believed to be the mechanism for vascular development [3], and 

the process whereby embryonic vessels such as the aorta and main embryonic veins are 

formed [4]. Rarely, vasculogenesis has been described in mature tissue in adults [5-7]. 

Angiogenesis is the growth of blood vessels from preexisting vessels or a vessel 

network.  Angiogenic remodeling modifies the already existing primitive vessels by 

stabilizing, shaping and pruning to establish a mature vascular network. During this 

process, crucial interconnections between vessel walls and the immediate environment 

(supporting cells, extracellular matrix) are initiated and established. Angiogenic 

sprouting refers to a process of new vessel formation from preexisting ones. A notable 
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difference between the two processes is that vasculogenesis gives rise to a primitive, 

poorly functioning network of vascular channels, whereas angiogenesis creates a 

mature vascular network [8-10] (Figure 3). 

  

 
 
Figure 3. Vasculogenesis and angiogenesis are the two principal mechanisms of vessel 
development. While vasculogenesis occurs via transformation of primitive 
mesenchymal cells to primitive vessels, angiogenesis requires preexistent ‘‘mother’’ 
vessels or a primitive vessel network. Angiogenic remodeling stabilizes the primitive 
vessels, and angiogenic sprouting gives rise to new vessel branches (Adopted from 
[II]).  
 

Models of Early Pulmonary Vessel Development 
 
The extent to which angiogenesis and vasculogenesis contribute to pulmonary vessel 

growth and establish the pulmonary vascular circuit is the subject of continued debate.  
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One school of thought suggests that both angiogenesis and vasculogenesis contribute to 

the development of the pulmonary vasculature, each process being responsible for a 

different segment of the vascular tree.   At the hilum, the pulmonary arteries grow into 

the lung bud by angiogenic sprouting from the dorsal aorta or aortic sac, while distally, 

in the sub pleural regions, vasculogenesis creates a capillary bed in the foregut 

mesoderm. The distal and proximal components are then fused completing the 

pulmonary vascular circuit (Figure 4). 

  

 

Figure 4. Time sequence of pulmonary vascular development (A–C). The most 
accepted concept of early lung vascular development is based on two independent 
processes: central angiogenesis and peripheral vasculogenesis (B). Fusion between the 
two processes establishes the continuity between the central and peripheral pulmonary 
vessels (C) (Adopted from [II]). 

Portions of this concept were built on the observations of early studies of vascular-

filling in human embryos using India ink. These studies showed that preacinar 
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pulmonary arteries were formed via angiogenic sprouting from extrapulmonary vessels 

[11] and that the process was completed by 16 weeks of age [12]. This observation was 

later confirmed in mouse embryos by scanning electron microscopy of pulmonary 

vascular mercox casts that showed segmental pulmonary artery connections to the 

central vasculature at embryonic day (E) 12 [13]. A concomitant electron microscopic 

study of the peripheral embryonic lung revealed at E9, the presence of primitive blood-

filled vascular channels in the peripheral sub-pleural mesenchyme that lacked 

connection to the hilar segmental arteries. This observation lead to the conclusion that 

two principal processes contribute to early pulmonary vascular development: central 

angiogenesis and peripheral vasculogenesis [13]. The third process, fusion between 

angiogenic and vasculogenic components occurred at E13-14, when vascular casts 

demonstrate continuity between peripheral and central vessels [13] (Figure 4). This 

finding later was confirmed in a study of serial sections of human embryos and early 

fetuses that enabled reconstruction of the vascular pathway [14] and by double 

immunohistochemical-labeling followed by 3-dimensional reconstruction [15]. Studies 

of insulin-like growth factor-I (IGF-I), which is a powerful angiogenic stimulant for 

fetal lung endothelial cells further supports this concept. Mapping of the IGF-I 

expression pattern in human embryonic and fetal lung suggested that both 

vasculogenesis and angiogenesis contribute to early human lung vascular development 

by the demonstration of distinct subpopulations of endothelial cells that arise from 

diverse genetic lineages [16]. 

Different conclusions were made by investigators using a combination of techniques 

such as a vascular-filling method and molecular markers of early of blood vessel 

endothelium in chick embryos.  These studies suggested a continuous vasculogenic 

process contributing to the pulmonary vasculature [17]. A similar conclusion was 

derived from studies in human embryos using multiple immunomarker followed by 

spatial reconstruction [18]. An extensive study using mice engineered with β-gal 

expression to visualize endothelial cells (LacZ gene was inserted into the promoter of 

an early endothelial cell marker gene, flk) further emphasized the dominant role of 

vasculogenesis in the development of the lung’s vasculature. This technique allowed 

early identification of developing endothelial cells and examination of the relationship 

between peripheral and distal pulmonary vessels. β-gal-positive endothelial cells 
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demonstrated a connection between the synchronously developing vessels of both 

regions proximal and distal, of the lung as early as E10.5 [19].  Whereas these 

observations demonstrate anatomic continuity between the developing proximal and 

distal pulmonary vascular segments from their inception, the vascular cast experiments, 

suggest that functional continuity occurs later in gestation at E13-14 [13]. 

Recently, yet another concept has been introduced to describe intrapulmonary vessel 

growth. The term “distal angiogenesis” was proposed, because the earliest vessels in 

mouse lung were found to be already connected to the embryonic circulation. In this 

study Lac-Z expression was controlled by the Tie gene promoter. Connection of 

pulmonary vessels to the heart vasculature was seen as early as E9.5 - before the 

induction of a lung bud, therefore the authors claimed that the only process that 

contributed to intrapulmonary vessel development was angiogenesis [20] (Figure 5). 

  
 

Figure 5. A: lung vascular morphogenesis models. Model 1 describes 2 mechanisms of 
lung vascular morphogenesis, central angiogenesis (sprouting of arteries and veins from 
central vascular trunks) and distal vasculogenesis (development of hematopoietic lakes 
in the mesenchyme). Connection between the 2 vascular beds would occur at 
embryonic day (E)13/14. Model 2 proposes distal vasculogenesis (development of new 
vessels from endothelial cell precursors) as the mechanism of lung vascularization. 
Model 3 explains the mechanism of distal angiogenesis as the process to develop lung 
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vasculature (formation of new capillaries from preexisting ones). HL, hematopoietic 
lakes; ECP, endothelial cell precursor (Adopted from [19]). 
 

 

 

Steps of Lung Vascular Development 

 

Regardless of whether angiogenesis and/or vasculogenesis are involved in the 

formation of the lung’s vasculature, at the cellular level, a series of steps are required 

before the mature, functional vessel structure is achieved. The steps leading to the 

assembly of a vessel include the following: (1) specification of primitive cells to 

vascular progenitors, (2) formation of primitive vascular networks, (3) remodeling with 

local regression and branching, (4) specialization toward arteries, veins, and 

lymphatics, (5) stabilization of vessels by matrix production and recruitment of 

supporting cells, and (6) maintenance of the vascular structure (Figure 6).  

 
 

Figure 6. The developmental steps of vessel maturation in the lung: (1) specification of 
primitive cells to vascular progenitors, (2) formation of primitive vascular networks, (3) 
remodeling with local regression and branching, (4) specialization toward arteries, 
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veins, and lymphatics, (5) stabilization of vessels by matrix production and recruitment 
of supporting cells, and (6) maintenance of the vascular structure (Adopted from [II]). 

 
 

 

In the growing lung, especially during postnatal lung development, another form of 

angiogenesis, intussusceptive angiogenesis has been indicated to play crucial role [21]. 

This unique mode of blood vessel formation and remodeling occurs by internal division 

of the preexisting capillary plexus (insertion of transcapillary tissue pillars) without 

sprouting, which may underlie alveolar growth and remodeling throughout adult life 

(Figure 7). 

 

 
Figure 7. The mechanism of intussusceptive microvascular growth. A In a capillary 
network with meshes of different sizes, new very tiny meshes appear (arrowheads). 
They correspond to slender transcapillary tissue pillars. B The labeled meshes of A 
have enlarged (arrowheads) while further new meshes are appearing (arrows point to 
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two of them). By these means the capillary network increases in area and in number of 
capillaries [Adopted from 21]. 

 

These processes call for finely tuned spatial and temporal regulation. This is especially 

critical in the lung because of its unique 3D structure, in which there is an intimate 

spatial relationship between preacinar arteries and airways, septal veins, and lymphatics 

as well as between alveoli and microvessels. In addition, the lung must undergo 

complex vascular adaptive processes attendant upon the transition from intrauterine life 

to independent air-breathing. Study of a number of growth factors and signaling 

molecules provides some insight into the steps whereby this complicated dynamic, and 

vital pulmonary vascular tree is assembled. 

 
 
Major Growth Factor Families That Regulate Lung Vessel Growth 
 
This complex, highly organized, multi-step process requires exquisite orchestration of 

the regulatory activity of multiple growth factors in a specific temporo-spatial order. 

Most of these growth factors are members of three major growth factor families that 

have been recently identified [II]. They are the Vascular Endothelial Growth Factor 

(VEGF), Angiopoietin and Ephrin families.  Understanding the functional reach of 

several members of these growth factor families is integral to an appreciation of the 

etiology and pathogenesis of developmental lung vascular disorders affecting newborns 

and children. 

 

Angiogenesis Regulators 
 
The steps involved in lung vessel assembly require molecular mechanisms that are 

tightly regulated by a complex balance of angiogenesis regulators such as growth 

factors/receptors (VEGF, PlGF NP-1, Ang1 and ANG2, PDGF, TGF, bFGF, HGF, 

MCP-1, IGF), matrix receptor/junctional molecules, and proteinases (integrins, 

cadherins, PECAM/CD31, Ephrins, u-PA, PAI-1, MMPs, TIMPs, NOS, Cox2, and 

chemokines),  and inhibitors (thrombospondin-1, angiostatin, endostatin, vasostatin, 

VEGFI, PF-4, osteopontin, troponin-I, interleukins, interferon, and antithrombin III) 

[22].  
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Vascular Endothelial Growth Factor (VEGF) and Its Isoforms  
 
A likely candidate as a regulator for the formation of the lung's vasculature is vascular 

endothelial growth factor (VEGF), which belongs to the Vascular Endothelial Growth 

Factor Family. This important and well studied family comprises the VEGF proteins 

and their related receptors (Figure 7) [10, 23-27].  Five different VEGF molecules have 

been described in mammals (VEGF-A through VEGF-D, as well as Placental Growth 

Factor (PlGF)) and they have affinity for three associated receptor tyrosine kinases 

(VEGFR-1/Flt-1, VEGFR-2/KDR/Flk-1, and VEGFR-3/Flt-4) (Figure 8). 

 

 
 
Figure 8. The proteins and their related receptors of Vascular Endothelial Growth 
Factor Family (Adopted from [9]). 
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Expression of VEGFR-1 and VEGFR-2 is principally in vascular endothelium, whereas 

VEGFR-3 is mainly expressed in lymphatic endothelium [28].  VEGF-A and its 

receptors, VEGFR-1 and VEGFR-2 are the most studied and both in vitro and in vivo 

experiments have shown that VEGF-A induces endothelial cell proliferation, migratory 

and sprouting activity, as well as primitive vessel-like tubule formation through 

interaction with VEGFR-2 receptor [29]. Mouse knock-out experiments have 

demonstrated that VEGF-A and VEGFR-2 are essential for early vessel growth because 

when absent, blood islands, endothelial cells, and major vessel tubes fail to develop 

[30-32].  Loss of even a single VEGF-A allele results in embryonic lethality, 

underscoring a strict dose-dependence for VEGF during vessel development [31, 32].  

Studies using mouse embryos heterozygous for the VEGF-A gene have shown that the 

role of VEGF-A is not restricted to the initiation of vascular development but it is 

necessary also for later events such as vessel sprouting, and for the maintenance of 

vessel integrity [31, 32].  Compared to VEGFR-2, VEGFR-1 appears to be important 

for later stages of vessel assembly: mice lacking VEGFR-1 exhibit good vessel 

formation, but the vessels are disorganized because of the production of too many 

endothelial cells indicating that VEGFR-1 downregulates VEGF activity [33].  

Overexpression of VEGF-A in adult tissue results in leaky and hemorrhagic vessels that 

are associated with an inflammatory response pointing to the need for carefully 

regulated VEGF expression throughout life [34, 35].  In the lung high levels of VEGF 

messenger RNA and protein are expressed by pulmonary epithelial cells of the lung, 

suggesting that VEGF plays a role in the epithelial-endothelial interactions that are 

critical to normal lung development [36-38].   

In the mouse, the VEGF gene transcribes three isoforms, VEGF120, VEGF164, and 

VEGF188 (Figure 9). 
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VEGF gene (8 exons)VEGF gene (8 exons)
1    2     3    4    5    6    7   81    2     3    4    5    6    7   8

VEGF mRNAVEGF mRNA

VEGF isoformsVEGF isoforms
1 120 1 164

1 188

Alternate splicing
Translation

Transcription

 

Figure 9.  In the mouse the VEGF gene transcribes into three different isoforms 
(VEGF120, 164 and 188) via alternate splicing. 

VEGF120 is freely diffusible, whereas VEGF164 and 188 isoforms are significant for 

their ability to bind to heparan sulfate on the cell surface and in the extracellular matrix 

[39] as well as neuropilin on the endothelial cell surface [40] (Figure 10).  
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Figure 10.  VEGF isoforms have different physico-chemical characteristics; most 
notable is the difference in heparan-binding capacity.  

VEGF isoforms are expressed in distinct temporo-spatial patterns as well as the 

expression shows organ specificity, suggesting that each may serve a specific function 

[38, 41]. For instance, in the adult, VEGF188 expression is the highest in lung and 

heart, whereas brain has very low levels. Similarly, the VEGF188 isoforms is the 

highest in the adult mouse lung followed by VEGF120 and VEGF164 [38, 42] (Figure 

11).  
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Figure 11. The distribution of VEGF isoforms in adult mouse lung shows that the level 
of VEGF188 is highest and the level of VEGF164 is the lowest. The insert in the upper 
right corner highlights that the expression of VEGF isoforms is organ specific as 
VEGF120 is most prevalent in spleen, VEGF164 in brain and kidney and VEGF188 in 
heart and lung. 

 

During rabbit and murine lung development, a specific temporal expression pattern of 

VEGF isoforms is observed [38, 41]. During rabbit lung development, VEGF120 

expression remains constant and VEGF 164 expression peaks in early gestation and 

declines at birth, while the expression of VEGF188 is low in early gestation and high at 

birth (Figure 12). The same isoform distribution pattern is observed in adult and 

newborn rabbit lungs after exposure to hyperoxic stress [41]. 
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Figure 12. The expression level of VEGF120 remains constant, while VEGF164 and 
188 show reciprocal expression pattern throughout gestation. 

In the mouse, the levels of VEGF120 and 164 increased only slightly during embryonic 

lung development, and their levels remained relatively low in the adult lung. On the 

other hand, the levels of VEGF188 in the developing lung increase continuously from 

E13 to just before birth, and remain high during the postnatal period through adulthood 

[38]. These findings suggests that delicately balanced VEGF isoform concentration 

gradients are necessary for appropriate blood vessel morphogenesis, and also that 

among the three VEGF isoforms VEGF188 may play the most active role in lung 

development.  

Two VEGF-specific receptors, fetal liver kinase receptor (Flk-1) and fms-like tyrosine 

kinase receptor (Flt-1), have been localized to endothelial cells of lung capillaries [43, 

44].  Expression of these receptors is present throughout lung development, in the 

perinatal period and persists in the adult lung [43, 44]. These findings points to a role 

for VEGF not only in capillary growth but in endothelial cell maintenance as well.  

This body of evidence indicates that the VEGF signaling system is essential in the 

earliest stages of vasculogenesis, and that VEGF signaling continues to play a critical 
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role during subsequent angiogenesis, and in the adult, for vascular maintenance and 

survival.  

 
Diffuse Neonatal Lung Diseases 
 
Diffuse lung disease in children, which includes vascular lung disease, comprises a 

large heterogeneous group of uncommon disorders characterized by impaired gas 

exchange and diffuse infiltrates by imaging.  Considerable confusion exists regarding 

nomenclature, classification and management of pediatric diffuse lung disease due to 

the relative rarity of the disorders and differences in the spectrum of disease between 

adults and young children. In a recent study the spectrum of pathologic disorders and 

clinical findings was described in a large cohort of young pediatric patients with diffuse 

lung disease, in the context of a consensus classification scheme that emphasizes 

disorders distinct to infants and neonates [I]. The classification scheme proposed 

comprises known clinical-pathologic entities that have been associated with diffuse 

lung disease in children and gives emphasis to disorders that are more prevalent in 

infancy includes aberrations in lung development (diffuse developmental disorder 

category).  In this category, alveolar capillary dysplasia (ACD) was the most prevalent 

(Figure 13). 

 

Infectious and postInfectious and post--infectious processes, related to infectious processes, related to 
environmental agents, aspiration, eosinophilic environmental agents, aspiration, eosinophilic 
pneumoniapneumonia

Disorders of the normal host

EndEnd--stage lung disease, inadequate, nonstage lung disease, inadequate, non--diagnostic, diagnostic, 
insufficient informationinsufficient information

Unclassified

Arterial, venous, lymphatic disorders; congestive Arterial, venous, lymphatic disorders; congestive 
changes related to cardiac dysfunctionchanges related to cardiac dysfunction

Disorders masquerading as ILD

Opportunistic infections, related to therapeutic Opportunistic infections, related to therapeutic 
intervention, related to the solid organ, lung and bone intervention, related to the solid organ, lung and bone 
marrow transplantation and rejection syndromesmarrow transplantation and rejection syndromes

Disorders of the immunocompromised 
host

ImmuneImmune--mediated disorders (acquired PAP, pulmonary mediated disorders (acquired PAP, pulmonary 
hemorrhage syndromes), storage disease, sarcoidosis hemorrhage syndromes), storage disease, sarcoidosis 
Langerhans cell histiocytosis, malignant infiltratesLangerhans cell histiocytosis, malignant infiltrates

Disorders related to systemic disease 
processes

SPSP--B, SPB, SP--C, ABCA3,  lysinuric protein intolerance, C, ABCA3,  lysinuric protein intolerance, 
congenital GMCSF receptor deficiencycongenital GMCSF receptor deficiency

Surfactant dysfunction disorders

Neuroendocrine hyperplasia of infancy, pulmonary Neuroendocrine hyperplasia of infancy, pulmonary 
intersitial intersitial glycogenosis(infantileglycogenosis(infantile cellular interstitial cellular interstitial 
pneumonia)pneumonia)

Specific conditions of unknown/poorly 
understood etiology

Pulmonary hypoplasia, chronic neonatal lung disease, Pulmonary hypoplasia, chronic neonatal lung disease, 
related to chromosomal disorders, congenital heart related to chromosomal disorders, congenital heart 
disease disease 

Growth abnormalities

Acinar/alveolar dysgenesis, congenital alveolar Acinar/alveolar dysgenesis, congenital alveolar 
dysplasia, dysplasia, alveolar capillary dysplasia with misalignment alveolar capillary dysplasia with misalignment 
of the pulmonary veinsof the pulmonary veins

Diffuse developmental disorders
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Figure 13.  The proposed consensus classification of diffuse lung disease by the 
Children Interstitial Lung Disease Cooperative Group (cHILD) of children less than 2 
years of age is shown. To the right are the disease categories while on the left the 
corresponding disease entities are listed.  The disease entity alveolar capillary dysplasia 
was the most prevalent in diffuse developmental disorder category in this cohort 
(Adopted from [I] with modification). 
 
Alveolar Capillary Dysplasia 
  
Alveolar capillary dysplasia (ACD), a rare, fatal disorder of newborns, is characterized 

by failure of formation of air-blood barriers in the lung.  Dysplastic, thin-walled vessels 

- slightly larger than normal capillaries - are present in the central part of the alveolar 

septa while the upstream pulmonary arteries are thick walled, similar to the fetal type 

vessels seen in persistent pulmonary hypertension of the newborn ( PPHN). ACD is 

associated with misalignment of veins, which are located in the center of the lung 

lobule alongside the broncho-arterial unit instead of the periphery of the lobule within 

the interlobular septa (Figures 14, 33A) [45-47]. Diagnosis of misaligned veins in the 

pathology practice can be difficult as dilated lymphatic channels within the pulmonary 

broncho-arterial units may mimic misaligned veins [III]. This is especially true in 

pediatric pathology practice because dilated lymphatic channels are commonly present 

in lung specimens of neonates requiring mechanical ventilation [VI]. This diagnostic 

dilemma could be circumvented by utilization of novel immunostains specific to 

lymphatic endothelium (i.e. D2-40 antibody). The mechanism for misalignment of 

veins is unclear but the condition is not unique to ACD, and has been reported in 

association with other pulmonary disorders [48, 49]. 
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Figure 14. Lung sections from a patient with alveolar capillary dysplasia. A. 
Misaligned veins (arrows) are present within the broncho-arterial sheath in the center of 
a lung lobule. (Hematoxylin and eosin [H&E], magnification x100). B. Alveolar 
capillaries (arrows) are present in the center of septa rather than at the luminal surface 
where air blood barriers have failed to form. Alveolar capillary density is also reduced. 
(H&E, magnification x400). 
 
The cause of ACD is unknown and a gene search for ACD has been in progress but to 

date a candidate has not been found [50].  Moreover, there is no specific data on how 

the final fusion between the basement membrane of the alveolar capillary endothelial 

cell and the alveolar type I epithelial cell is regulated during lung development.  

Vascular growth factors controlling the earliest events of lung vascular development 

may play crucial role in the pathogenesis of ACD. 

 
 
VEGF120/120 Mice Engineering  
 
As a result of the embryonic lethality, study of early fetal lung vascular development in 

the absence of the VEGF gene is not feasible.  Mice engineered by exon deletion to 

express only VEGF120 isoform (homozygous, VEGF120/120 mice) develop to term.  

Fifty percent of these mice survive the perinatal period and live approximately two 

weeks postnatally permitting study of early pulmonary vascular development. To 
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investigate the roles of VEGF164 and VEGF188 isoforms in mouse pulmonary vascular 

development, we studied lung development in VEGF120/120  mice.  

 
Working Hypothesis 

We hypothesized that VEGF isoforms play curial role in the development of lung 

vascular tree and thus, may have a role in the pathogenesis of fatal neonatal lung 

diseases, in particular, of alveolar capillary dysplasia (ACD).
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Objectives 

 

1. To study the impact of the loss of VEGF isoforms 188 and 164 expression upon 

pulmonary vascular development, utilizing the VEGF120/120 transgenic mouse 

model. 

 

2. To describe the morphologic changes of pulmonary vessels and airways of  

VEGF120/120 fetuses and pups by using a wide variety of techniques including 

light & transmission electron microscopy and immunohistochemistry of lung 

tissues, as well as  scanning electron microscopy of lung vascular casts. 

 

3. To compare the pulmonary phenotype of VEGF120/120 mice to that of alveolar 

capillary dysplasia (ACD). 

 

4. To assess the ability of D2-40 antibody to identify lymphatic versus vascular 

endothelium in lung tissues obtained from patients with ACD. 

 

5.  To evaluate if VEGF120/120 mouse is suitable as animal model of ACD.  
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Materials and Methods 
 

Animals 

The generation of the VEGF120 isoform-specific mice has been previously described 

[42].  In brief, site-specific removal of VEGF exons 6 and 7 was achieved in embryonic 

stem (ES) cells using the Cre/LoxP system (Figure 15). 

 

VEGF gene (6 exons) VEGF gene (6 exons) 
1    2     3    4    5    1    2     3    4    5    6    76    7 88

VEGF120 mRNAVEGF120 mRNA

VEGF120 isoformVEGF120 isoform1 120

Deletion of 
exons 6 and 7

Translation

VEGF gene (8 exons)VEGF gene (8 exons)
1    2     3    4    5    6    7   81    2     3    4    5    6    7   8

Transcription

 
 
Figure 15. Site-specific VEGF120 expression was achieved by deletion of exons 6 and 
7 from the VEGF gene by utilizing the Cre/LoxP system.   
 

Targeted ES cells were used to generate VEGF+/120 mice, which seemed normal and 

healthy. Neonates expressing exclusively VEGF120/120, sired by VEGF+/120 

breeding pairs, were recovered at birth at a normal Mendelian frequency.  Correct gene 

targeting was confirmed by quantitative RNA analysis, as only VEGF120, but not 

VEGF164 or VEGF188, was detectable in VEGF120/120 mice, at levels similar to the 

total amount of VEGF120, VEGF164 and VEGF188 in VEGF+/+ (wild-type) mice.  

Quantification of protein levels was not possible because VEGF isoform-specific 

antiserum was not available.  To obtain VEGF120 isoform-specific embryos and 

27 
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newborn pups, VEGF120/+ heterozygous female mice were crossed with VEGF120/+ 

heterozygous male mice to obtain timed-pregnant female mice. The plug date was 

defined as embryonic day 0 (E0) and the day of birth was defined postnatal day 1 

(PN1). For harvesting of embryos, the timed-pregnant female mice were euthanized by 

exposure to CO2 for approximately 1 min.  After opening the chest cavity of the 

pregnant female mouse, the inferior vena cava was located and heparinized buffered 

solution was injected to wash out the blood and avoid clotting. The gravid uterus was 

suspended in a bath of cold 0.9% NaCl, and the fetuses were delivered after 

amnionectomy and removal of the placenta.  The postnatal animals were anesthetized 

by placement on ice for 15 min and then decapitated before dissection. Fetal pup 

crown/rump length and body weight was determined for comparison with published 

standards [51].  Approximately 400 fetuses and pups from 44 litters, ranging in age 

from E9 to PN1, were harvested for this study (Figure 16). 

green pea

9     11      12        13           14                16       17 days       

 
 Figure 16. Size of the mouse fetuses harvested is compared to the size of a green pea. 

 

Genotyping 

Genomic DNA isolated from the whole embryos (younger than E15) or the tail portions 

(E15 and older embryos) were used for VEGF genotyping.  Genotyping was done by 
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polymerase chain reaction (PCR) with the following three primers: 5' CAG TCT ATT 

GCC TCC TGA CCT TCA GGG TC 3' (forward primer A: intron 5), 5' CTT GCG TCC 

ACA CCG TCA CAT TAA GTC AC 3' (reverse primer B: intron 7), and 5'TTC AGA 

GCG GAG AAA GCA TTT GTT TGT CCA 3' (forward primer C: intron 7), using 

standard PCR protocol. The PCR product from the wild-type VEGF gene is 400 base 

pairs (bp) (intron 7 from primers B and C), and 230 bp (intron 5 to intron 7 from 

primers A and C, upon exons 6 and 7 deletion) for the mutant allele. In addition 

Southern blot analysis of BamHI-digested genomic DNA was utilized from VEGF+/+, 

VEGF+/120 and VEGF120/120 mice using the external 5’ probe A, which generated a 

9.5-kb wild-type fragment and a 7.8-kb VEGF120 fragment (Figure 17). 

 
Figure 17: Fetal genotype was confirmed by Southern blot. After the DNA digestion 
with BamHI restriction endonuclease, the homozygous 120/120 VEGF mice had only 
the shorter, 7.8kb DNA fragment lacking exons 6 and 7 of VEGF gene. (Adopted from 
[VII]) 
 

Light and Transmission Electron Microscopy 
 
Fetuses, aged E9 and E10, were fixed by immersion in 2% glutaraldehyde.  For fetuses 

and pups aged E15–PN1, the lungs were removed from the thoracic cavity and 

immersed in 2% glutaraldehyde in 0.2M Sorensen’s phosphate buffer. Blocks of 2–3 
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mm from the fixed upper lobes were postfixed in osmium tetroxide (OsO4). After 

dehydration in acetone, the blocks were embedded in Spurr (Polysciences Inc., 

Warrington, PA).  Toludine blue stained thin (1-µm) sections were screened for those 

containing predominantly peripheral lung tissue and not conducting airways, and these 

were sectioned for ultrastructural examination. Ultrathin sections (100-nm) were 

mounted on copper grids, stained with aqueous uranyl-acetate and lead citrate, and 

examined with a JEOL 100 CX (JEOL USA, Inc., Peabody, MA) electron microscope.  

For light microscopy, the specimens were fixed in 10% formaldehyde or 4% 

paraformaldehyde, dehydrated in graded alcohols and embedded in paraffin. 6-µm–

thick sections were stained with hematoxylin-eosin, or collected on Super Frost plus 

slides (Fisher Laboratories, Pittsburgh, PA) for immunohistochemical stains.  

Immunostaining 
 
Identification of Type I (T1) pneumocytes was performed using a monoclonal antibody 

(T1α) to T1, a protein transcript generously provided by Mary Williams Ph.D., Boston 

University, School of Medicine [52].  Immunohistochemistry was performed in 

combination with Tyramide Signal Amplification (Tyramide Signal Amplification kit 

(NEN Life Science Products Inc., Boston, MA). Briefly, paraffin sections were 

deparaffinized, rehydrated, and subjected to antigen retrieval using the Dako Antigen 

Retrieval kit (DAKO Corp., Carpinteria, CA) and a declocking chamber (Biocare 

Medical, Walnut Creek, CA). After washing, the sections were incubated in 3% H2O2 in 

methanol for 3 min at room temperature, washed, blocked with normal goat serum for 

60 min at room temperature, and incubated with a 1:5 dilution of the primary antibody 

in PBS overnight at 4°C. After washing, the sections were incubated with the secondary 

antibody, goat anti-hamster IgG-HRP conjugated (ICN Pharmaceuticals, Costa Mesa, 

CA), and diluted 1:100 in TNB (Tris-Na-Blocking buffer, 0.1 M Tris-HCl, pH: 7.4, 

0.15 M NaCl, 0.1% blocking agent) buffer for 30 min at room temperature. After 

washing, the sections were incubated in a 1:50 dilution of biotinyl tyramide in 

amplification diluent (Tyramide Signal Amplification kit; NEN Life Science Products 

Inc.), for 6.5 min at room temperature.  After another wash, the sections were incubated 

in diaminobenzidine (DAB) (Sigma, St. Louis, MO) for 10 min at room temperature, 
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washed, counterstained in 1% Fast Green (Fisher Scientific, Fair Lawn, NJ) mounted in 

Permount (Fisher Scientific, Pittsburgh, PA), and coverslipped.  

To determine peripheral vessel density within the lung, platelet-endothelial cell 

adhesion molecule (PECAM/CD31) staining of frozen sections of the lungs from E 18.5 

fetuses of each of the three genotypes was done as follows: lungs were fixed in 4% 

paraformaldehyde overnight at 4°C and cryoprotected with 15% sucrose followed by 

30% sucrose solution washes. The fixed lungs were then embedded in frozen tissue-

embedding media (Fisher, Cat# SH75–1250).  Sections 5 µm thick were mounted on 

aminopropyltriethoxysilane (Silane; Sigma Cat# A3684)-coated slides and stored at -

80°C. Before staining, the slides were air dried for at least 30 min and then rehydrated 

in phosphate-buffered saline (PBS).  The sections were treated with 36% urea solution 

at 95 ± 50°C in a microwave oven for 10 min for antigen retrieval.  Endogenous 

peroxidase activity was blocked by 0.75% H2O2 for 30 min at 37°C, followed by 

incubation with 10% donkey serum, 3% BSA, and 50 mM NH4Cl for 1 h at room 

temperature.  The sections were incubated at 4°C overnight with the primary antibody 

against CD31 (PECAM-1, Cat# 550274; BD Pharmingen, San Diego, CA) at a 1:40 

dilution (38 ng/ml).  After washing in PBS, sections were incubated in biotinylated anti-

rat IgG (BD Pharmingen) at a 1:250 dilution for 30 min at 37°C, and subsequently with 

1:100 avidin-biotin–linked peroxidase for 30 min at 37°C (ABC Kit; Vector 

Laboratories, Burlingame, CA).  The substrate used for detection was 0.1% 3.3'-

diaminobenzidine, and Fast Green was used as a counterstain.  Control sections were 

run in parallel and these included replacements of the specific antibody with PBS.  

Positive immunostaining for CD31 was revealed by brown staining of endothelial cells 

in the lumen of blood vessels.  

Determination of Airspace–Parenchyma Ratios 
 
The ratio of air spaces to parenchyma was determined by the Chalkley point-counting 

method as described previously [53]. Briefly, toluidine blue-stained, 1-µm–thick 

sections of peripheral lung tissue from E15, and E16 fetuses and PN1 pups were 

digitized with a charge couple device (CCD) camera and the images displayed on a 

computer monitor.  A transparency of a 315-point grid was superimposed on the 
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monitor screen and the points overlying airspaces and lung parenchyma were counted 

respectively. The investigators were unaware of the genotype during this analysis.  The 

airspace-parenchyma ratio was calculated and Student's t test was used to determine 

statistical significance between genotypes.  

 

Quantitation of Air–Blood Barriers 
 
Electron micrographs of 10 random fields of the lung from five PN1 pups of each 

genotype were used to determine the number of air-blood barriers per alveolus.  During 

the analysis, the investigators were unaware of the genotype.  An air–blood barrier was 

defined as an oval or round space, either empty or containing blood cells abutting the 

airspace lumen and bounded on one side by an endothelial cell.  The Student's t test was 

used to determine statistical significance between genotypes.  

 

Quantitation of Peripheral Vessels 
 
PECAM/CD31 labeling was used as a marker of endothelial cells within the walls of 

peripheral lung vessels. Under the light microscope, the total number of PECAM-

stained cells in 11 high-power fields of the lung sections from each genotype was 

counted.  One animal of each genotype (E18.5) was examined. The quantitation was 

conducted in a masked fashion and the investigators did not know the genotype during 

the analysis.  

 

Vascular Casts and Scanning Electron Microscopy 
 
To obtain lung vascular casts, the anterior chest wall was removed, and a freshly 

prepared mixture of Mercox catalyst and resin (Ladd Research Industries, Burlington, 

VT) at a 50:1 ratio was injected into the right cardiac ventricle through a 30-gauge 

needle, under a dissecting microscope, applying gentle continuous pressure.  The 

injection was stopped when the left cardiac atrium was filled with Mercox, indicating 

that the pulmonary arteries and veins that are connected to the cardiac chambers would 

also be filled.  Generally, injections were completed within 1 min.  The resin hardened 

within 10 min. To clear soft tissue, the injected fetuses and pups were placed in 20% 

KOH for 7–10 d with daily changes of solution. Under a dissecting microscope, the 
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pulmonary vascular casts were separated from the whole-body vascular casts (Figure 

18).  

MercoxMercox

Right VentricleRight Ventricle
Pulmonary VascularPulmonary Vascular

CastCast

KOH digestionKOH digestion
of soft tissueof soft tissue

 
Figure 18. This cartoon highlights the main steps of obtaining mouse pulmonary 
vascular casts. 
 

The casts were then dehydrated in graded alcohols for 10 min and transferred to liquid 

carbon dioxide for critical point drying.  Dried specimens were mounted on aluminum 

stubs with conductive carbon cement, coated with platinum, and examined using a 

JEOL JSM-5800 scanning electron microscope (JEOL USA, Inc., Peabody, MA).  

Scanning electron microscopy (SEM) was performed on lung vascular casts of fetuses 

aged E15–18, and PN1 pups.  Because of the small size of the fetuses and the fragility 

of the tissues, not all cast preparation was successful. A several casts were examined by 

SEM for each time period and one complete cast was chosen for detailed scanning 

electron microscopy and photography (Figure 19). The analysis was done without 

knowledge of the animal's genotype. 
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5mm

 
Figure 19. To the right is a picture of a tiny and delicate pulmonary cast taken under 
dissecting microscope.  The picture on the left is of the same cast mounted on an 
aluminum stub and coated with platinum ready to be sent for scanning electron-
microscopic study.  
  

Generation Counts of Pre-Acinar Vessels 
 
In E15 fetuses, the number of generations of pre-acinar vessels was determined under 

scanning electron microscopy at low magnification (x43).  At this early age, the 

development of the peripheral vasculature is not dense enough to obscure the proximal 

vessels, so that generation counts could be made.  At later ages, the density of the 

peripheral vasculature obscures the pre-acinar vessels and precludes such study.  

 

Specificity and Sensitivity of D2-40 Antibody to the Lymphatic Endothelium 
 
Cases of 14 pediatric lymphatic and 11 vascular lesions were randomly selected from 

archived files in the Department of Pathology, Children’s Hospital of Pittsburgh. 

Formalin-fixed, paraffin-embedded sections that had been stained with hematoxylin 

and eosin of all lesions were reviewed. Diagnoses were confirmed, the most 

representative blocks were selected, and additional sections were stained with D2-40 or 

CD31 antibodies.  To identify lymphatic channels we used morphologic criteria (gold 
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standards) that characterized lymphatic vessels as thin-walled channels lined with 

endothelial cells with or without valves, luminal proteinaceous material, and associated 

lymphoid tissue. CD31 antibody (mouse monoclonal, clone JC70A) was purchased 

from Dako (Carpinteria, CA, USA) and D2-40 (mouse monoclonal, clone D2-40) from 

obtained from Signet (Dedham, MA, USA). For immunohistochemistry, antigens were 

retrieved by steam heat treatment in 1 mmol ethylenediaminetetraacetic acid plus 10 

mmol Tris buffer at pH 9.0.  After incubation of primary antibody for 30 min at room 

temperature, diaminobenzidine staining was carried out with the avidin-biotin-

peroxidase system.  All sections were counterstained with hematoxylin. Brown-colored 

staining of endothelial cells (cytoplasmic and membranous) was interpreted as positive.  

For specificity, D2-40 staining of arterial and venous endothelial cells of all lesions was 

assessed (non-endothelial cell types were not investigated). For sensitivity, lymphatic 

lesions were categorized based on the percentage of their D2-40–positive lymphatic 

channel content.  Category A lesions were defined as having more than 75% of all 

vessels stained, category B lesions as approximately 50%, and category C lesions as 

fewer than 25% D2-40–positive lymphatic channels. Vessels with partial D2-40–

positive endothelium were excluded.  The percentage of D2-40–stained vessels was 

estimated independently by 2 investigators with approximately 90% agreement. In 

some instances, we found a few D2-40–positive channels in the surrounding tissue but 

clearly apart from the lesions.  We interpreted these vessels (which were also positive 

for CD31) as a component of normal tissue.  Because these channels generally were 

small and slit like, we could not apply our gold standards; hence, we were not able to 

identify them as lymphatic.  Moreover, it was difficult to estimate the normal number 

and distribution of lymphatic channels adjacent to certain vascular lesions; therefore, 

these nonlesional vessels were not analyzed.  In all lesions, the staining pattern of D2-

40–stained vascular channels was compared with that of CD31-stained vessels. D2-40 

and CD31 endothelial cell staining of vessels in the broncho-arterial units were 

evaluated in paraffin-embedded lung sections of patients with ACD.    
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Results 
 
 
Animal Genotype 
 
Genotype of each fetus or pup was determined by PCR using genomic DNA.  The PCR 

genotyping results were further confirmed by Southern blot analysis [42] (Figure 16).  

The genotype distribution of the VEGF fetuses followed the normal Mendelian 

frequency with the vast majority being wild-type and heterozygous fetuses, while the 

least frequent fetus genotype was homozygous (Figure 20). 

THE VEGF MOUSE FETUSESTHE VEGF MOUSE FETUSES

WILD TYPE WILD TYPE 
(VEGF+/+)(VEGF+/+)

Two intact VEGF Two intact VEGF 
alleles expressing alleles expressing 
all three isoforms all three isoforms 
HEALTHYHEALTHY

One VEGF120 allele,One VEGF120 allele,
one intact VEGF alleleone intact VEGF allele
HEALTHYHEALTHY

HETEROZYGOUS  HETEROZYGOUS  
(VEGF 120/+)(VEGF 120/+)

Two VEGF120 alleles,Two VEGF120 alleles,
no intact VEGF allelesno intact VEGF alleles

DIE 2WEEKS AFTERDIE 2WEEKS AFTER
BIRTHBIRTH

HOMOZYGOUS HOMOZYGOUS 
(VEGF120/120)(VEGF120/120)

 

Figure 20. The experiments yielded three different phenotypes of VEGF fetuses and 
pups; the majority were wild-type and heterozygous, while the least frequent showed 
homozygous phenotype. 

 

Determination of Airspace–Parenchyma Ratios and Air-Blood Barrier Count 
 
In E15 and E16 fetuses, and PN1 pups, airspace maturation in VEGF120 homozygous 

mice was delayed.  In E15 fetuses, there was a delay of at least one developmental stage 

compared with the wild-type littermate (Figure 21).  Lungs of VEGF120 homozygous 

fetuses were in the glandular phase of development.  The conducting airways were 
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small and separated by broad expanses of mesenchyme.  The lungs of the wild-type 

littermates were in the canalicular phase so that distal air spaces had developed, and 

these were lined by cuboidal cells and separated by thin bands of mesenchyme (Figure 

21).  
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Figure 21. Toluidine-blue stained, 1-μm–thick sections of peripheral lung tissue from 
E15 fetuses are compared. Left, wild-type animal; right, homozygous littermate. 
Airspace maturation in the homozygous animal is delayed by at least one 
developmental phase compared with the wild-type littermate. Red asterisks mark 
peripheral airspaces, lined by cuboidal cells; black arrows point to proximal airways 
lined by columnar cells. Airspaces lined by cuboidal cells have not yet appeared in the 
homozygous animal (Adopted from [VII]). 

 

 

 

 

 

 



Results 
                                                                                                                                                                      

 38

A similar developmental delay was observed in E16 fetuses (Figure 22).  

 

 

Figurre 22. Left, wild-type; middle, heterozygous; right, homozygous. 
Photomicrographs of lung from E16 VEGF120/120 fetal mice.  In the homozygous 
animal, lung development is in the canalicular stage whereas in the wild-type and 
heterozygous littermates, development has progressed to the saccular phase (H&E 
stain). (Adopted from [VII]).   

 

To assess the degree of airway or airspace development, the ratio of airway/airspace to 

parenchyma was determined.  In E15 VEGF120 homozygous animals, this ratio was 

significantly less than in wild-type littermates, 0.05 versus 0.1 (P < 0.007, Table 2).  In 

heterozygous animals, the airspaces were larger than in homozygous littermates, the 

airspace–parenchyma ratio being 0.0858 (P < 0.08).  The difference between 

heterozygous and wild-type littermates did not reach statistical significance (P < 0.19). 

A reduction in the airspace–parenchyma ratios of VEGF 120 homozygous animals 

compared with wild-type animals was also present in E16 fetuses, 0.175 versus 0.322 (P 

< 0.006), and PN1 pups, 1.359 versus 2.478 (P < 0.016, Table 2). In these older animals 
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also, the airspace–parenchyma ratios of heterozygous E16 fetuses and PN1 pups were 

lower compared with their respective wild-type littermates (Table 2 ).  

TABLE 2 
Airspace–parenchyma (AP) ratios and P values 

____________________________________________________________________ 
 

      E15  E16  PN1 
      AP Ratio AP Ratio AP Ratio 
___________________________________________________________________________________________________________________________________________________________________________________________________________ 

Homozygous (Homo)    0.0516 ± 0.1753 ± 1.3595 ± 
       0.0 132 0.0451  0.3691  

Heterozygous (Hetero)   0.0858 ± 0.2478 ± 1.9873 ± 
      0.0198  0.0929  0.3990 

Wild-Type (WT)    0.1168 ± 0.3227 ± 2.4784± 
0.0288  0.0976  0.4541 

 
 

P Values: Homo versus WT <0.007* <0.006* <0.016* 
  Homo versus Hetero <0.08  <0.06  <0.12 
  WT versus Hetero <0.19  <0.014  <0.098 
___________________________________________________________________________________________________________________________________________________________________________________________________________ 

* Statistically significant. 
 
Transmission electron microscopy of lungs from E9 and E10 animals revealed 

capillaries containing hematopoietic cells in all three genotypes.  At PN1, VEGF120 

homozygous pups had fewer well-formed air blood barriers compared with wild-type 

littermates.  Instead of the expected close apposition between the alveolar epithelium 

and the capillary endothelial cells seen in the alveoli of the wild-type mice, the most 

peripheral vessels in the VEGF120/120 mice were separated from the airspace lumen 

by 2–3 cell layers (Figure 23). The number of air–blood barriers as defined, per airspace 

was counted. VEGF120 homozygous animals had significantly fewer air–blood 

barriers, 1.15 per alveolus, compared with 4.65 in wild-type littermates (P < 0.0001). 

Heterozygous pups had an average of 3.45 air–blood barriers per alveolus, significantly 

greater than the VEGF120 homozygous littermates (P < 0.001) but still significantly 

less than wild-type littermates (P < 0.009), (Figure 23, Table 3). 
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Figure 23. Electron micrographs of peripheral lung from PN1 pup. Left, wild-type; 
right, homozygous littermate. The number of air– blood barriers per airspace (red 
arrows) is significantly decreased in the homozygous pup (Adopted from [VII]).   
± 

 

TABLE 3 
Air–blood barrier count/airspace 

____________________________________________________________________ 
 

        PN1 
___________________________________________________________________________________________________________________________________________________________________________________________________________ 

Homozygous (Homo)      1.15± 0.065 
Heterozygous (Hetero)     3.45± 0.090 
Wild-Type (WT)      4.65± 0.105 

 
P Values:  Homo versus WT   <0.0001* 
   Homo versus Hetero   <0.001* 
   WT versus Hetero   <0.009* 
___________________________________________________________________________________________________________________________________________________________________________________________________________ 

* Statistically significant. 
 
Immunostaining for Type I Cells 
 
There was no difference in the distribution of immunoreactivity for T1  protein within 
Type I cells in PN1 pups from the three genotypes (Figure 24). 
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AntiAnti--T1T1α α abab Negative controlNegative control

 

Figure 24. Immunoperoxidase stain of paraffin sections of PN1 mouse lungs (Left,  
homozygous, right negative control). Primary incubation with anti-T1α monoclonal 
antibody–specific for TI pneumocytes. Linear black HRP-reaction product labels TI 
pneumocytes within alveoli as highlighted at high magnification in the insert. Negative 
controls showed no staining. Counterstain was Fast Green  

 
Quantitation of Peripheral Vessel Density 
 
In the homozygous E 18.5 fetus, peripheral lung vessel density was significantly 

reduced when compared with both the wild-type (384 versus 499/11 high-power fields 

[hpf]; P < 0.03), and the heterozygous littermates (488/11 hpf; P < 0.03).  The vessel 

density in the heterozygous fetus did not differ from that in the wild-type littermate 

(488 versus 499/11 hpf; P < 0.4).  

 

Vascular Casts, Scanning Electron Microscopy, and Generation Count of Pre-Acinar 
Vessels 
 
The earliest gestational age at which a successful complete pulmonary vascular cast 

could be obtained for a VEGF120 homozygous fetus was E15.  At all time points 

studied (E15, 17, 18, and P1), VEGF120 homozygous fetuses had casts that were 
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smaller and less dense compared with the heterozygous and wild-type littermates 

(Figures 25-27).  

 

E15 VEGF120 TRANSGENIC FETALE15 VEGF120 TRANSGENIC FETAL
MOUSE LUNG VASCULAR CASTSMOUSE LUNG VASCULAR CASTS

WILD TYPEWILD TYPE HETEROZYGOUS HETEROZYGOUS HOMOZYGOUSHOMOZYGOUS

 

Figure 25. Pictures of lung mercox vascular casts of VEGF120/120 fetal mouse 
littermates were taken at E15 under dissecting microscope.  The homozygous fetal casts 
are smaller, and fewer peripheral vessels make the casts less dense than those of the 
wild-type or heterozygous littermates.  
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WILD TYPEWILD TYPE HETEROZYGOUS HETEROZYGOUS HOMOZYGOUSHOMOZYGOUS

E17 VEGF120 TRANSGENIC FETALE17 VEGF120 TRANSGENIC FETAL
MOUSE LUNG VASCULAR CASTSMOUSE LUNG VASCULAR CASTS

 

Figure 26. Pictures of lung mercox vascular casts of VEGF120/120 fetal mouse 
littermates were taken at E17 under dissecting microscope.  The homozygous fetal casts 
are smaller, and fewer peripheral vessels make the casts less dense than those of the 
wild-type or heterozygous littermates.  

 

E18 VEGF120 TRANSGENIC FETALE18 VEGF120 TRANSGENIC FETAL
MOUSE LUNG VASCULAR CASTSMOUSE LUNG VASCULAR CASTS

WILD TYPEWILD TYPE HETEROZYGOUS  HOMOZYGOUSHETEROZYGOUS  HOMOZYGOUS
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Figure 27. Pictures of lung mercox vascular casts of VEGF120/120 fetal mouse 
littermates were taken at E18 under dissecting microscope.  The homozygous fetal casts 
are smaller, and fewer peripheral vessels make the casts less dense than those of the 
wild-type or heterozygous littermates.  

Analysis by SEM showed that the proximal vessel branches (pre-acinar vessels) were 

not significantly different in number or caliber (Figure 28, top), but the density of the 

peripheral vasculature was strikingly sparse in VEGF120 homozygous fetuses of all 

ages studied compared with heterozygous and wild-type littermates (Figures 28, 29 

bottom). In VEGF120 homozygous fetuses, the luminal diameter of these peripheral 

end-vessels was larger, and the morphologic profiles coarse compared with the 

heterozygous or wild-type littermates (Figure 28, 29).  In heterozygous fetuses, the 

overall size of the pulmonary vascular casts were not obviously different compared 

with the wild-type littermates, suggesting that growth of the larger vessels was not 

affected, but the smaller peripheral vasculature is decreased in density. These 

differences persisted through PN1, the latest age for which a pulmonary cast was 

examined. The size of the vascular casts reflects overall lung size. Throughout 

gestation, lung size was similar between wild-type and heterozygous littermates. 

However, the lungs of homozygous littermates were smaller by 0.5–1 mm in apex to 

base length compared with heterozygous and wild-type littermates. 
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Figure 28. SEM of lung mercox vascular casts from VEGF120/120 fetal mouse 
littermates.  Left, wild-type; middle, heterozygous; right, homozygous. Top, E15; 
bottom, E17.  Top: pre-acinar (larger, central) vessels are of similar caliber and 
branching pattern in all three genotypes.  Bottom: in the homozygous fetus, small 
peripheral vessels are fewer and of larger caliber compared with heterozygous or wild-
type littermates (Adopted from [VII]). 

 

Figure 29. SEM of lung mercox vascular casts from VEGF120/120 PN1 littermate 
mouse pups.  Left, wild-type; middle, heterozygous; right, homozygous.  Top: pre-
acinar (larger, central) vessels are of similar caliber and branching pattern in all three 
genotypes.  Bottom: in the homozygous fetus, small peripheral vessels are fewer and of 
larger caliber compared with heterozygous or wild-type littermates (Adopted from 
[VII]). 

In addition, in E18.5 animals, the homozygous fetal lungs were relatively bloodless 

compared with wild-type and heterozygous littermates, reflecting the decreased 

peripheral vessel density seen in the casts. The size of the trachea and main bronchi 

however did not differ among the genotypes (Figure 30). 



Results 
                                                                                                                                                                      

 46

 

Figure 30. Photographs of fetal mouse lungs from three gestational ages: top, E13.5; 
middle, E15.5; and bottom, E18.5. Lungs of wild-type (left) and heterozygous (middle) 
fetuses do not differ in size.  The lungs of homozygous fetuses (right) are smaller 
compared with wild-type and heterozygous littermate lungs at all gestational ages 
(Adopted from [VII]). 

 

Sensitivity and Specificity of D2-40 Antibody for Lymphatic Endothelium 
 
The lymphatic lesions examined included 6 lymphatic malformations, 5 cystic 

hygromas (macrocystic lymphatic malformation), 2 lymphovenous malformations, and 

1 lymphangioma, whereas the 11 vascular lesions consisted of 3 infantile 

hemangiomas, 3 Kaposiform hemangioendotheliomas, 2 tufted angiomas, 1 pyogenic 

granuloma, 1 arteriovenous, and 1 venulo-capillary malformation. Patients’ ages ranged 

from 2 weeks to 16 years, and the locations of the lesions varied from the skin to 

internal organs.  The clinical diagnosis by in large concurred with the pathology; 

however, in some cases preoperative diagnosis was not given, was nonspecific (i.e., 
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vascular tumor), or, in a minority of cases, differed (i.e., nevus).  In all cases D2-40 

antibody labeled only the endothelium of thin-walled vascular channels, which was 

morphologically consistent with lymphatic vessels (25 of 25 cases).  No staining of 

endothelial cells of non lymphatic vascular lesions (0 of 11, Figure 31) or nonlesional 

arteries and veins (0 of 25) was observed. Five lymphatic lesions showed more than 

75% D2-40– positive channels (category A, Figure 31), 5 lesions had approximately 

50% (category B, Figure 32), and 4 lesions showed fewer than 25% D2-40–positive 

channels (category C, Figure 32).  All lymphatic lesions had D2-40– positive vessels, 

but not all the vessels were positive.  Some lymphatic vessels (mostly the large ones) 

stained only partly with D2-40 (Figure 32F).  In general, the large, dilated lymphatic 

channels did not stain well with D2-40 (Figures 32C, D, F, and G), although there were 

a few lesions with complete large vessel staining (Figures 32F).  In contrast, the small 

lymphatic vessels and the lymphoid tissue – associated small channels stained 

consistently well with D2-40 (Figs. 31G, H, 32A, B, 32E, F).  CD31 antibody 

consistently labeled the endothelium of arteries, veins, capillaries, and lymphatics 

(including small and large ones) in all lesions and endothelial cells in vascular lesions 

(Figs. 31B, D, and 32H).  The specificity of D2-40 antibody for lymphatic endothelial 

cells was virtually 100% (0% false positive), whereas sensitivity was estimated at 60% 

to 65% (35% to 40% false negative).  CD31 antibody showed very high sensitivity for 

all endothelial cells (100%), but no specificity for lymphatic endothelium. 
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Figure 31. Vascular (non-lymphatic) lesions stained with D2-40 (A, C) and CD31 (B, 
D). The endothelial linings of infantile hemangioma (A, B) and tufted angioma (C, D) 
were uniformly negative with D2-40 and positive with CD31. Small, nonlesional 
lymphatic vessels are stained with D2-40 and CD31 (arrows). Category A lymphatic 
lesions, D2-40 stain (E-H). Most lymphatic vessels, large and small, are positive for 
D2-40 staining. E. Lymphatic malformation. F-H. Cystic hygroma (Adopted from [V] 
with modification). 
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Figure 32.  Category B lymphatic lesions (A-D), D2-40 stain.  Approximately 50% of 
lymphatic vessels are positive.  Many of the small vessels are positive (B), whereas 
most of the large lymphatic vessels are negative (C, D).  A. Cystic hygroma. B, C. 
Lymphatic malformation. D. Lymphovenous malformation. Category C lymphatic 
lesions (E-G, D2-40 stain, H CD31 stain; C and D are sections from the same case).  
Most lymphatic vessels (>75%) are negative for D2-40 staining.  CD31 stain highlights 
the D2-40–negative small and large lymphatic vessels (H).  Note a partly D2-40–
stained large vessel (F, arrow).  E. Lymphovenous malformation, F. Lymphatic 
malformation. G, H. Cystic hygroma (Adopted from [V] with modification. 
 

D2-40 staining in Alveolar Capillary Dysplasia 

 

The D2-40 antibody specifically and reliably highlighted the lymphoid channels in the 

broncho-arterial units, and remained consistently negative in the endothelium of 

misaligned veins (Figure 33, C). The endothelial cells of misaligned veins of ACD, as 

well as of lymphoid channels stained positive with the panendothelial cell marker, 

CD31 (Figure 33, B).  
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Figure 33.  Alveolar capillary dysplasia with misalignment of pulmonary veins (A: 
H&E stain, B: CD31 immunostain, C: D2-40 immunostain; x100). A profile of 
misaligned vein (red asteric) is present alongside the broncho-arterial unit (A). Serial 
sectioning shows the endothelial cells of a misaligned vein staining diffusely positive 
with the panedothelial marker CD31 (B), but they are negative with the lymphatic 
endothelial marker, D2-40 (C). D2-40 highlights specifically the endothelial lining of 
lymphatic channels (green asteric) in the vicinity of the misaligned vein (C). 
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Discussion 
 
Lung development is a carefully orchestrated process consisting of complex 

interactions among growth factors, matrix proteins, and cytokines [54]. The molecular 

dialogue that occurs between epithelial and endothelial cells is reflected in the intimate 

physical association of pre-acinar arteries with conducting airways. This 

communication also takes place within alveoli, where fusion occurs between the 

basement membranes of the epithelial and endothelial cells to produce the air–blood 

barrier (Figure 2). Three early events have been described in our laboratory, which 

contribute to the formation of the lung's vasculature. These include: angiogenesis, 

which contributes the proximal vessels; vasculogenesis, which gives rise to the 

peripheral vasculature; and, fusion between the two systems, which establishes the 

pulmonary circulation (Figure 4) [13, 14]. Although a number of studies indicate that 

VEGF plays a critical role in vascular development [55], the specific contribution of 

each VEGF isoform to the events in lung vascular development has not been defined. 

To this end, we undertook this study in which we have applied a variety of morphologic 

techniques to analyze lung development in mice that have been engineered by deletion 

of exons to express only VEGF120 isoforms. In VEGF120/120 fetuses and pups, we 

found, in addition to severely impaired peripheral lung vascular development, delayed 

airspace maturation and reduced numbers of air-blood barriers. These findings indicate 

an essential role of the heparan sulfate binding VEGF164 and 188 isoforms (not 

expressed in the VEGF 120/120 mouse) in both lung vessel and airspace development. 

 

Transgenic Animals 
 
With both the human and the mouse genome maps available, the rapid developments in 

genetic engineering and embryo manipulation technology have made transgenic models 

perhaps the most important category of animal models. We used the Cre/LoxP system 

to excise exons 6 and 7, encoding the 164 and 188 amino-acid isoforms of VEGF-A to 

ultimately produce homozygous mice that expressed only VEGF120 isoforms. Cre-Lox 

technology was introduced in the 1980's [56, 57].  It is based on the ability of the P1 

bacteriophage cyclization recombination (cre) recombinase gene (cre) to effect 

recombination between pairs of loxP sites. Such recombination in a "Cre-Lox" mouse  

51 
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can either activate or inactivate a gene of interest. This technology has been 

successfully applied in yeasts, plants, mammalian cell cultures, and mice [58]. The 

VEGF120/120 mouse proved to be very unique and valuable model elucidating the 

development of pulmonary vascular tree, as these pups lived for 2 weeks after birth 

allowing us to study the entire spectrum of lung development. The production of mouse 

fetuses with different VEGF isoform expression was extremely consistent because the 

genotype of the animals showed the appropriate VEGF isoform expression (Figure 20). 

In fact, these animals were utilized in other experimental settings to study 

developmental aspects of other organ systems [59-61]. The results of these experiments 

were highly supportive of our findings implying correct gene targeting in these animals. 

Studying the bone formation in VEGF120/120 mice showed delayed recruitment of 

blood vessels into the perichondrium as well as delayed invasion of vessels into the 

primary ossification center, demonstrating a significant role of VEGF isoforms at both 

an early and late stage of cartilage vascularization [59, 60]. In addition, ingrowth and 

survival of capillaries in glomeruli, remodeling of peritubular capillaries, vascular 

coverage by pericytes, and branching of renal arteries were all severely impaired in 

VEGF120/120 mice, causing abnormal glomerular filtration and impairing renal 

function [61]. Therefore, we are confident that the transgenic animal production was 

well-controlled and genotype of the transgenic animals was sufficiently validated. 

 
 
Corrosion Casts 
 
Because some uncertainty about the process by which pulmonary vascular formation 

occurs may stems from methodology, the other crucial part of the study was the 

production of vascular casts. With the development of low viscosity resins, it became 

possible to fill capillary beds with resin and prepare replicas of the microvasculature of 

organs. Since the first use of scanning electron microscopy to study microvascular casts 

[62, 63], hundreds of reports utilizing this method have appeared in the research 

literature [64]. While the vast majority of corrosion cast studies have been used to 

describe the normal 3-dimensional distribution of blood vessels in organs and tissues of 

various mature species, a limited number of studies have dealt with development of 

vessels, with measurements of vessels, and with changes in vessels in disease or during 
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changing physiological conditions. Vascular-filling methods depend on patent lumina 

into which the injected media flows; hence lumina that are not connected to the injected 

vessel remain undetected. During our study we exercised several precautions to 

minimize this possibility. Before harvesting the fetuses, we injected a generous amount 

of heparinized buffered washing solution into the anesthetized mother’s inferior vena 

cava to avoid the possibility of blood clot formation. In order to get a complete cast, the 

injection was stopped only when the liquid mercox was apparent in the left atrium 

indicating that the pulmonary circulation was completely filled (Figure 18). As these 

casts were very tiny, delicate and fragile, we examined all the casts under dissecting 

microscope to ensure the completeness of the casts before sending them to SEM studies 

(Figure 19). Those casts that were incomplete or showed signs of fragmentation were 

discarded. To further ensure cast completeness, low power pictures were taken by SEM 

and analyzed for full cast integrity (Figure 25-27). The outcome of all theses safety 

measures was that our corrosion cast results were highly reproducible in all ages and 

showed the characteristic SEM findings in every gestational age examined (Figures 25- 

29). 

 
Air-Parenchymal Ratio 
 
As lung development progresses during gestation, the branching of airways and 

formation of airspaces gradually encroaches upon the enveloping mesenchyme so that 

the ratio of airspace to parenchyma increases. A decrease in the airspace-parenchyma 

ratio reflects a developmental delay. In our study, E15 fetuses had airspace-parenchyma 

ratios of 0.05, 0.08, and 0.1 in VEGF120 homozygous, heterozygous, and wild-type 

littermates, respectively (Table 2). This mirrors a significant decrease in airspace-

parenchyma ratio in the VEGF120 homozygous pups, pointing to a significant delay in 

lung development. This delay in lung development persisted through PN1 (Table 2). 

Interestingly, at E15, heterozygous littermates had no significant alteration in airspace-

parenchyma ratio, suggesting that in this early stage, the presence of a single intact 

VEGF allele for the generation of VEGF164 and 188 isoforms is sufficient for normal 

lung airspace development. However, later in development, at E16 and in PN1 pups, 

there was a delay in lung maturation even in the heterozygous animals. The impaired 

lung development in the VEGF120 homozygous and heterozygous animals compared 
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with wild-type littermates indicates a role for the heparin-binding VEGF isoforms and 

suggests that an optimal balance of isoforms is necessary for normal lung development.  

As discussed earlier, the interaction of VEGF with its receptor VEGFR-2 is critical in 

primitive vascular network formation in the lung, because they send signals recruiting 

primitive endothelial cells. These, in turn, show intense proliferation, migration and an 

ability to form primitive vascular tubules [29]. This requires a close relationship with 

epithelial structures since VEGF is expressed at the distal tips of the developing lung 

buds while its receptor, VEGFR-2 is located on the endothelium surrounding the 

developing airways [65, 66]. Concurrent with the formation of the primitive vascular 

network, VEGF signals are also essential for early airway development. In VEGF 

overexpression experiments [67, 68] as well as in the disruption of the VEGF pathway 

[69, 70], the developing lung shows aberrantly formed airways contradicting the 

paradigm that VEGF regulation affects only vessel formation. Furthermore, the fact 

that the developing airways produce a high concentration of VEGF [71], express 

VEGFR-2, and that VEGF is also a lung epithelial cell growth and differentiation factor 

[72] mediating epithelial branching morphogenesis [73] makes VEGF the master 

regulator of pulmonary mesenchymal-epithelial cross-talk that is responsible for the 

establishment of lung architecture. 

 
Air-Blood Barriers 
 
The formation of the air-blood barrier is a seminal event in lung development. The air-

blood barrier is a membrane formed at the alveolar lumen by fusion of the basement 

membrane of the capillary endothelial cell with the basement membrane of the 

overlying TI epithelial cell. Gas exchange, the prime function of the lung, occurs across 

this interface. The pulmonary air-blood barrier is a fascinating structure that needs to 

satisfy two important, but conflicting requirements. It must be extremely thin for 

efficient gas exchange but also enormously strong to withstand the high stresses in the 

capillary wall when capillary pressure rises during exercise [74]. The human air-blood 

barrier maintains its integrity except under conditions of extreme exercise in elite 

athletes. However, pathological conditions associated with an abnormally high 

capillary pressure cause stress failure, which is followed by remodeling [75, 76]. How 

air-blood barriers maintain there structure, moreover the factors guiding remodeling are 
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unknown. In alveolar capillary dysplasia, a rare human disorder, air-blood barriers fail 

to form, and the affected infant dies soon after birth because of hypoxemia [45, 46]. The 

mechanisms controlling this important step in lung development are unclear and, as of 

yet, a molecular basis for this disease has not been identified. In the present study, 

VEGF120/120 pups had a significant reduction in the number of air-blood barriers 

(1.15 in VEGF120 homozygous pups compared with 3.45 and 4.65 in heterozygous and 

wild-type littermates, respectively). The number of air-blood barriers in both VEGF120 

homozygous and heterozygous animals was significantly reduced (Table 3, Figure 23), 

suggesting an exquisite dose dependence on VEGF isoforms 164 and/or 188 for air-

blood barrier formation. Another possible reason for the defected air-blood barrier 

formation is the failure of conversion of TII cells to TI cells. However, immunostaining 

for TI cells revealed normal numbers of TI cells in lungs from all three genotypes. We 

conclude therefore, that the VEGF isoforms 164 and/or 188 are important for air-blood 

barrier formation.  

 
Pre-Acinar and Peripheral Vessels 
 
Our series of vascular casts showed that the pre-acinar vessel generation counts did not 

differ among the different genotypes, suggesting that proximal lung vessel development 

is not critically dependent upon VEGF164 and 188 isoforms (Figures 28, 29, top). 

Peripheral lung vessel development, however, was significantly impaired in VEGF120 

homozygous animals of all gestational ages studied (Figures 28, 29, bottom). The 

homozygous fetuses and pups had a sparse peripheral vasculature with end-vessels that 

were short and coarse. Peripheral vessel density determined by PECAM staining was 

significantly reduced, suggesting aberrant development.  

 
VEGF Isoforms and Their Role in Regulating Cross-Talk between Developing Lung 
Mesenchymal and Epithelial Structures 
 
Levels of VEGF188 increase dramatically during the late canalicular and the late 

saccular phases of lung development [38]. The increase in VEGF188 correlates 

temporally and spatially with the formation of primitive alveolar structures, suggesting 

that VEGF188 may be involved in the formation of the air-blood barrier. The proximity 

of the VEGF-producing pulmonary epithelium and the target vasculature [38] create a 
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spatial association that permits intercellular communication. The importance of this 

relationship was demonstrated in studies in which lung mesenchyme (vascular 

precursors) was cultured in the presence or absence of lung epithelium [77]. In the 

absence of lung epithelium, lung mesenchyme degenerated and few Flk-1–positive cells 

remained. By contrast, in the presence of lung epithelium, the mesenchyme yielded a 

number of Flk-1–positive cells, which associated with the epithelium in a manner 

similar to that observed in vivo.  

We speculate that the intimate association between the epithelial cell and the capillary 

endothelium that leads to the formation of the air-blood barrier in the lung is 

determined by the epithelial expression of VEGF188, which in turns directs the 

juxtaposition of the growing capillary. Because the pulmonary epithelial cells also make 

diffusible VEGF120 and VEGF164, these isoforms could function to attract the 

endothelial cells to the site of the developing alveolus. Subsequently, VEGF188, which 

is tightly bound to heparan sulfate proteoglycans on the epithelial cell surface and in the 

extracellular matrix (ECM), may serve a trophic or survival role. Immunohistochemical 

analyses of the developing mouse lung revealed that in the early stages (E11.5), VEGF 

is distributed uniformly throughout the airway epithelium and in the subepithelial 

matrix, whereas later, its expression is restricted to the growing tips of airway branches 

in the distal lung, i.e., at the site of new vessel formation [78]. The importance of local 

VEGF expression for normal lung development is demonstrated by our study in which 

VEGF120/120 animals have impaired peripheral lung vascular development, in 

addition to reduced numbers of air-blood barriers and delayed air space maturation.  

In addition to its importance in lung development, VEGF probably also plays a 

significant role in maintenance of lung structure. This is strongly indicated by studies in 

the rat [70], in which Su-5416, a selective inhibitor of the VEGF receptor VEGFR2 was 

administered from PN1–13. The treated animals, in which VEGF signaling was thus 

blocked, had enlarged airspaces, decreased alveolar number, and decreased arterial 

density. Administration of the VEGFR2 inhibitor to adult rats for 3 wk also resulted in 

enlarged airspaces because of disrupted alveolar septa due to septal cell apoptosis. This 

septal damage could be blocked by the inhibition of caspase [79].  
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The phenotype of defective lung development in these VEGF120/120 mice, which have 

been genetically engineered to express only the freely diffusible VEGF120 isoform, 

supports our hypothesis because the mice exhibit defective air-blood barrier formation 

in addition to delayed airspace maturation. Therefore, we propose that the VEGF164 or 

VEGF188 isoforms bind to the ECM with high affinity and thus, provide the critical 

localized VEGF needed for normal pulmonary vascular development and maintenance. 

 
Pulmonary Phenotype of Alveolar Capillary Dysplasia versus of VEGF120 Mice 
 
Janney et al reported a set of findings with a remarkable paucity of alveolar capillary 

membranes and an abnormal venous pattern and named congenital alveolar capillary 

dysplasia (ACD)[46]. This is uniformly lethal lung disorder in the neonatal period and 

is clinically associated with persistent pulmonary hypertension of the newborn (PPHN). 

Later additional case reports recognized the significance of misalignment of the 

pulmonary vessels [80-83]. The probable autosomal recessive nature of the condition 

was suspected based on reports of multiple affected siblings, some of whom were born 

to consanguineous parents [83, 84]. It is now recognized that the pulmonary phenotype 

is relatively consistent and includes malposition of pulmonary vein branches adjacent 

to pulmonary artery branches, increased muscularization of pulmonary arterioles, 

maldevelopment of the pulmonary lobules, deficient capillarization of airspace walls, 

and uncommonly lymphangiectasis (Figures 14, 33)[81]. The majority of the infants 

have at least one additional major structural abnormality affecting one or more of the 

cardiovascular, gastrointestinal, genitourinary, or musculoskeletal systems. In addition, 

disruption of the normal right left asymmetry of intra-thoracic or intra-abdominal 

organs was noted in whom extra-pulmonary organs were examined. 

 

One of the major requirements for the microscopic diagnosis of ACD is appropriately 

handled and studied lung biopsy [IV]. The diagnosis can be a challenging task for 

pathologists, mostly because the pathologic features may be subtle and superimposed 

therapeutic effects may alter the microscopic appearance of the disease [III,VI]. For 

example the presence of dilated lymphatic channels in the bronchovascular areas, 

which frequently is the result of mechanical ventilation, can be easily misinterpreted as 
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misaligned veins leading to the misdiagnosis of ACD. Historically, light microscopic 

recognition of lymphatic vasculature has relied on certain morphologic features. Theses 

features (gold standards) include thin-walled, vascular channels lined with endothelial 

cells with or without luminal proteinaceous material, valves, and lymphoid tissue [85]. 

However, gold standards are not entirely reliable because lymphatic valves and smooth 

muscle coatings are generally present in the larger, pre-collecting and collecting 

lymphatics but absent at the level of the very small vessel. Moreover, the presence of 

associated lymphoid tissue and luminal proteinaceous material vary tremendously 

across sections. Further, especially on biopsy samples, blood cells can occasionally be 

found in lymphatic channels mimicking blood-transporting vessels. Therefore, 

precisely distinguishing lymphatic from vascular channels remains a challenge for 

pathologists. Specific lymphatic markers to identify lymphatic endothelium are 

therefore would be beneficial to resolve this problem. Recently, a novel antibody, D2-

40, was introduced to help reliably differentiate lymphatic endothelium from vascular 

endothelium. Since its introduction, multiple studies have been published on the value 

of D2-40 antibody in different medical applications [86-91]. However, only 1 study 

investigated the endothelial specificity and sensitivity of this new antibody [86]. 

Therefore, we decided to revisit this issue by using solely pediatric vascular tumors and 

malformations because these lesions are very common in the pediatric population. Our 

study represented a wide range of pediatric patients with vascular lesions including 14 

lymphatic lesions and 11 vascular lesions We found that D2-40 antibody recognizes 

lymphatic endothelium with very high specificity (100%) and modest sensitivity 

(~60%) [V]. The staining was a crisp brown and easily recognizable in the blue 

(hematoxylin) background. No endothelial cells of vascular lesions or of nonlesional 

veins or arteries were found to stain (Figures 31, 32). This finding agrees very well 

with the published data [86]. When we applied D2-40 in lung tissues taken from 

patients with ACD, the immunostaining results clearly showed that this antibody 

reliably differentiated between venous and lymphatic elements located in the 

bronchovascular units, and therefore helps distinguish misaligned veins from artificially 

induced, dilated lymphatics (Figure 33).  
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The lungs of VEGF120/120 fetuses and pups exhibited some features of pulmonary 

phenotype seen in patients with ACD. These included decreased air-blood barriers, 

defected peripheral vascular and airway development. In addition, VEGF120/120 mice 

die soon after birth similarly to patients with ACD.  

 

Although the pathomechanism of ACD is not known, one may speculate that the failure 

of air-blood barrier formation is due to defected TI epithelial cell development. The 

study of T1 cell differentiation has been hampered by knowledge of only a few lineage 

restricted marker genes. The best analyzed of these are Aquaporin 5, a water channel 

gene expressed in lung T1 cells as well as in tracheal and nasal epithelium, and a gene 

of unknown function called T1α [92-95]. Both of these genes have been reported to be 

expressed exclusively in T1 cells in the lung [92-95]. However, the expression of T1α 

in early lung epithelium (E11.5) suggests that it is not as specific to T1 cells since these 

cells do not appear until E17.5 [94]. Aquaporin 5, a water channel gene whose 

expression is restricted to T1 cells during lung development, on the other hand, is a 

more specific T1 marker [92, 96, 97]. At E17.5, Aquaporin 5 gene expression at low 

levels in the distal airways of wild-type lungs has been previously demonstrated [97].  

 Unfortunately, only the less specific marker, T1α,  was available at the time of our 

study, which highlighted alveolar-lining cells in the lungs of VEGF120/120 mice 

similar to heterozygous and wild-type littermates. This finding challenges the earlier 

speculation of maturation defect of alveolar epithelial cells to T1, however, does not 

entirely rule it out. Human specific antibodies to Aquaporin 5 has now just become 

commercially available (pilot study is underway to investigate the expression of 

Aquaporin 5 in neonates with ACD), and mouse specific antibody (still not 

commercially available) are needed to fully investigate the possibility of T1 cell 

development defect in the lungs of VEGF120/120 mice. 

 

The VEGF120/120 mice lacked the misalignment of pulmonary veins. Although the 

proposed classification of diffuse lung disease of children under 2 years identifies ACD 

in relation with misalignment of pulmonary veins (Figure 6) [I], it is still a debate 

whether this feature is really required for the diagnosis of ACD. In the literature several 
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cases of patient showing clinical and pathologic features of ACD has been reported 

with and without misalignment of pulmonary veins [45, 46, 80-83, 98].  

 

Importantly, there is an another genetically engineered animal, eNOS-deficient mouse, 

which carries major defects in lung morphogenesis, resulting in marked thickening of 

saccular septae, evidence of reduced surfactant material, striking paucity of distal 

arteriolar branches and extensive regions of capillary hypoperfusion, together with 

misalignment of pulmonary veins. Most of  these features characterize alveolar 

capillary dysplasia [99]. These findings complement those from the VEGF120/120 

mouse model and point to the importance of angiogenic mediators, not only in lung 

vascular development, but also the normal development and maturation of lung airway 

epithelium.  

The similarity in the pattern of lung microvascular impairment between the 

VEGF120/120 mouse and the eNOS knock-out mouse is not surprising, because NOS 

is an upstream activator and also downstream target of VEGF (Figure 34) [100-102]. 

The eNOS-deficient mouse model, therefore, further substantiate the key role of 

VEGF-mediated signaling in lung development and possibly in related neonatal 

disorders. 
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Figure 34. Reciprocal relationship between NO and VEGF. NO is an upstream and 
downstream modulator of VEGF-mediated angiogenesis. NO induces VEGF synthesis 
in numerous cell types. The angiogenic effect of VEGF exerted on endothelial cells 
(EC) is dependent on NO production by activated eNOS. It is postulated that 
endothelium derived NO can augment angiogenesis by stimulating VEGF production in 
adjacent cells. (Adopted from [89]). 
 

It is likely that the large abnormal capillaries in ACD are immature vessels that are 

arrested at an earlier step in vessel development and have not progressed to the smaller 

and more mature size because of inappropriate VEGF isoform-mediated signals. The 

immaturity could be the factor that prevents the capillaries from making appropriate 

contact with the TI pneumocyte to form the air-blood barrier. The immature, dysplastic 

capillaries may also fail to fuse with the pulmonary arteries upstream, and this would 

explain why they are thick-walled in ACD. 

 

Overall the VEGF120/120 mouse accurately recapitulates most of the clinical and 

histologic features of the human disease, ACD, thus it could be utilized as model of 

ACD. The limitation includes the lack of specificity to the lung. VEGF120/120 mice 

showed defected angiogenesis in several organ systems [59-61] while patients with 

ACD can show multiple extrapulmonary defects [50], which are not necessary vascular 
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in nature. Future molecular studies in patients with ACD with a focus on the role of key 

vascular-signaling molecules will certainly provide insight into this lethal condition. On 

the basis of the existing data that identify VEGF as the master regulator of 

mesenchymal-epithelial cross-talk during lung development along with our data, it is 

not unreasonable to expect that altered VEGF isoform signaling is one of the causative 

factors in the pathogenesis of ACD. 

 

Vascular Theory of Other Lung Diseases. 
 
Our proposed vascular endothelial growth factor (VEGF) deregulation as part of the 

pathogenesis of ACD is not entire unique as vascular theory of other lung diseases 

exists (i.e. emphysema, chronic obstructive diseases, and bronchopulmonary dysplasia, 

[103-105]). A compelling example of disrupted pulmonary vascular development is the 

disorder bronchopulmonary dysplasia (BPD). BPD, or chronic lung disease of infancy, 

is a multifactorial disease that develops in preterm newborns. The pathologic picture is 

characterized by a simplified alveolar pattern, with decreased numbers of alveoli and 

impaired lung vascular growth (Figure 35) [106, 107] and is the result of two sequential 

events. The finely-tuned progression of pulmonary vascular and alveolar development 

is interrupted during the early saccular stage of lung development when the distal 

airspaces and microcirculation have just begun to establish the framework for gas 

exchange. The effects of therapy for acute respiratory, hyperoxia, and mechanical 

ventilation compound this interruption in development. The result is a reduced alveolar 

number and contracted surface for gas exchange which, in those infants who survive, 

results in pulmonary morbidity later in life [108] (Figure 35).  
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Figure 35. Disrupted vascular growth factor signaling (mainly vascular endothelial 
growth factor [VEGF]-mediated) is hypothesized to play a significant role in the 
pathomechanism of bronchopulmonary dysplasia. Two subsequent events, disruption of 
alveolar development and ventilation injury, lead to altered expression of these signals, 
which in turn is responsible for the development of the characteristic pathologic picture 
seen in bronchopulmonary dysplasia (Adopted from [II]). 
 

The role of impaired angiogenic signaling in the development of BPD has been proven 

by several experiments. Blocking of VEGF or inhibition of its receptor VEGFR2 

during fetal lung development results in inhibition of angiogenesis and alveolar 

hypoplasia, producing a pathologic picture resembling BPD [69, 109]. Preterm human 

neonates with BPD had decreased amounts of VEGF, PECAM, flt-1, and angiopoietin 

1 receptor Tie2 [110]. Premature neonates who die of respiratory distress have lower 

pulmonary VEGF content than survivors, and infants with BPD have decreased tracheal 

VEGF levels [111]. Ventilation injury by altering oxygenation and distension can cause 

a BPD-like pathology as detailed previously. Lung-specific adenoviral-mediated 
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overexpression of VEGF prevented hyperoxia-induced BPD in rats by promoting lung 

angiogenesis and stimulating alveolarization [109]. In aggregate, it is now clear that 

disrupted angiogenic signaling, especially VEGF-mediated, plays a major role in the 

pathomechanism of BPD (Figure 35).  

 

An exciting era in the realm of pulmonary vascular research has emerged with the 

recognition of the vascular growth factor families, especially the VEGF family.  It is 

now clear that study of airway developmental physiology and pathology should not 

occur in isolation from that of the accompanying blood vessels because both airway 

and vascular developmental processes are under the influence of multiple vascular 

growth factors. A major breakthrough in the field was the recognition of the multistep 

vascular cascade and the understanding that every vascular developmental step has its 

own unique timing and vascular growth factor dependency. Depending on the stage of 

lung development when this process is interrupted, a wide range of lung airway and 

vascular abnormalities can occur; the best examples are the neonatal lung disorders 

alveolar capillary dysplasia and bronchopulmonary dysplasia. A consequence of these 

scientific breakthroughs is the birth of an array of vascular theories regarding the 

etiology of lung diseases and the emergence of vascular growth factor-based clinical 

trials. 
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Conclusions 

1. The VEGF120/120 mouse is an excellent developmental model of pulmonary 

vascular development. 

  

2. The presence of VEGF164 and 188 isoforms is critical in mouse lung 

development. 

 

3. VEGF 164 and/or 188 contribution to pulmonary pre-acinar vessel development 

is not significant. 

  

4. In the mouse fetuses and pups, the absence of heparan-binding VEGF164 and 

188 isoforms impairs the development of the lung’s microvasculature and 

delays airspace maturation. 

 

5. VEGF 164 and/or 188 has an exquisite dose dependent effect on air-blood 

barrier formation and pulmonary capillary development. 

 

6. D2-40 antibody reliably distinguishes lymphatic channels from vascular 

endothelium of misaligned veins; therefore it is a useful tool in the histologic 

diagnosis of ACD.   

  

7. Altered VEGF isoform signaling may play a role in the pathogenesis of ACD. 

  

8. VEGF120/120 mouse could be utilized as potential animal model of alveolar 

capillary dysplasia. 
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Summary 
 

Introduction: Lung vascular development is a carefully orchestrated multistep process 

consisting of complex interactions among growth factors, matrix proteins, and 

cytokines. Understanding the functional reach of several members of growth factor 

families is integral to an appreciation of the etiology and pathogenesis of 

developmental lung disorders affecting newborns. One example, alveolar capillary 

dysplasia (ACD), a rare, fatal disease, is characterized by failure of formation of air-

blood barriers, the presence of dysplastic, thin-walled vessels in the central part of the 

alveolar septa, and often by misalignment of pulmonary veins. One of the growth 

factors involved in pulmonary angiogenesis, vascular endothelial growth factor 

(VEGF), is so critical for embryonic development that in the mouse, elimination of just 

a single allele is lethal. In the early stages of lung development, the mouse VEGF gene 

expresses three isoforms (120, 164, and 188) in a distinct temporo-spatial pattern, 

suggesting a specific function for each. We engineered mice that express only 

VEGF120, to study the role of VEGF isoforms in lung development, and to assess their 

possible involvement in the pathogenesis of ACD.   

Methods: Lung vessel development in these mice was studied by scanning electron 

microscopy of Mercox casts of lung vasculature. Airway and air–blood barrier 

development was analyzed by light microscopy, transmission electron microscopy, 

immunohistochemistry, and morphometry. D2-40 antibody was utilized to identify 

lymphatic versus vascular endothelium in lung tissues obtained from patients with 

ACD. 

Results: In all VEGF120/120 fetuses and pups, lung vascular casts were smaller and 

less dense compared with 120/+ and wild-type littermates. Although the generation 

count of pre-acinar vessels was similar in all three genotypes, the most peripheral 

vessels were more expanded and sparse in 120/120 fetuses of all ages, compared with 

120/+ and wild-type littermates. In addition, 120/120 animals had fewer air-blood 

barriers and a decreased airspace-parenchyma ratio compared with 120/+ and wild-type 

littermates. D2-40 antibody reliably distinguished lymphatic channels from misaligned 

veins in lungs of patients with ACD.   
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Conclusions: The absence of VEGF 164 and 188 isoforms impairs lung microvascular 

development and delays airspace maturation, pointing to an essential role for heparin-

binding VEGF isoforms in normal lung development. D2-40 antibody proved to be a 

very useful tool in the histologic diagnosis of ACD. The pulmonary phenotype found in 

VEGF120/120 mice strongly resembles those of newborns suffering from alveolar 

capillary dysplasia. Therefore, we propose that altered VEGF signaling is one of the 

causative factors in the pathogenesis of ACD and we speculate that the VEGF120 

mouse could be further utilized to study the pathomechanisms of ACD.  
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Összefoglalás 

Bevezetés: A tüdő érfejlődése növekedési faktorok, mátrix fehérjék és citokinek 

összehangolt kapcsolatán alapuló gondosan szabályozott többlépcsős folyamat. A 

tüdőfejlődési rendellenességek etiológiájának és patogenezisének megértéséhez 

elengedhetetlen ezen szabályozó molekulák funkciójának megismerése. 

Különösképpen igaz ez az alveoláris capilláris diszpláziára (ACD), ami egy ritka, 

halálos kimenetelű újszülöttkori betegség. Jellemzője az alvaoló-kapilláris membrán 

fejlődési zavara, az alveolusfalban kialakuló diszpláziás hajszálerek jelenléte illetve a 

pulmonális vénák hibás elrendeződése. A tüdőfejlődés egyik kulcsfontosságú 

molekulája az un. vaszkuláris endothéliális növekedési faktor (VEGF), ami 

kulcsszerepet tölt be az egér embryo fejlődésében is, mivel akár az egyik VEGF gén 

allél eliminációja is halálos kimenetelű.  A tüdő fejlődése során az egér VEGF gén 

három izoformát hoz létre (120, 164, 188), melyek expressziója időben és térben 

szigorúan meghatározott.  

Célunk  a VEGF izoformák tüdő fejlődésében, illetve az ACD patomechanizmusában 

betöltött szerepének vizsgálata volt. Ehhez egy olyan egér modellt használtunk, ami 

csak a VEGF 120 izoformát volt képes kifejezni. Ezen állatok tüdő éröntvényeit 

(korróziós készítményeit) pásztázó electron microszkóppal tanulmányoztuk, míg a 

légutak és az alveoló-kapilláris membrán fejlődését fény- és transzmissziós electron 

mikroszkópiával, immunfestési eljárással és morphometriás technikával vizsgáltuk. Az 

ACD-ben szenvedő betegek tüdő szöveteiben a vér es nyirokerek elkülöníthetőségenek 

vizsgálatára CD31 illetve D2-40 antitesteket használtunk.  

Eredményeink  szerint az összes VEGF 120/120 magzat tüdőéröntvények mérete 

illetve a hajszálerek denzitása kissebb volt, mint a VEGF120/+  ill. vad-tipusú magzat 

esetén. A centrális légutak és erek számában valamint ezek átmérőjében szignifikáns 

különbség nem volt megfigyelhető a különböző genotipusú magzatok között, ezzel 

szemben a perifériás erek sokkal tágabbak és ritkábbak voltak a VEGF 120/120 

egerekben. A VEGF 120/120 egerek alveoló-kapilláris membrán száma és légtér-

parenchyma aránya is lényegesen kisebb volt. Az ACD-ben szenvedő betegek tüdő 

szöveteiben a D2-40 antitest megbizhatóan elkülönitette a nyirokereket a hibásan 

elrendeződött pulmonális vénáktól.   
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Következtetésünk: a VEGF164 és 188 izoformák hiánya a tüdőhajszálerek fejlődési 

zavarát és a légutak fejlődésének lelassulását okozza, ami kihangsúlyozza ezen 

heparánhoz-kötödő izoformák jelentős szerepét a tüdőfejlődés folyamatában. A D2-40 

antitest hasznos eszköznek bizonyult az ACD szövettani diagnózisában. A 

VEGF120/120 transzgén egerek pulmonális kórképei nagymértékben hasonlítanak az 

ACD-ben szenvedő újszülöttekére. Mindezek alapján az a véleményünk, hogy az 

aberráns VEGF reguláció kulcsszerepet játszik az ACD kórkép létrejöttében és ezáltal a 

VEGF120 egér model hasznositható az ACD további vizsgálatában is. 
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