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     Abbreviations 

   ARDS    Acute respiratory distress syndrome   
  BASCs    Bronchoalveolar stem cells   
  BPD    Bronchopulmonary dysplasia   
  CDH    Congenital diaphragmatic hernia   
  DL CO     Pulmonary diffusing capacity for car-

bon monoxide   
  E    Embryonic day   
  ECM    Extracellular matrix   
  FGF    Fibroblast growth factor   
  Flk-1    Fetal liver kinase-1   
  Flt-1    Fms-like tyrosine kinase   
  Fox    Forkhead box   
  GC    Glucocorticoid   

  Hif    Hypoxia-inducible factor   
  Hox    Homeobox   
  IPF    Idiopathic pulmonary fi brosis   
  MMP    Matrix metalloproteinase   
  NF-κB    Nuclear factor kB   
  PDA    Patent ductus arteriosus   
  PDGF    Platelet-derived growth factor   
  pnd    Postnatal day   
  RA    Retinoic acid   
  RDS    Respiratory distress syndrome   
  SHH    Sonic hedgehog   
  SP-C    Surfactant protein C   
  TGF-β    Transforming growth factor beta   
  TIMP    Tissue inhibitor of metalloproteinases   
  TTF-1    Thyroid transcription factor 1   
   V  A     Alveolar volume   
  VEGF-A    Vascular endothelial growth factor A   
  VEGFR    Vascular endothelial growth factor 

receptor   

1.1            Prenatal Development 

1.1.1     Embryonic and Fetal 
Development of the Airways 

 Fetal lung development is primarily concerned 
with the establishment of the conducting airway 
system and associated vasculature and is classi-
cally divided into fi ve descriptive stages: embry-
onic, pseudoglandular, canalicular, saccular, and 
alveolar (Fig.  1.1 , Table  1.1 ) (Burri  1984 ). In the 
standard model of lung morphogenesis, human 
airway development begins in the embryonic 4th 
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week by the appearance of a ventrolateral diver-
ticulum from the foregut endoderm invading into 
the surrounding splanchnopleuric mesoderm. 
This implies a common origin of the trachea and 
esophagus, although this view has recently been 
challenged by the proposal that the two arise from 
distinct germ cell regions of the endoderm which 
are brought together and later septated as a result 
of embryonic head folding (Brown and James 
 2009 ). This may explain, for example, the oppos-
ing directions of the mucociliary escalator in the 
tracheobronchial tree (which shifts mucous crani-
ally) from the mucociliary cascade of the upper 
airway (which shifts mucous into the esophagus 
and ultimately into the stomach). In either case, 
the epithelium of the conducting airways and 
lung parenchyma will develop from this region of 
specifi ed endoderm, while the various structural 
components of the lungs, including elastic tissue, 
smooth muscle surrounding the contractile air-
ways and vessels, cartilage of the trachea and 
bronchi, the vascular and lymphatic systems, and 
connective interstitial tissue, all derive from the 
surrounding mesoderm (Burri  1984 ).

    Expression of the defi nitive distal lung 
 epithelial marker, surfactant protein C (SP-C), is 
detectable as early as E9.5 in the prospective 
murine endoderm (Serls et al.  2005 ). Lung speci-
fi cation and positioning in the foregut relies upon 
instructive and concentration-dependent signal-
ling by the secreted fi broblast growth factor 
(FGF) family from the adjacent cardiac meso-
derm as well as reciprocal sonic hedgehog 
(SHH)-GLI signalling between the foregut endo-
derm and  splanchnopleuric mesoderm 
(Motoyama et al.  1998 ; Serls et al.  2005 ). Such 
tissue interactions at this early stage presage the 
critical importance that epithelial-mesenchymal 
signalling will play in the growth and mainte-
nance of the airway epithelium and pulmonary 
vasculature throughout all stages of lung 
development. 

 Right-left asymmetry is already established 
by 4.5 weeks since the lung anlage is divided into 
three right-sided and two left-sided diverticula 
(four right-sided and one left-sided in mice), 
which corresponds to the adult confi guration of 
the lobar bronchi and lung lobes. Various factors 

known to be involved in global axis specifi cation 
have been implicated in this early patterning, 
including several members of the transforming 
growth factor (TGF)-β family (Lefty-1 and 
Lefty- 2, Nodal) and Pitx-2, since in all cases, 
gene deletion in mice causes pulmonary isomer-
ism (Tsukui et al.  1999 ). Retinoic acid (RA) and 
SHH appear to be master regulators of restricting 
appropriate expression of these growth factors 
(Lin et al.  1999 ; Meno et al.  1998 ).  

1.1.2     Branching Morphogenesis 

 The pseudoglandular phase (weeks 5–17 in 
humans) establishes all the prospective pre- acinar 
airways (i.e., those proximal to the respiratory 
bronchioles). This is achieved by branching mor-
phogenesis, in which epithelial buds at the 
periphery follow a pattern of repetitive dichoto-
mous branching, mediated by reciprocal interac-
tions between the outgrowing epithelium and the 
surrounding mesenchyme. The importance of 
such interactions has been demonstrated in clas-
sic transplantation experiments using cultured 
explants, in which the pulmonary epithelium 
degenerates if isolated from the surrounding 
mesenchyme, and vice versa (Masters  1976 ). 
Conversely, recombination of mesenchyme taken 
from areas of active branching with non- 
branching tracheal epithelium induced lung-like 
epithelial branching, demonstrating both the 
plasticity of the primordial lung epithelium and 
the specifi city of mesenchymal inductive signal-
ling (Shannon et al.  1998 ). 

 Recent analysis in mice has suggested that the 
orderly development of the millions of branches 
in the mammalian lung follows a remarkably 
simple set of only three genetically encoded 
“subroutines” (Metzger et al.  2008 ). The fi rst, 
termed domain branching, sprouts daughter 
branches at specifi c sites along and around the 
circumference of the parent branch. The next two 
subroutines, planar and orthogonal bifurcation, 
are responsible for establishing additional ter-
tiary and later generation branches which extend 
from those developed by domain branching. This 
occurs from repeated bifurcations of the branch 
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tips along the anterior-posterior axis (planar) or 
in clusters rotated at 90° (orthogonal). These 
three subroutines, when stereotyped in just three 
possible combinations, essentially form all the 
branching events observed during early pulmo-
nary development. Importantly, these subroutines 

appear to be under the control of a master routine, 
which outlines a general developmental plan 
each branching lineage will follow. In contrast, 
localized signalling molecules are involved in the 
direction of the morphogenetic events themselves 
(mesenchymal invasion, epithelial budding, etc.). 

a

c

e

b

d

f

  Fig. 1.1    The stages of lung development. H&E staining 
of mouse lungs are shown during the pseudoglandular ( a , 
E13.5), canalicular ( b , E15.5), saccular ( c , E18.5), and 

alveolar stages ( d – f , postnatal days 2, 8, 21). Progressive 
expansion of the airways and interstitial thinning are 
observed (Magnifi cation, 200×)       
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These regulators have been the subject of much 
focus and have been reviewed in detail elsewhere 
(Cardoso and Lu  2006 ; Massaro et al.  2004 ).  

1.1.3     Differentiation of the 
Conducting Airway 
Epithelium 

 As one travels along the proximodistal axis of the 
2 23  branches of the mature airways, marked 
changes in epithelial cell type and distribution are 
observed, underscoring the variety of regional 
differences in epithelial function. The pseu-
dostratifi ed and columnar epithelium of the larger 
airways (branches 2 0 –2 5 ) is chiefl y composed of 
basal, ciliated epithelium, goblet cells, and inde-
terminate cells, all of which rest upon the basal 
membrane and which overlie layers of smooth 
muscle cells (Mercer et al.  1994 ). In addition, 
submucosal glands are contiguous with the epi-
thelium from the larynx to the small bronchi 

(Jeffery and Li  1997 ). Upon reaching the smaller 
airways (branches 2 6 –2 23 ), the epithelial lining 
decreases in height, becoming principally com-
posed of ciliated cuboidal epithelium and Clara 
secretory cells. Notably, submucosal glands are 
absent and goblet cells are normally rare at this 
level, explaining the absence of mucus secretion 
(Lumsden et al.  1984 ). 

 The diversity and organization of the mature 
airway epithelium develops as a result of the 
coordinated differentiation and maturation of the 
primitive fetal endoderm, beginning in the mid- 
pseudoglandular stage. Prior to differentiation, the 
primordial airways are composed of a thick pseu-
dostratifi ed epithelial lining with little to no lumen, 
resembling the esophagus (Adamson  1997 ). Such 
primitive fetal cells have a high nuclear-to-cyto-
plasmic ratio, indicative of their undifferentiated 
state, and glycogen, which will fuel later differ-
entiation (Burri  1997 ). Over the course of airway 
branching and maturation, this primitive epithelium 
is dramatically remodelled along the proximodistal 

   Table 1.1    The timing and events of pre- and postnatal lung development   

 Stage 

 Developmental age 

 Key morphogenetic events  Human  Mouse  Rat 

 Embryonic  4–7 weeks  E9.5–E12  E11–E13  Specifi cation and differentiation from the 
primitive endoderm 
 Formation of the lobar bronchi and left/
right asymmetry 

 Pseudoglandular  5–17 weeks  E12–E16.5  E13–E18.5  Establishment of the prospective 
conducting (pre-acinar) airways via 
branching morphogenesis 
 Appearance of the presumptive acini—the 
respiratory units of the lung 
 Differentiation of the airway epithelium 
begins 

 Canalicular  16–26 weeks  E16.5–E17.5  E18.5–E20  Establishment of the parenchyma by 
enhanced capillarization, pneumocyte 
differentiation, and reduction in 
mesenchyme 
 Surfactant synthesis begins (~22–24 weeks 
in humans) 

 Saccular  24 weeks–term  E17.5–pnd 4  E21–pnd 4  Further development and expansion of the 
airspaces 

 Alveolar  36 weeks–min. 
2 years 
postnatal 

 pnd 4–pnd 36  pnd 4–pnd 60  Secondary septation dramatically enhances 
the parenchymal surface area 
 Mesenchymal thinning 
 Microvascular maturation 

  Rodent models are included and roughly comparable to humans despite morphological differences in the airway tree 
and cell content and distribution (Mercer et al.  1994 , #855)  
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axis, beginning in the larger airways and spread-
ing distally, ultimately resulting in airway expan-
sion and decreasing epithelial thickness at all levels 
of the airways (Adamson  1997 ). Indeed, airway 
diameter increases linearly with age in the fetus 
and neonate, regardless of prematurity (Hislop and 
Haworth  1989 ). 

 Differentiation of both the epithelium and 
mesenchyme is apparent by the mid- 
pseudoglandular stage: ciliated epithelium is 
observed in the tracheobronchial epithelium by 
the 10th week and in the most peripheral airways 
by the 13th, while cartilage and smooth muscle 
cell precursors are found in the trachea by the 
10th week, extending towards the segmental 
bronchi by the 12th week (Bucher and Reid  1961 ; 
Burri  1984 ). During gestation, lung fl uid is 
secreted by the epithelium into the lumen of the 
future airways. Spontaneous peristaltic contrac-
tions of smooth muscle throughout gestation 
until birth are essential for driving lung fl uid dis-
tally towards the compliant terminal buds, which 
may promote airway differentiation and branch-
ing via mechanotransduction (Schittny et al. 
 2000 ). Submucosal glands are observable by the 
14th week, while mucus-containing goblet cells 
are identifi able by the 13th week in the trachea 
and large bronchi, extending to the most proxi-
mal intrasegmental bronchi by the 24th week 
(Bucher and Reid  1961 ). Interestingly, the fre-
quency of goblet cells peaks during mid- 
gestation, comprising up to 35 % of the bronchial 
epithelium, before steadily reducing in number to 
~12 % in adults (Jeffery  1998 ; Mercer et al. 
 1994 ). Basal cells in the large airways and Clara 
cells in the bronchioles have been described as 
early as 10 and 16 weeks gestation, respectively, 
although the timing of their maturation is specu-
lative and may only fully mature by the mid- 
canalicular stage (Bucher and Reid  1961 ; Jeffery 
 1998 ; Jeffery et al.  1992 ).  

1.1.4     The Establishment 
of the Air-Blood Interface 

 Following branching morphogenesis, the  terminal 
bud epithelium is reduced from a  pseudostratifi ed 

form to simple cuboidal, marking the appearance 
of the future acini. During the canalicular stage 
(weeks 16–26), Type II cell differentiation begins, 
indicated morphologically by the dramatic reduc-
tion of intracellular glycogen content, in part 
from bolstering surfactant synthesis, and the 
appearance of intracellular lamellar bodies, the 
storage form of pulmonary surfactant (Adamson 
 1997 ). After undergoing structural transforma-
tions, such lamellar bodies are secreted into the 
developing air sacs, where they will form pul-
monary surfactant. Importantly, surfactant secre-
tion is present by ~22–24 weeks in the human, 
and by 80–85 % gestation in most other species, 
although due to uneven distribution, it appears 
to be more abundant in apical than basal regions 
(Burri  1997 ). Hence, surfactant therapy has been 
instrumental in the treatment of respiratory dis-
tress syndrome (RDS) in premature infants. 

 The air-blood interface begins to develop as 
the airspaces widen at the expense of mesenchy-
mal volume and cell number, which is resultant 
from both mesenchymal apoptosis and a sharp 
reduction in fi broblast proliferation (Adamson 
 1997 ; Stiles et al.  2001 ). Indeed, during the cana-
licular stage, the epithelial population doubles in 
number, refl ecting the continuous epithelial cell 
proliferation and expansion of the airways into 
the mesenchyme (Adamson  1997 ). Meanwhile, 
the developing capillaries begin to “canalize” the 
lung parenchymal interstitium, forming in close 
apposition to the epithelium. Concurrently, squa-
mous Type I pneumocytes begin to differentiate 
from the cuboidal epithelium overlying the invad-
ing capillary layers, resulting in a shared base-
ment membrane with the capillary endothelium 
and thus the formation of the ultrathin air-blood 
interface alveolar parenchyma. A sharp decline 
in proliferating epithelium during the canalicular 
to saccular transition refl ects the differentiation 
of the epithelium into pneumocytes (Adamson 
 1997 ). By the end of the saccular phase (26th 
week–term), the terminal airways exist as primi-
tive saccules which, during the alveolar phase, 
will develop into functional alveolar units. 

 Much focus has centered upon the mechanism 
of Type I cell differentiation, since despite com-
prising only 8 % of total cells in the adult lung, 
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Type I cells cover over 95 % of the parenchymal 
surface and are thus at the forefront to the patho-
genesis of various major lung diseases (Crystal 
et al.  2008 ). Moreover, airway epithelial turnover 
in the adult is estimated to occur every 30–50 
days, although the mechanism of this repopula-
tion is not understood (Crystal et al.  2008 ). 
Autoradiographic studies in the rat lung have 
long suggested that Type I cells differentiate from 
Type II cells during normal fetal and postnatal 
development (Kauffman et al.  1974 ) and after 
rapid Type II proliferation and replacement of the 
lung parenchyma following acute lung injury 
(Evans et al.  1975 ). However, the stem or pro-
genitor cells which act as the source of new epi-
thelial cells have not been conclusively 
determined (Crystal et al.  2008 ). A very recent 
study using a post-pneumonectomy model of 
stimulating compensatory lung regrowth has sug-
gested that distinct cells at the bronchoalveolar 
junction (bronchoalveolar stem cells, BASCs) act 
as stem cells for a subpopulation of transit- 
amplifying Type II cells, which in turn differenti-
ate into Type I cells (Nolen-Walston et al.  2008 ). 
However, signifi cant cell migration of such 
BASCs to the sites of airway damage would 
likely be required, while, based upon the study’s 
own theoretical estimates, the contribution of 
BASCs towards alveolar epithelial regeneration 
may well be minimal.  

1.1.5     Development of the 
Embryonic and Fetal 
Pulmonary Vascular System 

 The anatomic origin of the pulmonary circulation 
is the right ventricle. Throughout gestation, the 
pulmonary fl ow is estimated to be only 11 % of 
the combined biventricular output, but following 
the closure of the foramen ovale and ductus arte-
riosus at birth, it receives 100 % of the cardiac 
output (Mielke and Benda  2001 ). Patent ductus 
arteriosus (PDA) in the neonate is associated with 
deterioration of pulmonary function and alveolar 
development (i.e., BPD), in part due to pulmo-
nary edema from left-to-right shunt (Massaro 
et al.  2004 ). Intriguingly, while  pharmacological 

closure of PDA prevents the incidence of such 
defects, prophylactic surgical ligation of the duc-
tus arteriosus actually increased the risk of devel-
oping BPD, although the mechanism remains 
unclear (Clyman et al.  2009 ). 

1.1.5.1     The Extrapulmonary Vessels 
 In the development of the pulmonary vasculature, 
both the pulmonary trunk and pulmonary arch 
arteries receive contributions from cardiac neural 
crest cells, which migrate from the dorsal neural 
tube and populate the pharyngeal arches and out-
fl ow tract of the developing heart (Kirby and 
Waldo  1995 ). Between the 4th and 8th weeks of 
gestation, concurrent with the start of lung bud-
ding, the cardiac outfl ow tract is septated into the 
aorta and pulmonary trunk from either the fusion 
of the distal and proximal outfl ow cushions of the 
embryonic heart, the elongation of an aortopul-
monary septum, or a combination of both para-
digms (Webb et al.  2003 ). During this process, 
the aortopulmonary septum can be observed 
growing in between the fourth and sixth paired 
pharyngeal arches, which will form components 
of the mature vasculature: the fourth pharyngeal 
arches contribute to the aortic arch and subcla-
vian arteries, while the right sixth regresses and 
the left sixth persists to form the ductus arteriosus 
and the pulmonary arteries by the 7th week 
(Poelmann and Gittenberger-de Groot  2005 ).  

1.1.5.2     The Intrapulmonary Vessels 
and Microcirculation 

 The development of the intrapulmonary vessels 
(i.e., the branching arterial tree most closely 
associated with the airways and the pulmonary 
veins running along the periphery of the terminal 
respiratory units) and the peripheral microvascu-
lature of the lung parenchyma has sparked much 
recent investigation (de Mello and Reid  2000 ; de 
Mello et al.  1997 ; Hall et al.  2000 ,  2002 ; Maeda 
et al.  2002 ; Parera et al.  2005 ; Schachtner et al. 
 2000 ; Schwarz et al.  2009 ). Although several 
hypotheses have been put forward, two essential 
processes are implicated: vasculogenesis, which 
describes the de novo formation of primitive 
blood plexuses from the aggregation of mesoder-
mal endothelial progenitor cells (angioblasts), 
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and angiogenesis, wherein new vessels are 
formed by sprouting from existing ones (Poole 
and Coffi n  1989 ). Intuitively, one might predict 
that the two processes follow a successive pro-
gram. For example, in the establishment of the 
embryonic vascular network, a primitive vascular 
plexus formed by vasculogenesis is subsequently 
remodelled and expanded by angiogenesis (Patan 
 2000 ). In the development of the pulmonary vas-
culature, however, the degree of involvement of 
either process has not been defi nitively answered, 
refl ecting differences in methodology and inter-
pretation, and possibly the intrinsic morphologi-
cal differences among and between human 
samples and animals models. 

 The earliest comprehensive studies in the 
mouse and human described the proximal mac-
rovasculature deriving from angiogenic sprout-
ing of the pulmonary vascular trunks, while 
the distal microvasculature formed by vascu-
logenesis of hematopoietic cell lakes diffusely 
coalescing around actively branching distal air-
way epithelium, starting in the late embryonic 
phase (de Mello and Reid  2000 ; de Mello et al. 
 1997 ). In this model, the two processes function 
concurrently but independently, with fusion of 
the proximal vasculature and peripheral capillary 
networks occurring relatively late in pulmonary 
vascular development (E13–14 in the mouse and 
10–11 weeks in the human). In contrast, others 
described the patency between the proximal and 
distal vessels—and hence a functional pulmonary 
circulation—occurring much earlier in develop-
ment (by E10.5 in mice and 34 days gestation in 
humans, concurrent with the formation of the fi rst 
airway branches and tracheal separation from the 
esophagus) (Hall et al.  2000 ,  2002 ; Schachtner 
et al.  2000 ). This implicated vasculogenesis as 
the predominate mechanism of the intrapulmo-
nary vascular system, in which endothelial cell 
precursors (angioblasts) form primary capillary 
plexuses surrounding developing epithelial buds 
in the lung periphery. These plexuses continue to 
expand and coalesce to form arteries and veins 
more proximal to the terminal buds, suggest-
ing that unlike the development of the airways, 
which branch and develop centrifugally from 
the hilum towards the periphery, the  primordial 

vascular system starts from the periphery and 
expands proximally (Hall et al.  2000 ,  2002 ). 
However, recent reports have suggested that early 
pulmonary vascular growth and expansion occurs 
primarily by angiogenesis (Parera et al.  2005 ; 
Schwarz et al.  2009 ). In agreement with previous 
studies (Hall et al.  2000 ; Schachtner et al.  2000 ), 
vascular circulation connected to the central ves-
sels appears to be in place at the earliest signs 
of lung development by the observation of primi-
tive erythrocytes in the lumen of plexiform ves-
sels surrounding growing epithelial buds (at E9.5 
in mice) (Parera et al.  2005 ). However, angio-
genesis was suggested to occur predominantly 
because of the description of these newly formed 
plexuses remodelling into proximal vessels and 
the absence of putative angioblasts as assessed by 
immunostaining for vascular endothelial growth 
factor receptor (VEGFR)-2 and CD34 (early 
endothelial markers). Hence, rather than distal 
vasculogenesis, they proposed distal angiogen-
esis, in which new capillaries arise from existing 
ones at the lung periphery (Fig.  1.2 ). Schwarz and 
coauthors ( 2009 ) agree that the expansion of the 
pulmonary vasculature in mice occurs primarily 
by angiogenesis, based upon the co- expression 
of CD31, phosphorylated VEGFR-2, and fl uo-
rescent lectin perfusion, which combined indi-
cated the presence of functional vessels by E11.5. 
They suggest that previous studies which used 
VEGFR-2 (rather than phosphorylated VEGFR-
2) to indicate angioblasts (and hence vasculogen-
esis) (Schachtner et al.  2000 ) refl ect uncommitted 
pluripotent cells. Furthermore, they put forth the 
interesting model that vessel ingrowth begins 
within the lung mesenchyme and not in close 
apposition to the epithelial- mesenchymal inter-
face as is commonly described (e.g., Parera 
et al. ( 2005 )). In this model, new vessels must 
then expand and extend from the mesenchyme 
towards the epithelial- mesenchymal junction 
via angiogenesis beginning at E14.5, likely as 
a response to vascular endothelial growth factor 
(VEGF-A) signalling originating from the basi-
lar epithelium. This would suggest that before 
E14.5, vessels may not necessarily follow or 
infl uence airway branching, although diffusible 
tissue interactions between the vasculature and 
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epithelium are still required for normal growth 
and maintenance of both, which is consistent 
with the degeneration of either tissue layer when 
cultured in isolation (Gebb and Shannon  2000 ; 
Shannon et al.  1998 ,  1999 ). Indeed, while chemi-
cal inhibition of VEGFR-2 signalling halted 
vascular growth in E11.5 mouse explants, epi-
thelial branching was only modestly attenuated 
(Groenman et al.  2007 ). Hence, disruption of this 
vessel extension to the primordial parenchyma by 
inhibiting VEGF-A signalling would prevent the 
progression of epithelial-endothelial reciprocal 
signalling and thus the blockage of further lung 
morphogenesis beyond E14.5, as observed (van 
Tuyl et al.  2005 ; Yamamoto et al.  2007 ).

1.2          Postnatal Lung 
Development 

1.2.1     Postnatal Lung Development: 
Alveolarization 

 Normal lung function requires the development 
of an air-blood barrier of maximal surface area 
and minimal thinness. This is achieved by the 
formation of the alveoli beginning in late prenatal 
human development (week 36) and continuing 
through early postnatal life in a process termed 
“alveolarization” (also referred to as “alveolo-
genesis”) (Fig.  1.3 ). Although birth is often con-
sidered the end of organogenesis and the start of 
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  Fig. 1.2    Early vessel formation has been proposed to 
occur by angiogenic sprouting from preexisting vessels 
concurrent with the start of lung development. Sprouting 
occurs within the lung mesenchyme, but not in regions of 
the epithelial- mesenchymal border early in development 
( a ), although diffusible interactions between the endothe-
lium and epithelium are necessary for continued growth 
and maintenance ( double arrowheads ). During the pseu-
doglandular and canalicular stages, the vasculature 

expands towards the epithelial-mesenchymal junction, 
possibly as a response to VEGF-A secretion from the 
basilar epithelium, forming the air-blood interface ( b ). 
H&E staining of mouse lung shows erythrocytes ( arrow-
heads ) within the mesenchyme at E13.5 ( c ) and in close 
contact with the epithelium at E17.5 ( d ).  Aw  developing 
airway,  Cap  capillary,  Tb  terminal bronchiole,  V  preexist-
ing vessel (Magnifi cation in  c  and  d , 400×)       
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growth and maturation, the development and 
maturation of alveoli in humans and most other 
mammals is largely, and often exclusively, a post-
natal process, ceasing only several years after 
birth in humans (Burri  1997 ). The end result of 
alveolarization and isometric parenchymal 
growth produces a lung with alveolar and capil-
lary surface areas at least 20 times that of the neo-
nate (Zeltner et al.  1987 ).

1.2.2        The Formation of the Alveoli 

 Alveolarization occurs as the immature sac-
cules which form the lung parenchyma are sub-
divided into smaller units by the formation and 
subsequent extension of secondary septa (sin-
gular, “septum”). This is followed by a period 
of microvascular maturation, in which the dou-
ble capillary layer lining the alveoli is remod-
elled into a monolayer by capillary fusion and 

intussusceptive growth. The seminal reports 
which introduced this model of alveolarization 
proposed that the two processes acted some-
what independently of each other: secondary 
septation was proposed to occur mostly 
between postnatal days (pnd) 4–14 in the rat, 
followed successively by microvascular matu-
ration primarily during the third postnatal week 
(Burri  1974 ). Hence, the formation of alveoli 
by further septation was thought impossible 
following the completion of microvascular 
maturation, which placed the endpoint of alve-
olarization in rats and humans conservatively at 
3 weeks and 2–3 years postnatal, respectively 
(Zeltner et al.  1987 ). 

 The determination of the endpoint of alveolar 
development is of much clinical relevance since a 
longer period of alveolarization increases the 
window of opportunity for morphological disrup-
tions to occur. For example, alveolar develop-
ment could arrest without subsequent “catch-up” 
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  Fig. 1.3    Prior to alveolarization, the future lung alveoli 
exist as primitive saccules containing a capillary bilayer 
( a ). Myofi broblasts migrate towards distinct sites in the 
primary saccules and deposit tropoelastin at the future 
sites of secondary septal formation, ultimately forming 
localized accumulations of elastin ( arrowheads ). During 
classical alveolarization ( b ), the primary saccules are sub-
divided into alveoli by secondary septation, while the cap-
illary bilayer is subsequently remodelled into a monolayer 

during microvascular maturation. During late alveolariza-
tion ( c ), localized angiogenesis at the base of secondary 
septa is required to maintain the continuity of the capillary 
monolayer. Secondary septa are observed in an immunos-
taining with the myofi broblast marker, alpha smooth 
 muscle actin ( arrowheads ), in a pnd 8 mouse lung doubly 
stained with the Type I cell marker T1α, which outlines 
the epithelial surface ( d ), magnifi cation 400×       
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as a consequence of acute lung disease experi-
enced early in life or from iatrogenic interven-
tions, such as from glucocorticoid therapy in the 
treatment of asthma. Again, while the postnatal 
gas-exchange surface area dramatically increases 
with respect to longitudinal growth (Zeltner et al. 
 1987 ), this could arise solely from the isometric 
growth of the lung parenchyma rather than from 
the formation of new alveolar septa. 

 In fact, two recent stereological studies in 
mice and rats from one group have reported that 
isometric growth of the lung can only account 
for a modest increase in septal surface area dur-
ing postnatal development (Mund et al.  2008 ; 
Schittny et al.  2008 ). By their estimates, the for-
mation of alveoli occurs well beyond the stage 
of microvascular maturation, ceasing only in 
young adulthood in mice (pnd 36) and rats (pnd 
60). These authors propose that alveolarization 
proceeds in two phases: “classical” alveolariza-
tion occurs prior to microvascular maturation 
(pnd 4–21) by the formation of secondary septa 
from immature (capillary bilayer) septa, which 
accounts for 40 and 50 % of septa present in 
the adult rat and mouse, respectively, and a sec-
ond “late” phase (pnd 21–adulthood), in which 
alveolar septa must arise from mature (capillary 
monolayer) septa, accounting for 50 and 40 % of 
septa in the adult rat and mouse, respectively (the 
remaining 10 % of septa appear to be formed pre-
natally from branching morphogenesis) (Mund 
et al.  2008 ; Schittny et al.  2008 ). Importantly, 
the second phase appears to require localized 
angiogenesis at the base of the newly forming 
septum, since the capillary microvasculature 
has already thinned to a monolayer (Mund et al. 
 2008 ; Schittny et al.  2008 ). These results are in 
agreement with a similar stereological study in 
rhesus monkeys, which also reported alveolariza-
tion continuing through to the 8th postnatal year 
(Hyde et al.  2007 ), suggesting that the same may 
well be true in humans. 

 While similar analyses in humans are for 
practical reasons not possible, measurements of 
pulmonary diffusing capacity for carbon monox-
ide (DL CO , used indirectly as a measurement of 
parenchymal surface area) and alveolar volume 
( V  A ) in infants aged 2–23 months showed that 

the DL CO / V  A  ratio remained constant, suggesting 
that lung growth occurred primarily by alveolar 
septation within the fi rst 2 years of life (Balinotti 
et al.  2009 ). In contrast, DL CO / V  A  decreased 
with increasing age in children ages 6–17 
years, consistent with isometric parenchymal 
lung growth outpacing alveolar septation (Stam 
et al.  1996 ). However this does not defi nitively 
answer the question of when alveolar develop-
ment in humans is completed. Indeed, the size 
of the terminal airspaces in mice and rats was 
observed to change over the course of postna-
tal development as a result of the changing rates 
of septal formation and parenchymal growth, 
which vary over maturation, although with 
some interspecies variability (Mund et al.  2008 ; 
Schittny et al.  2008 ). Hence, whether alveolar-
ization in humans principally occurs en masse in 
a relatively short period of time (so-called bulk 
alveolarization), or more gradually, and perhaps 
variably, alongside longitudinal growth, has yet 
to be determined.  

1.2.3     The Regulation of Secondary 
Septation 

 BPD is a condition which affects nearly one third 
of neonates with birth weights less than 1,000 g 
(Walsh et al.  2006 ). The aetiology of the disease 
is multifactorial and develops in response to lung 
injury experienced from both environmental fac-
tors (hyperoxia relative to in utero, infection, 
nutritional defi cits, lung immaturity) and strate-
gies designed to manage premature infant care 
(mechanical ventilation, antenatal steroid admin-
istration). Genetic susceptibility, such as with 
respect to surfactant synthesis and infl ammatory 
response, is also being recognized as a signifi cant 
contributing factor (Abman et al.  2008 ). 

 BPD is presently characterized by an arrest 
in alveolar septation and dysmorphic vascular 
growth, leading to a reduction in gas-exchange 
surface area and respiratory potential (Bourbon 
et al.  2005 ). Similarly, gas exchange is impaired in 
adult-onset emphysema, which arises from damage 
to preexisting alveoli (Morris and Sheppard  2006 ). 
Studies which identify the fundamental regulators 

P.C. Rimensberger et al.



13

which orchestrate normal alveolarization and how 
these pathways are disrupted in conditions such as 
BPD and emphysema are critical for the develop-
ment of therapies which can treat these debilitating 
diseases. However, the mechanisms involved in 
the various morphogenetic processes of alveolar-
ization are not well understood. Multiple stimuli, 
including growth and transcription factors, extra-
cellular matrix (ECM) proteins, hormones, and 
oxygen exposure coordinated through autocrine 
and paracrine interactions between the epithelium, 
fi broblast derivatives, and the ECM, work together 
in concert to sculpt the alveolar architecture (Roth-
Kleiner and Post  2005 ). Conversely, dysregulation 
of these interactions results in arrested alveolar 
development. Next we provide a short updated 
review of factors known to be essential for nor-
mal alveolarization and which have largely been 
uncovered in the context of chronic lung diseases, 
such as BPD. 

1.2.3.1     ECM 
 The ECM comprises the basal lamina and 
 interstitium subjacent to the parenchyma, and its 
composition is critical for the mechanical proper-
ties of the lung as well as the regulation of cell 
growth, morphogenesis, and differentiation. 
Although the principal component of the ECM is 
collagen and adherent glycoproteins, elastic fi bers 
interwoven into the structure at the septal intersti-
tial tips and alveolar free edges contribute most to 
the structural integrity and compliance of the lung 
and stretch-induced signal transduction during 
each respiratory cycle (Mercer and Crapo  1990 ). 
Elastic fi bers are formed when tropoelastin, 
secreted from myofi broblasts, coalesces and cross-
links upon a microfi bril scaffolding. The attach-
ment of the scaffolding to the cell membrane is 
regulated by various matrix proteins, while cross-
linking is induced by the action of lysyl oxidases, 
thus producing insoluble elastin fi bers (Bland et al. 
 2008 ). The absolute quantity of parenchymal elas-
tic tissue increases slowly during gestational 
weeks 22–30, but rapidly increases thereafter, cor-
relating with its proposed function in secondary 
crest formation (Thibeault et al.  2000 ). 

 Prior to secondary crest eruption from the 
saccular walls, myofi broblasts proliferate and 

migrate to discrete areas of the saccular walls, 
where they deposit tropoelastin at the sites of 
future secondary crest formation, thus form-
ing the elastic fi bers. It has been suggested that 
septal formation is initiated by mechanical stress 
applied to these elastic fi bers which lift up the 
alveolar walls, although the mechanism is unclear 
(Burri  1997 ). Indeed, tenascin-C, known to be 
expressed in relation to increasing mechanical 
load, is present at the rising septal tips (Massaro 
et al.  2004 ). Destruction of elastin fi bers contrib-
utes to the pathogenesis of emphysema, while 
elastin-null mice are perinatally lethal and exhibit 
marked reduction in tissue septa and distal air 
sacs, reminiscent of emphysema (Wendel et al. 
 2000 ). Furthermore, mice with only one elastin- 
encoding allele have increased susceptibility to 
smoke-induced emphysema (Shifren et al.  2007 ). 

 Interestingly, dysregulation of elastin 
 deposition has been associated with alveolar mal-
formation. Ovine and murine mechanical venti-
lation models of BPD as well as BPD infants 
display abnormally enhanced elastin deposition 
and distribution throughout the alveolar airspaces 
and secondary crests instead of focal concentra-
tions at the septal tips (Bland et al.  2008 ; Pierce 
et al.  1997 ; Thibeault et al.  2000 ). In these models, 
lung expression of growth factors known to regu-
late lung septation, such as VEGF-A, platelet- 
derived growth factor alpha (PDGF-A), and their 
associated receptors, was downregulated, while 
factors known to enhance elastin production 
(TGF-α and TGF-β1) were upregulated (Bland 
et al.  2008 ). Tropoelastin deposition is known 
to occur in response to mechanical stretch and 
hyperoxia, although curiously, the expression of 
elastin-regulating matrix proteins was not corre-
spondingly increased. It is possible that enhanced 
tropoelastin expression and increased serine elas-
tase activity in response to these stressors result 
in abundant but disorganized elastic fi bers due to 
the absence of a concomitant increase in elastin- 
regulating proteins, ultimately leading to alveolar 
malformation (Bland et al.  2008 ). 

 Two essential modulator groups of ECM turn-
over are the matrix metalloproteinases (MMPs) 
and their natural regulators, tissue inhibitor of 
metalloproteinases (TIMPs). Presently, 24 MMPs 
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exist in humans, many of which are differentially 
expressed during the stages of lung development, 
although the signifi cance of these patterns of 
expression has yet to be fully elucidated (Greenlee 
et al.  2007 ). They are capable of degrading a vari-
ety of targets, particularly ECM molecules such 
as collagen, which is indicative of their role in 
ECM remodelling during normal development 
and injury-induced repair (Greenlee et al.  2007 ). 
For example, the expression of MMP-2 and 
MMP-14 increases substantially at birth, while 
deletion of these genes is associated with abnor-
mal alveolar development (Atkinson et al.  2005 ; 
Kheradmand et al.  2002 ). Conversely, altered 
levels of MMP and TIMP expression, as well as 
altered expression of other proteases, such as 
cathepsins, are a hallmark of infl ammatory dis-
eases, such as BPD (Altiok et al.  2006 ; 
Ambalavanan et al.  2008 ; Chetty et al.  2008 ; 
Schulz et al.  2004 ). Finally, with respect to the 
emerging concept of BPD involving a genetic 
predisposition (Abman et al.  2008 ), single- 
nucleotide polymorphisms of MMP-16 have 
recently been implicated in the protection against 
the development of BPD, although curiously, 
MMP-16 was elevated in a rat model of BPD 
(Hadchouel et al.  2008 ).  

1.2.3.2     Growth Factors 
 The sites of secondary crest formation appear to 
be nonrandom, but instead arise from the depo-
sition of elastin into the alveolar walls by myofi -
broblasts. One factor critical to the appropriate 
migration of myofi broblasts to the sites of sec-
ondary crest formation is PDGF-A (Bostrom 
et al.  1996 ; Lindahl et al.  1997 ). Myofi broblasts, 
or their precursors, respond to PDGF-A che-
moattractant secretions from the epithelium by 
migrating to the peripheral sites of the lung and 
depositing elastin. Deletion of PDGF-A results 
in a dramatic reduction in elastin synthesis and 
consequently the absence of secondary crest for-
mation (Lindahl et al.  1997 ). It has been pro-
posed that PDGF-A expression is fi nely 
regulated by morphogen gradients which pre-
cisely localize migrating myofi broblasts to 
appropriate sites of septal initiation (Prodhan 
and Kinane  2002 ). Although the identity of the 

morphogen involved has not been identifi ed, 
candidate molecules include SHH and RA 
(Prodhan and Kinane  2002 ). 

 Critical roles for FGFs and their receptors, 
FGFR-1–5, have been demonstrated in both pre-
natal and postnatal lung development. During 
branching morphogenesis, FGF-7 and FGF-10 
are expressed in the mesenchyme at areas of 
active branching, while FGFR-2 is comple-
mentarily expressed in the epithelium (Bellusci 
et al.  1997 ; Post et al.  1996 ). Furthermore, dis-
ruption of FGF-7, FGF-10, or FGFR-2 sig-
nalling through targeted deletion, antisense 
knockdown, or neutralizing antibodies results 
in diminished or absent branching, implicating 
the importance of reciprocal epithelial-mesen-
chymal interactions during morphogenesis (De 
Moerlooze et al.  2000 ; Post et al.  1996 ; Sekine 
et al.  1999 ; Shiratori et al.  1996 ). Interestingly, 
dominant negative expression of FGFR-2 dur-
ing embryonic, but not postnatal, lung develop-
ment results in irreversible emphysema, which 
demonstrates how alveolarization can be indi-
rectly impacted by dysregulation of proliferation 
or  differentiation of precursors during the fetal 
period (Hokuto et al.  2003 ). 

 FGF signalling is also directly required for 
septation during alveolarization: double knock-
out of FGFR-3 and FGFR-4 results in exuberant 
elastin deposition and consequently a failure of 
secondary septa to form, demonstrating the 
importance of interactions between soluble 
growth factors and the ECM (Weinstein et al. 
 1998 ). FGF-7 and FGF-2 are upregulated follow-
ing hyperoxia-induced alveolar damage and may 
play a role in inducing reparative Type II to Type 
I cell transition (Buch et al.  1995 ). Furthermore, 
inhibition of FGF-2 signalling through FGFR-1 
prevents normal postnatal rat lung cell apoptosis, 
while FGF-7 disruption reduces alveolar number 
(Padela et al.  2008 ; Yi et al.  2006 ). 

 FGF-7 is also an important stimulator of pro-
liferation and maturation of developing Type II 
pneumocytes (Chelly et al.  1999 ) and is a posi-
tive predictor for absence of BPD in premature 
infants (Danan et al.  2002 ). FGF-7 also protects 
against injury caused by hyperoxia (Frank  2003 ) 
and/or mechanical ventilation (Welsh et al.  2000 ). 

P.C. Rimensberger et al.



15

Interestingly, although FGF-7 did not prevent 
attenuated septation associated with hyperoxia 
(Welsh et al.  2000 ), exogenous FGF-7 stimulated 
compensatory lung growth following pneumo-
nectomy by enhancing alveolar cell proliferation 
(Kaza et al.  2002 ). Finally, neonatal mice exposed 
to hyperoxic conditions during alveolarization 
display reduced FGFR-3, FGFR-4, and FGF-7 
expression (Park et al.  2007 ). 

 Although TGF-β has received much atten-
tion for its function as a negative regulator of 
branching morphogenesis, it has more recently 
been implicated as an important factor in both 
alveolar formation and architectural maintenance 
(Alejandre-Alcazar et al.  2008 ). TGF-β sup-
presses Type II epithelial cell differentiation into 
Type I pneumocytes in human fetal cell culture, 
while it is downregulated upon glucocorticoid- 
induced differentiation (McDevitt et al.  2007 ). 
Interestingly, following an acute lung injury 
to Type I cells, Type II cells undergo phases of 
proliferation and differentiation, which are para-
doxically suppressed and enhanced, respectively, 
by TGF-β (Bhaskaran et al.  2007 ). Disruption of 
TGF-β signalling resulted in emphysema-like air-
space enlargement due to an abundance of matrix 
metalloproteinases, while conversely, introduc-
tion of excessive TGF-β led to pulmonary fi bro-
sis, likewise indicating the importance of TGF-β 
regulation of ECM homeostasis (Bonniaud et al. 
 2004 ). TGF-β is also increased in the airway 
secretions of preterm infants with BPD (Kotecha 
et al.  1996 ). Moreover, enhanced TGF-β signal-
ling and dysregulation of ECM- remodelling pro-
teins are associated with hyperoxia- induced BPD 
in neonatal mouse models (Alejandre-Alcazar 
et al.  2007 ), while prenatal administration of a 
TGF-β-neutralizing antibody partially rescued 
the BPD phenotype (Nakanishi et al.  2007 ).  

1.2.3.3     Transcription Factors 
 Despite the importance of transcriptional pro-
grams which mediate lung morphogenesis, tran-
scription factors which regulate alveolarization 
specifi cally are not well described. Interestingly, 
many transcription factors which are critical for 
fetal lung development are downregulated during 
alveolarization. For example, GATA-6, despite 

being important for branching morphogenesis, is 
not expressed postnatally, although postnatal 
GATA-6 overexpression in transgenic mice 
results in impaired alveolarization (Liu et al. 
 2003 ). Similarly, thyroid transcription factor-1 
(TTF-1) is expressed in the epithelium of the 
fetal lung buds but becomes restricted to Type II 
cells postnatally (Wert et al.  2002 ). TTF-1 over-
expression decreased alveolar septation and 
caused severe chronic pulmonary infl ammation 
and Type II cell hyperplasia (Wert et al.  2002 ). In 
both cases, GATA-6 and TTF-1 appear to affect 
Type II to Type I cell differentiation with resul-
tant impaired alveolarization if misexpressed. 

 It has long been known that infl ammation, 
such as that experienced from maternal chorio-
amnionitis, accelerates lung maturation, although 
with an increased risk of the development of BPD 
(Watterberg et al.  1996 ). One link between them 
appears to be the well-characterized infl amma-
tory transcription factor, nuclear factor kB 
(NF- kB), since NF-kB epithelial overexpression 
appears to increase Type I and Type II cell 
 number, possibly through decreased Type II cell 
apoptosis (Londhe et al.  2008 ). In contrast, neo-
natal deletion of the transcription factors fork-
head box (Fox)a2 or homeobox protein (Hox)a5 
leads to emphysema-like morphology due to 
impaired alveolarization (Mandeville et al.  2006 ; 
Wan et al.  2004 ). In both cases, characteristic fea-
tures of infl ammation were observed, including 
goblet cell hyperplasia, increased mucus produc-
tion, and the recruitment of infl ammatory cells. 

 Finally, mice defi cient in the transcription fac-
tors estrogen receptor beta, Smad3, Foxf1, and 
CCAAT-enhancer-binding protein alpha all dis-
play defects in alveolar surface area and number 
due to a variety of causes, including Type II to 
Type I cell differentiation arrest and epithelial- 
mesenchymal signalling disruptions (Basseres 
et al.  2006 ; Chen et al.  2005 ; Kalinichenko et al. 
 2001 ; Patrone et al.  2003 ).  

1.2.3.4     Retinoic Acid and 
Glucocorticoids 

 Adrenal glucocorticoids (GC), such as dexa-
methasone, are widely used to enhance late-stage 
fetal lung maturation and surfactant production 
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in premature infants, as well as postnatally as a 
treatment for neonatal respiratory distress syn-
drome. However, chronic exposure to GC during 
postnatal lung development has been found to 
have long-lasting adverse effects upon alveolar 
development (Tschanz et al.  2002 ). Rats exposed 
to dexamethasone during the fi rst 2 weeks of 
life displayed impaired secondary crest forma-
tion and a consequent decrease in the alveolar 
number and parenchymal surface area, with such 
structural impairments lasting until at least early 
adulthood (Tschanz et al.  2002 ). GC-induced 
inhibition of septation has been associated with 
accelerated alveolar wall thinning, fusion of the 
double capillary layer (premature microvascular 
maturation), and impaired Type II to Type I pneu-
mocyte differentiation (Massaro and Massaro 
 1986 ; Roth-Kleiner et al.  2005 ). In addition, GC 
appears to inhibit angiogenesis by downregulat-
ing VEGFR-2 (Clerch et al.  2004 ). 

 Interestingly, the administration of RA can 
at least partially rescue GC-induced alveolar 
defi ciency (Clerch et al.  2004 ; Massaro and 
Massaro  2000 ). RA is the active metabolite of 
vitamin A (retinol) and is critical for both fetal 
and postnatal lung development: for example, 
retinol defi ciency in weanling rats is associated 
with an emphysematous phenotype (Baybutt 
et al.  2000 ), while retinol levels in plasma and 
liver are defi cient in very low birth weight neo-
nates, particularly those which develop BPD 
(Shenai  1999 ). Intriguingly, administration of 
RA to adult mice can induce alveolar regenera-
tion following dexamethasone- or elastase-
induced emphysema, which is dependent upon 
FGF-mediated myofi broblast differentiation 
(Perl and Gale  2009 ) 

 RA treatment in rats enhanced alveolar sep-
tation and number in GC-treated rats (Massaro 
and Massaro  1996 ), while single deletions of 
its receptors, RAR-α, RAR-β, or RAR-γ, led 
to reductions in either alveolar number or gas- 
exchange surface area (Massaro et al.  2003 ; 
McGowan et al.  2000 ; Snyder et al.  2005 ). There 
may be a degree of compensatory redundancy in 
the RA receptors, since single-receptor deletions 
yield only modest—though distinct—pulmonary 
phenotypes, while overexpression of a dominant 

negative RAR-α protein results in much more 
severe alveolar abnormalities (Yang et al.  2003 ). 

 Mechanistically, how RA and GC antagonisti-
cally interact to regulate alveolarization is not 
well described, although RA is known to increase 
expression of PDGF-A (Liebeskind et al.  2000 ) 
and FGF18 (Chailley-Heu et al.  2005 ) and to 
oppose the GC-induced downregulation of 
VEGFR-2 and midkine (Clerch et al.  2004 ; 
Kaplan et al.  2003 ). Deletion of RAR-β has also 
been shown to decrease PDGF-A protein, but not 
mRNA (Snyder et al.  2005 ). Finally, retinol 
uptake is disrupted in a rat model of nitrofen- 
induced congenital diaphragmatic hernia (CDH), 
while administration of RA to such rats enhances 
alveolarization and rescues lung hypoplasia, pos-
sibly by restoring Type II to Type I cell differen-
tiation (Montedonico et al.  2008 ; Nakazawa et al. 
 2007 ; Sugimoto et al.  2008 ). These fi ndings sug-
gest that RA treatment may be able to improve or 
surmount impaired alveolarization caused by 
exposure to therapeutic hormonal administration 
or hyperoxic exposure in premature infants. 
However, vitamin A supplementation by itself 
has been shown to only modestly decrease the 
incidence of death or BPD in extremely low birth 
weight infants (Shenai  1999 ), indicating that our 
understanding of related factors involved in 
RA-mediated alveolarization is lacking.   

1.2.4     The Pulmonary Vascular 
System in Alveolar 
Development 

 The dramatic changes in the pulmonary vascula-
ture which occur during postnatal development 
have been termed “microvascular maturation.” 
This process involves extensive remodelling of 
the dual capillary layers fl anking the developing 
septa in order to expand the distal lung vascula-
ture. This occurs through several mechanisms, 
including the fusion of the dual capillary system 
into a monolayer, a concomitant reduction in 
connective tissue by the apoptosis of interstitial 
fi broblasts, and preferential growth of the micro-
vasculature at defi ned capillary fusion sites 
(Caduff et al.  1986 ; Schittny et al.  1998 ). Perfused 
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vascular beds further create new capillaries by 
the process of microvascular intussusception, 
wherein existing vessels are extensively arbo-
rized by the formation of small transcapillary pil-
lars which rapidly and effectively increase 
microvascular complexity without dramatic mor-
phological remodelling (Burri et al.  2004 ; Caduff 
et al.  1986 ). The number of Type II cells is also 
reduced by both apoptosis and differentiation 
into Type I cells, thereby increasing the surface 
area and gas-exchange effi ciency of the lung 
parenchyma (Schittny et al.  1998 ). 

 The mechanisms which control postnatal 
development of the pulmonary vasculature are 
not well described, in part because of the focus 
upon angiogenesis and vasculogenesis during 
fetal development. Much of the impetus for 
renewed interest in pulmonary vascular develop-
ment arose from studies which demonstrated the 
critical links between vascularization and lung 
morphogenesis in both prenatal and postnatal 
development (DeLisser et al.  2006 ; Jakkula et al. 
 2000 ; Le Cras et al.  2002 ; McGrath-Morrow 
et al.  2005 ; Schwarz et al.  2000 ). These studies 
demonstrated that rather than being passive carri-
ers of nutrients and blood gases, the developing 
vasculature is directly involved in promoting nor-
mal airway and alveolar growth and provides 
continued maintenance of the epithelial airways 
throughout postnatal life. 

 Thus, pulmonary vascular development con-
tinues postnatally, and likewise, disruption of the 
early postnatal pulmonary vasculature severely 
affects the normal formation of alveoli. 
Consequently, neonatal diseases such as RDS, 
BPD, and CDH, which feature lung hypoplasia 
and alveolar simplifi cation, have been reexam-
ined as being resultant from disrupted angiogen-
esis during critical periods of lung growth 
(Shehata et al.  1999 ; Thebaud and Abman  2007 ). 
Specifi cally, altered expression of the essential 
angiogenic growth factor, VEGF-A, and its asso-
ciated receptors, VEGFR-1 and VEGFR-2, is a 
consistent characteristic of neonatal pulmonary 
diseases, including BPD, RDS, and CDH, and 
other diseases such as idiopathic pulmonary 
fi brosis (IPF) and acute respiratory distress syn-
drome (ARDS) in both humans and animal 

 models of these diseases (Asikainen et al.  2005 ; 
Bhatt et al.  2001 ; Cao et al.  2009 ; Chang et al. 
 2004 ; Farkas et al.  2009 ; Lassus et al.  2001 ; 
Maniscalco et al.  2005 ; Medford et al.  2009 ; 
Muehlethaler et al.  2008 ; Tambunting et al.  2005 ). 

 Further development of the concept that 
reduced alveolarization can result from dysmor-
phic vascular development comes from the recent 
report that in addition to decreased VEGF-A 
expression in the postmortem lungs of premature 
infants, the expression of a different class of 
angiogenic factor, endoglin, was increased (De 
Paepe et al.  2008 ). Endoglin is a regulatory com-
ponent in the TGF-β signalling pathway and, 
hence, may be involved in a variety of morpho-
logical events, including endothelial cell prolif-
eration and migration. This presents the idea that 
dysmorphic vascular growth may arise from two 
strikes: the overexpression of angiogenic factors 
largely uninvolved in normal alveolar develop-
ment and the concordant reduction of established 
alveolar angiogenic factors, such as VEGF-A 
(De Paepe et al.  2008 ). In support of this, 
increased levels of another angiogenic factor, 
angiopoietin 2, in tracheal aspirates is also asso-
ciated with the development of BPD (Aghai et al. 
 2008 ), while the administration of recombinant 
VEGF-A improves vascular function and devel-
opment in experimental lung injury, although 
with some drawbacks, including enhanced fi bro-
sis (Kunig et al.  2005 ,  2006 ; Medford et al.  2009 ; 
Thebaud et al.  2005 ). 

 Finally, evidence consistent with the idea that 
the pulmonary vasculature continues to perform 
essential maintenance of the alveolar structures 
throughout life comes from the transient knock-
down of VEGF-A and interruption of VEGFR-2 
signalling in adult mice and rats, respectively 
(Kasahara et al.  2000 ; Tang et al.  2004 ). Such 
interventions led to pruning of the pulmonary 
arterial tree and regression of the capillary beds, 
arising from endothelial cell apoptosis. More 
interesting, however, was the resultant increases 
in epithelial cell apoptosis, airspace enlargement, 
and increased compliance, all characteristic of 
emphysema, and which continued to manifest 
despite subsequent restoration of VEGF-A sig-
nalling. Although these interventions likely also 
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disrupted postulated autocrine VEGF-A signal-
ling among the airway epithelium, it is possible 
that disruption of the pulmonary vascular bed in 
adulthood may also contribute to alveolar cell 
apoptosis and consequent pathogenesis long after 
lung morphogenesis has completed, echoing the 
results in the embryo and neonate.  

1.2.5     Regulation of Postnatal 
Vascular Growth 

 VEGF-A has been the most extensively studied 
angiogenic factor in the context of the pulmonary 
vascular development. It is comprised of several 
splice variants with differential effects on endo-
thelial function, particularly the isoforms 
VEGF 121 , VEGF 165 , and VEGF 189  in humans 
(rodent orthologues contain one less amino acid). 
Due to the alternative splicing of exons 6 and 7, 
VEGF-A isoforms differ in their ability to bind 
heparan sulfate proteoglycans: VEFG 121  is freely 
diffusible through the extracellular milieu, 
whereas the other isoforms possess increasing 
affi nity for the heparan sulfate-rich ECM and are 
consequently less motile (Cross et al.  2003 ). The 
presence of distinct VEGF-A isoforms with dif-
ferent ECM affi nities (and hence, different local-
ized concentrations and distributions) during 
lung development suggests that each isoform 
may play distinct roles during pulmonary vascu-
lar development. All major VEGF isoforms are 
present in varying amounts during mouse lung 
development: during embryonic development, 
VEGF 120  and VEGF 164  are highly expressed rela-
tive to VEGF 188 , possibly since the former two 
are more freely diffusible and consequently use-
ful as endothelial chemoattractants during the 
formation of the early vascular plexus (Ng et al. 
 2001 ). In contrast, while total VEGF-A peaks 
following birth, VEGF 188  becomes the predomi-
nate isoform, while relative expression of 
VEGF 120  and VEGF 164  decreases after the second 
week of life, which may refl ect the localized role 
of VEGF 188  in vessel maintenance (Ng et al. 
 2001 ). Indeed, VEGF-A isoforms have nonover-
lapping roles in development since mice which 
express only VEGF 120  frequently die soon after 
birth due to ischemic cardiomyopathy, while 

 surviving mice exhibit poor pulmonary vascular 
growth (Carmeliet et al.  1999 ). Changes in 
VEGF-A isoform expression during lung injury 
may also be a contributing factor towards disease 
progression, since while total VEGF-A expres-
sion was increased in human ARDS samples, 
VEGF 121  and VEGF 165  (soluble isoforms) were 
decreased relative to VEGF 188  (cell-associated 
isoform) early but not later in the course of 
ARDS, perhaps due to isoform-specifi c repair 
mechanisms (Medford et al.  2009 ). 

 VEGF-A is a potent mitogen and chemoattrac-
tant produced and released primarily by the alveo-
lar epithelium, particularly Type II cells, with 
paracrine effects upon the adjacent endothelium, 
which express the cognate receptors VEGFR-1 and 
VEGFR-2—also known as fms- like tyrosine kinase 
(Flt-1) and fetal liver kinase-1 (Flk-1), respectively 
(Raoul et al.  2004 ). There has been some sugges-
tion that VEGF-A also has an autocrine effect upon 
Type II cell maturation or stimulation, although this 
appears to require indirect paracrine signalling 
from other cell types (Raoul et al.  2004 ). 

 While VEGF-A binds two receptor tyrosine 
kinases, VEGFR-1 and VEGFR-2, VEGFR-2 is 
thought to be the primary mediator of VEGF-A 
intracellular signalling, while VEGFR-1 appears 
to act mainly as a negative regulator of VEGF-
VEGFR- 2 interactions (Hiratsuka et al.  1998 ). 
VEGFR-1 null mice are embryonically unviable 
at the mid-somite stage due to defects in the orga-
nization of the vasculature, including exuberant 
formation of endothelial cells within the lumen of 
developing vascular structures (Fong et al.  1995 ). 
Hence, while VEGFR-1 is not required for endo-
thelial cell differentiation, it is essential for the 
organization of the embryonic vasculature, possi-
bly by regulating cell-cell or cell- matrix adhesion 
(Fong et al.  1995 ) or by sequestering VEGF-A 
from VEGFR-2 (Hiratsuka et al.  1998 ). In sup-
port of the sequestering model, a soluble form of 
the VEGFR-1 receptor is increasingly expressed 
in the developing lung endothelium (Yamamoto 
et al.  2007 ) and may act as a VEGF-A ligand 
decoy (Kendall and Thomas  1993 ). Antisense 
knockdown of VEGFR-2 in embryonic mouse 
lung explants resulted in severely impaired 
microvessel branching, while inhibition of 
VEGFR-1 enhanced the expression of VEGFR-2 
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and yielded increased and disorganized capillary 
networks, again suggesting that VEGFR-1 limits 
the extent of VEGF-VEGFR-2- mediated morpho-
genic events (Yamamoto et al.  2007 ). VEGFR-1 
also has a much higher affi nity for VEGF-A than 
VEGFR-2 despite lower kinase activity, while 
deletion of its kinase domain without interfer-
ing with ligand binding produces viable mice, 
strongly demonstrating that VEGF-VEGFR-1 
intracellular signalling, per se, is not essential for 
vascular development (Hiratsuka et al.  1998 ). 

 Deletion of a single VEGF-A allele is embry-
onically lethal (Ferrara et al.  1996 ), while inhi-
bition of postnatal VEGF-A signalling via 
neutralizing antibodies or small molecule inhibi-
tors of angiogenesis inhibited alveolar septation 
and fi nal alveolar number (Jakkula et al.  2000 ; 
Le Cras et al.  2002 ; McGrath-Morrow et al. 
 2005 ). Conversely, VEGF-A overexpression 
during alveolarization led to pulmonary hem-
orrhage, airspace remodelling, and emphysema 
(Le Cras et al.  2004 ). 

 VEGF is regulated by hypoxia-inducible fac-
tor 1α (Hif-1α), which, during hypoxia, tran-
scriptionally activates and stabilizes VEGF-A 
mRNA, thereby enhancing vascular develop-
ment. Conversely, the highly related Hif-2α is 
postulated to regulate VEGF-A expression dur-
ing normoxia (Hosford and Olson  2003 ). 
Interestingly, the hyperoxic BPD model in neo-
natal rats displays reduced expression of VEGF, 
VEGF receptors, and Hif-2α (Hif-1α was not 
assessed) (Hosford and Olson  2003 ), while in the 
baboon BPD model, both Hif-1α and Hif-2α 
were decreased (Asikainen et al.  2005 ). This 
directly relates the importance of environmental 
oxygen tension with VEGF regulation and, 
hence, pulmonary vascular development pre- and 
postnatally (Acarregui et al.  1999 ). 
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