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smooth muscle overgrowth in small pulmonary arteries 
and airways, chronic infl ammation and interstitial ede-
ma. Treatment interventions that have been tested in 
these animal models include nasal application of con-
tinuous positive airway pressure, high-frequency me-
chanical ventilation, inhaled nitric oxide and retinol. The 
challenge now is to improve understanding of the mo-
lecular mechanisms that regulate normal lung growth 
and development, and to clarify the dysregulation of 
lung structure and function that occurs with injury and 
subsequent repair so that effective treatment or preven-
tion strategies can be devised and implemented. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

 Infants born at a very early stage of development com-
monly suffer respiratory failure because of their imma-
ture lungs, primitive respiratory drive and vulnerability 
to infection. Survival of such infants has improved con-
siderably in recent years because of major advances in 
perinatal care, including widespread use of antenatal glu-
cocorticoid therapy, postnatal surfactant replacement, 
and improved respiratory and nutritional support. Yet 
the need for prolonged assisted ventilation in such infants 
often leads to a chronic form of lung disease that was fi rst 
described by Northway et al.  [1]  as bronchopulmonary 
dysplasia (BPD). 
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  Abstract 
 This is a brief review of neonatal chronic lung disease, 
sometimes called the ‘new bronchopulmonary dysplasia 
(BPD)’. The clinical, radiographic and pathological fea-
tures of this condition have changed considerably in re-
cent years because of major advances in perinatal care, 
including widespread use of antenatal glucocorticoid 
therapy, postnatal surfactant replacement and improved 
respiratory and nutritional support. Authentic animal 
models, featuring lengthy mechanical ventilation of sur-
factant-treated, premature neonatal baboons and lambs, 
have provided important insights on the pathophysiol-
ogy and treatment of this disease. Lung histopathology 
after 2–4 weeks of positive-pressure ventilation with ox-
ygen-rich gas results in failed formation of alveoli and 
lung capillaries, excess disordered elastin accumulation, 
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 The typical clinical, radiographic, and pathological 
features of this condition have changed during the past 
two decades, perhaps because of the substantial increase 
in survival of the tiniest premature infants with very im-
mature lungs, as well as changes in the application of 
assisted ventilation and various supportive measures 
used to manage these infants. This paradigm of what is 
now described as the ‘new BPD’ is the most common 
cause of chronic lung disease (CLD) in early infancy 
 [2] . 

   Changing Pattern of BPD 

 In the years before surfactant replacement and ante-
natal glucocorticoid therapy became the standard of care, 
BPD was a condition that occurred primarily in babies 
who were of suffi cient size and maturity to survive the 
ravages of prolonged exposure to high oxygen and posi-
tive-pressure ventilation. These were mainly babies who 
were born between 28 and 32 weeks’ gestation and who 
weighed between 1,000 and 1,500 g at birth. Their clini-
cal course and lung pathology refl ected the consequences 
of severe pulmonary oxygen toxicity and lung overexpan-
sion, which typically manifest as extrapulmonary air 
leaks, protein-rich lung edema, extensive airway epithe-
lial metaplasia, peribronchial fi brosis and airway and pul-
monary vascular smooth muscle hypertrophy, sometimes 
leading to right heart failure  [3–8] . Mortality among these 
infants was high ( 1 50% in some series), and long-term 
ventilator-dependent respiratory failure was common 
among survivors. 

 With the advent of surfactant therapy to combat acute 
respiratory failure, coupled with widespread use of ante-
natal steroids to accelerate lung maturation before an-
ticipated premature delivery, the epidemiological, clini-
cal and pathological picture of BPD changed consider-
ably  [8–13] . Recent reports indicate that almost two-thirds 
of infants who acquire BPD weigh  ! 1,000 g and are  ! 28 
weeks of gestation at birth. Most cases of BPD now evolve 
without a prior history of severe respiratory distress syn-
drome  [14, 15] . In contrast to past experience, when pul-
monary oxygen toxicity and lung overexpansion were 
considered major contributors to the development of 
chronic lung injury, these extremely small, immature in-
fants often require little supplemental oxygen during their 
initial postnatal course, and it is uncommon for such in-
fants to have received mechanical ventilation with high 
infl ation pressures or large tidal volumes. In many in-
stances, respiratory support for these infants is provided 

mainly because of apnea, weak inspiratory effort and a 
compliant chest wall, all of which contribute to CO 2  re-
tention. Their respiratory status sometimes worsens be-
cause of pulmonary edema associated with a patent duc-
tus arteriosus, or from pneumonia and sepsis  [9] , which 
may increase the need for oxygen and positive-pressure 
ventilation. Such infants tend to have a milder form of 
chronic respiratory failure than was described in the years 
that preceded surfactant replacement and antenatal glu-
cocorticoid therapy. 

 Several reports indicate that the lung pathology of 
these extremely immature infants with BPD differs from 
the ‘classic form’ of BPD. The predominant pathological 
features of the ‘new BPD’ are alveolar hypoplasia, arrest 
of acinar and associated vascular development, abundant 
smooth muscle in both the lung circulation and small air-
ways, variable degrees of interstitial proliferation of ex-
tracellular matrix components, including elastin and col-
lagen, as well as interstitial fl uid accumulation. Com-
pared to BPD in the era preceding surfactant treatment, 
there is less evidence of fi broproliferative airway damage 
and parenchymal fi brosis  [7, 8, 10, 16–21] . 

 Although the pathogenesis of the ‘new BPD’ remains 
unclear, much evidence suggests that this form of chron-
ic respiratory failure refl ects abnormal growth and repair 
of the immature lung exposed to the continuous stress of 
repetitive infl ation with O 2 -rich gas in a setting of chron-
ic infl ammation, often aggravated by recurrent infection 
 [22, 23] . Several studies have shown an increase in the 
number of neutrophils, macrophages and neutrophil-de-
rived elastase activity in liquid suctioned from the air-
ways of infants with acute respiratory distress syndrome 
who later acquire BPD  [24–27] . These studies also showed 
that elastase inhibitory capacity and  �  1 -protease inhibitor 
activity are reduced, as is secretory leukocyte protease 
inhibitor  [28] , in infants with evolving BPD compared to 
infants without BPD. Other reports indicate that anti-
oxidant enzymes are defi cient in the immature lung  [29, 
30] , which may increase vulnerability to the oxidant 
stress associated with postnatal lung infl ammation. The 
reported association of maternal chorioamnionitis and 
early lung infl ammation in infants with subsequent BPD 
 [31]  led to the notion that BPD sometimes may have a 
prenatal infl ammatory origin  [11, 32, 33] . The pivotal 
role of lung infl ammation in the development of BPD has 
yet to be established, but remains a major thrust of many 
ongoing investigations into the pathogenesis of BPD and 
the pursuit of effective treatment or prevention. 
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   Insight from Animal Models on the 
Pathophysiology of the ‘New BPD’ 

 Because of declining mortality from BPD and fewer 
neonatal autopsies in recent years, defi ning the patho-
physiology of BPD in the post-surfactant era has been a 
formidable challenge and has relied to a large extent on 
the detailed observations made on authentic animal 
models of this condition, namely the chronic ventilation 
experiments conducted with prematurely delivered ba-
boons at the Southwest Foundation in San Antonio, Tex-
as  [34–41] , and similar studies done with premature 
lambs that were mechanically ventilated for 3–4 weeks 
by the group in Utah  [42–47] . Both of these experimen-
tal models of BPD use animals that are delivered at a 
very immature stage of development, such that pro-
longed assisted ventilation with O 2 -rich gas is essential 
to allow survival of suffi cient duration for chronic lung 
injury to develop. The clinical condition and early post-
natal management of these premature animals closely 
resembles the clinical history of infants with BPD  [34, 
44] : (1) surfactant replacement is given at birth to reduce 
the need for supplemental O 2  and high infl ation pres-
sures; (2) complications associated with a patent ductus 
arteriosus are prevented with either pharmacological or 
surgical closure during the fi rst few days after birth; (3) 
cardiovascular instability is common, often requiring 
treatment with plasma expanders and drugs to support 
the circulation; (4) recurrent infections develop that re-
quire protracted antimicrobial therapy; (5) intravenous 
nutrition is provided very early, later supplemented with 
enteral feedings, and (6) mechanical ventilation is ap-
plied using modest peak-infl ation pressure and positive 

end-expiratory pressure, with suffi cient supplemental O 2  
and ventilatory support to maintain normal PaO 2  and 
PaCO 2  values. 

   Postsurfactant BPD in Extremely Premature 
Baboons 

 The most authentic animal homolog of the ‘new BPD’ 
is the premature primate model created by Coalson and 
her colleagues  [48–54] , whose pioneering efforts with pro-
longed mechanical ventilation and hyperoxia of baby ba-
boons began over two decades ago in the pre-surfactant 
era. In recent years, this model has been modifi ed to rep-
licate almost all of the conditions that prevail in the de-
velopment of the ‘new BPD’, including extreme prema-
turity, antenatal exposure to maternal glucocorticoid 
treatment, postnatal surfactant treatment and assisted 
ventilation with modest infl ation pressures and appropri-
ate concentrations of inspired O 2   [34] . The only missing 
feature of this ‘new BPD’ model is premature labor. 

 As described in the initial report, baboons were deliv-
ered by cesarean section at about two thirds of term ges-
tation and then mechanically ventilated for at least 1–2 
months. Airway secretions obtained from these animals 
showed evidence of lung infl ammation, and at autopsy 
their lungs had fewer alveoli and capillaries than did con-
trol term lungs. The respiratory units of the chronically 
ventilated preterm baboons were described as large ‘sim-
plifi ed’ distal saccules, with walls that contained in-
creased numbers of mesenchymal and mononuclear 
cells, and focal deposition of elastin and collagen fi bers 
( fi g. 1 ). 

CLD – 30 days CLD – 39 days CLD – 71 days

  Fig. 1.  Lung sections taken from premature 
baboon survivors that had CLD after pro-
longed mechanical ventilation. In the sec-
tion taken at 30 days (left), the air spaces 
are dilated, there are scant secondary crests 
(arrow) and alveoli, and the interstitium is 
slightly thickened with a modest increase in 
tissue cellularity. In the section taken at 39 
days (center), interstitial thickening and 
cellularity are accentuated, with heteroge-
neity of air space expansion and very few 
septal crests (arrow) or true alveoli. In the 
section taken at 71 days (right), air spaces 
are enlarged and bounded by thin walls, 
with few secondary crests (arrow). Original 
magnifi cation,  ! 70. Adapted from [34], 
with permission. 
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 Subsequent studies showed decreased pulmonary ex-
pression of vascular endothelial growth factor (VEGF) 
and one of its receptors, fms-like tyrosine kinase receptor 
(Flt-1, also called VEGF-R1) in the baboons with BPD, 
which may help to explain their reduced capillary volume 
density  [37] . Another study demonstrated reduced abun-
dance of both endothelial nitric oxide synthase and in-
ducible nitric oxide synthase, coupled with decreased 
NOS activity in the lungs of these baboons  [38] , fi ndings 
that might contribute to pulmonary vascular and airway 
dysfunction in BPD. 

 The association of perinatal infection, lung infl amma-
tion and increased risk of BPD led the San Antonio group 
to study the impact of intra-amniotic infusion of live bac-

teria,  Ureaplasma urealyticum (Uu) , into pregnant sheep 
2–3 days before cesarean section delivery at 125 days’ 
gestation  [39] . All of the infected preterm baboons had 
signifi cant numbers of  Uu  organisms in tracheal fl uid 
samples taken 24 h after birth, and 4 of 10  Uu -exposed 
animals remained heavily colonized at necropsy per-
formed after 2 weeks of mechanical ventilation. Com-
pared to control animals that were mechanically venti-
lated for the same duration without antenatal infection, 
 Uu  animals required more O 2  and ventilatory support 
between 2 and 10 days after birth, had greater concentra-
tions of interleukins 6 and 8 in their tracheal fl uid aspi-
rates, and showed more severe airway and lung parenchy-
mal infl ammation at necropsy. Lung function was better 
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  Fig. 2.  High-power images of lung sections 
taken from a 1-day-old term control lamb 
(left) and a preterm lamb with CLD (right) 
after 3 weeks of mechanical ventilation 
with O 2 -rich gas. Each set of panels is at the 
same magnifi cation.  a  The top set of images 
(trichrome-stained tissue sections) shows 
that the arterial smooth muscle area (white 
arrows) is greater in the preterm lamb than 
in the term control lamb. The bottom set of 
images (Hart’s elastic fi ber stain) shows the 
thicker smooth muscle layer between the in-
ternal and external elastic laminae (white 
arrows) of the pulmonary arteriole in a pre-
term lamb with CLD compared to a term 
control lamb. Adapted from [44], with per-
mission.  b  This set of images (Hart’s elastic 
fi ber stain) shows that the thickness of the 
smooth muscle layer (black arrows) in distal 
bronchioles is greater in the preterm lamb 
with CLD compared to the term control 
lamb. Also note that elastin staining is more 
prominent in both airways and arteries of 
the preterm lamb with CLD, which was 
confi rmed by quantitative histopathology. 
Adapted from [43], with permission. 
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and O 2  needs were less in preterm baboons whose colo-
nization with  Uu  was short-lived compared to those in 
which  Uu  persisted in the lungs throughout the 2-week 
course of mechanical ventilation, suggesting that the im-
mune system response may have an important role in 
determining ultimate outcome after perinatal infection 
with  Uu . 

   Postsurfactant BPD in Premature Lambs 

 An ovine model of neonatal CLD has provided further 
insight regarding the pathophysiology of the ‘new BPD’. 
Lambs that were delivered by cesarean section at  � 80% 
of term gestation and then mechanically ventilated for 
3–4 weeks had persistent elevation of lung vascular and 
respiratory tract resistances when compared to control 
lambs born at term. These physiological abnormalities 
were associated with increased abundance of smooth 
muscle and elastin in pulmonary arteries and airways  [43, 
44]  ( fi g. 2 ). Studies of lung fl uid balance showed a progres-
sive increase in lung lymph fl ow and a consistent decrease 
in the lymph/plasma protein ratio, indicative of increased 
lung microvascular pressure rather than increased perme-
ability, and postmortem histopathology revealed varying 
degrees of interstitial pulmonary edema  [44] . Subsequent 
studies showed evidence of lung vascular dysfunction, 
with loss of the pulmonary vasodilator response to in-
haled nitric oxide (iNO) that was attributed to dimin-
ished abundance of endothelial nitric oxide synthase  [45]  
and soluble guanylate cyclase in the pulmonary circula-
tion  [46] . 

 These lambs also had fewer alveoli and lung microves-
sels than did control lambs that were born at term. There 
was a striking increase in tropoelastin (TE) gene expres-
sion in the lungs of the preterm lambs with CLD, and this 
was associated with excessive and disordered deposition 
of elastic fi bers throughout the lung parenchyma  [42]  
( fi g. 3 ). This abnormal abundance and distribution of 
elastin was especially notable in blunted secondary crests, 
where focal deposits of distally situated elastin normally 
defi ne loci of future alveoli during lung development. The 
role that abnormal regulation of elastin plays in the patho-
genesis of impaired alveolar and vascular development 
in BPD is unclear, but there is much evidence that cyclic 
stretch may induce TE expression in the developing lung 
 [55–57] , which in turn may yield increased elastin depo-
sition. There is also evidence that the lung infl ammation 
which accompanies acute and chronic neonatal respira-
tory failure is associated with increased elastase activity, 

which in turn may disrupt normal elastin deposition and 
alveolar formation  [17, 24, 25, 28, 58] . Understanding 
the mechanisms that regulate elastin distribution and 
abundance in the developing lung and its dysregulation 
in neonatal lung injury and repair is likely to provide im-
portant clues regarding the pathogenesis of impaired al-
veolar and lung vascular development in BPD. 

   Insight from Animal Models on Treatment of 
Postsurfactant BPD 

 Improved outcome of very premature infants in recent 
years has been attributed largely to the benefi cial effects 
on lung structure and function of antenatal glucocorticoid 
administration and postnatal surfactant therapy. It is 
likely, however, that many other changes in newborn in-
tensive care practices during the last two decades have 
contributed to the evolution of clinical and pathological 
features that are now described as the ‘new BPD’. Among 

20 µM

Term control
(1 day old)

Preterm with CLD
(3 weeks old)

  Fig. 3.  High-power images of lung sections taken from a 1-day-old 
term control lamb (left) and a preterm lamb with CLD (right) after 
3 weeks of mechanical ventilation with O 2 -rich gas. Both images 
are at the same magnifi cation. Tissue sections were processed with 
Hart’s elastic fi ber stain (dark areas). Note that elastin in the term 
control lung (left) is located primarily at the distal tips of secondary 
crests (arrows), where future alveoli will form, and around small 
arteries and terminal bronchioles. In contrast, the lung of the pre-
term lamb with CLD (right) shows abundant elastic fi bers strewn 
throughout the thickened walls of distal air spaces and in the blunt-
ed secondary crests. Quantitative histopathology confi rmed the 
presence of increased abundance and abnormal distribution of elas-
tin in the lungs of lambs with CLD compared to controls. 
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the most heralded of these changes in patient care has 
been the emphasis on gentler approaches to assisted 
breathing, advocating early nasal application of continu-
ous positive airway pressure (nCPAP), and limited use of 
positive-pressure mechanical ventilation, delivering 
much smaller tidal volumes than were used in the past. 
Rationale for this strategy sprang from a survey that com-
pared the incidence of BPD at different institutions, 
wherein the lowest incidence of the disease occurred in a 
neonatal unit that emphasized the use of nCPAP without 
endotracheal intubation  [59] . 

   Nasal CPAP 
 The San Antonio primate model of BPD has been used 

to test the possible benefi t of several therapeutic interven-
tions designed to reduce lung injury. Perhaps the most 
celebrated of these clinical trials tested the feasibility and 
possible benefi t of nCPAP as a means of minimizing need 
for mechanical ventilation and thereby reducing or pre-
venting chronic lung injury in very premature baboons 
 [40] . This study used a modifi ed version of the previous-
ly described experimental protocol  [34] , whereby the 
baby baboons, exposed to 2 doses of antenatal betameth-
asone 48 and 24 h before birth, were delivered by cesar-
ean section at 125 days (term = 185 days) and given 2 
doses of porcine surfactant (Curosurf), in addition to dai-
ly caffeine citrate to stimulate spontaneous breathing. 
Weaning from low-volume positive-pressure ventilation 
to nCPAP 24 h after birth was successful in 6 of these 
animals, 5 of which survived to 28 days. Their routine 
care included ‘permissive hypercapnia’, avoidance of su-
pine positioning, immediate intravenous and early en-
teral nutrition (usually at 48–72 h), minimal handling and 
exposure to light and noise, 10 days of antibiotic treat-

ment and 28 days of antifungal treatment. These support-
ive measures are notable because they differed somewhat 
from earlier studies conducted with the premature ba-
boons, and because this study did not include contempo-
raneous control infants treated with conventional me-
chanical ventilation. Fetuses taken at 125 and 156 days’ 
gestation without breathing served as controls for lung 
histopathology and morphometric measurements. When 
compared with lungs of 156-day gestational controls, 
lungs from animals treated with nCPAP showed enlarged, 
thin-walled air spaces, with measurements of internal sur-
face area and vascular volume density that were similar 
to those of gestational controls. These interesting obser-
vations suggest that postnatal support of very premature 
primates with nCPAP may help to facilitate near-normal 
formation of alveoli and lung blood vessels. Confi rmation 
of this notion awaits completion of a carefully controlled, 
randomized trial comparing nCPAP and conventional 
mechanical ventilation of very premature infants or non-
human primates using identical supportive measures and 
defi nitive endpoints. 

   High-Frequency Mechanical Ventilation 
 Another  study  from this group examined the effects 

of high-frequency oscillatory ventilation (HFOV), com-
pared to conventional mechanical ventilation, in manag-
ing extremely premature baboons delivered at 125 days’ 
gestation  [36] . HFOV appeared to reduce markers of lung 
infl ammation and improved measurements of lung me-
chanics. Dynamic lung compliance was consistently 
greater and airways resistance during expiration was sig-
nifi cantly less in preterm baboons that were treated for 
28 days with HFOV compared to control animals that 
were treated with conventional mechanical ventilation. 

Effects of high-frequency vs. conventional mechanical ventilation in preterm lambs
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  Fig. 4.  Data from quantitative histopathol-
ogy comparing radial alveolar counts (per 
terminal respiratory unit; tru), pulmonary 
artery smooth muscle mass and elastin fi ber 
density in arteries adjacent to terminal 
bronchioles in lungs of 5 preterm lambs that 
received high-frequency mechanical venti-
lation at 420 cycles/min for 3 weeks (black 
bars), and 10 preterm lambs that received 
conventional mechanical ventilation at 20 
breaths/min for 3 weeks (white bars). Val-
ues shown are mean and one standard de-
viation. All differences between the 2 groups 
were statistically signifi cant, * p  !  0.05. 
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HFOV, however, did not prevent alveolar hypoplasia in 
the immature baboon model of neonatal CLD. 

 A similar study using preterm lambs compared the ef-
fects on lung histopathology of high-frequency jet ventila-
tion at 420 cycles/min versus conventional mechanical 
ventilation at 20 breaths/min. Lambs that received high-
frequency jet ventilation for 3 weeks, compared to control 
lambs that received conventional mechanical ventilation, 
had twice the number of radial alveolar counts and sig-
nifi cantly less smooth muscle and elastin around small 
pulmonary arteries and airways ( fi g. 4 ). 

   Inhaled Nitric Oxide 
 The San Antonio group recently reported better lung 

function, compared to controls, in chronically ventilated 
preterm baboons that received iNO continuously at 
5 ppm for 2 weeks  [41] . In this study, iNO begun 1 h after 
birth was associated with increased dynamic lung compli-
ance and reduced airways resistance during the fi rst week. 
Postmortem lung histology after 2 weeks of mechanical 
ventilation showed no signifi cant differences in the num-
ber of alveolar septae or in lung volume measurements 
between iNO-treated and untreated baboons, though 
lung weight and DNA content were greater in the animals 
that received iNO compared to controls. In addition, ex-
cess accumulation of lung elastin, which is characteristic 
of CLD in human infants and preterm lambs  [19, 42] , 
was absent in the baboons that received iNO. 

 In studies done with preterm lambs that were mechan-
ically ventilated for 3 weeks, continuous low-dose iNO 
beginning at birth led to a signifi cant reduction in lung 
resistance during expiration, with less smooth muscle 

around terminal bronchioles in iNO-treated lambs com-
pared to preterm control lambs  [47] . Lambs that received 
iNO had more than twice the number of radial alveolar 
counts than chronically ventilated control lambs had. 
These fi ndings indicate that iNO preserves structure and 
function of airway smooth muscle and also enhances al-
veolar development in preterm lambs with CLD. 

   Retinol 
 The use of retinol (vitamin A) to treat extremely pre-

mature infants at risk for BPD is supported by data from 
animal, as well as human, studies dating back more than 
a quarter of a century. Retinoids have been shown to have 
a profound infl uence on lung development and repair 
from lung injury in experimental animals  [60–68] . Be-
cause plasma concentrations of retinol are low in very 
premature infants compared to infants born at term, es-
pecially low in infants who acquire BPD  [69, 70] , clinical 
trials of retinol treatment have been conducted in very 
premature infants with low plasma concentrations of ret-
inol to determine the effects of retinol supplementation 
on the incidence of BPD  [71, 72] . These randomized, 
controlled studies have shown that retinol treatment be-
ginning soon after birth and continuing for 4 weeks there-
after leads to a modest, but statistically signifi cant reduc-
tion in the incidence of BPD, without causing apparent 
toxicity. 

 Previous reports showed a benefi cial effect of treat-
ment with all  trans -retinoic acid in attenuating both ste-
roid-induced alveolar hypoplasia and oxygen-induced in-
hibition of lung septation in newborn rats  [65, 68] . These 
observations, coupled with the aforementioned clinical 

Effect of retinol treatment on lung structure in chronically ventilated preterm lambs
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  Fig. 5.  Data from quantitative histopathol-
ogy comparing radial alveolar counts (per 
terminal respiratory unit; tru), capillary 
surface density (per cm), and elastic fi ber 
density (% of tissue area) in lungs of 5 pre-
term lambs that were mechanically venti-
lated at 20 breaths/min for 3 weeks and re-
ceived 5,000 U of intramuscular retinol-A 
daily (dark bars), and 5 preterm lambs that 
were mechanically ventilated at 20 breaths/
min for 3 weeks and received daily intra-
muscular injections of normal saline as pla-
cebo (white bars). Values shown are mean 
and one standard deviation. All differences 
between the 2 groups were statistically sig-
nifi cant, * p  !  0.05. 
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trials of retinol treatment for premature infants, provided 
the basis for studies that examined the effects of daily in-
tramuscular retinol treatment (5,000 IU/day) in lambs 
that were delivered prematurely and mechanically venti-
lated for 3 weeks, compared to lambs that were managed 
in an identical manner except that they did not receive 
retinol  [73, 74] . Lambs that received retinol had more 
alveoli, greater capillary surface density, and less elastin 
in their lungs than control lambs had ( fi g. 5 ). Immunoblot 
analysis of lung tissue harvested from these lambs showed 
greater expression of VEGF and its receptor, VEGF-R2 
(also called fetal liver kinase 1), in the lambs that received 
retinol, and Northern analysis of peripheral lung tissue 
showed less expression of TE mRNA in the lungs of the 
retinol-treated lambs compared to controls. 

   Disordered Elastin in Neonatal CLD 

 These new fi ndings may provide important clues re-
garding the pathogenesis of BPD, namely the association 
between excessive and disordered elastin accumulation 
and impaired development of alveoli and microvessels in 
the lung, as described in the premature lamb model of 
chronic lung injury  [42–44]  and in premature infants who 
have died with BPD  [10, 19, 75, 76] . Elastin is known to 
have a pivotal role in normal mammalian lung develop-
ment: deletion of the elastin gene in mice leads to neona-
tal death from cardiorespiratory failure associated with 
reduced terminal airway branching and impaired vascu-
logenesis in the lungs  [77, 78] . The relationship between 
lung elastin and retinoic acid or retinol is less well estab-
lished, but the observation that mice bearing a deletion 
of retinoic acid receptors had reduced numbers of both 
alveoli and elastic fi bers in their lungs raises the possibil-
ity that elastin’s role in alveolar formation may be regu-
lated, at least in part, through retinoic acid signaling path-
ways  [67] . Disordered pulmonary elastin deposition in 
BPD could be triggered by early postnatal elastolytic ac-
tivity in the lung, which is known to occur in respiratory 
failure that is managed with assisted ventilation after pre-
mature birth  [24, 25] , or it could result from prolonged, 
excessive lung stretch, which has been shown to increase 
TE gene expression in the developing lung of fetal sheep 
 [57]  and in cultured lung cells from fetal rats  [55] . The 
relationship between abnormal elastin accumulation and 
impaired alveolar and vascular development in the lungs 
of infants with BPD is an intriguing set of observations 
that merits further exploration. 

   Mechanical Ventilation of Newborn Mice: 
Impact on Lung Development Genes 

 As the aforementioned studies indicate, failed forma-
tion of alveoli and lung capillaries, and excess, disordered 
elastin are key histological features of neonatal CLD, 
which typically affl icts premature lungs exposed to lengthy 
mechanical ventilation with O 2 -rich gas. As lung septa-
tion and angiogenesis occur after term birth in mice, no-
tably between postnatal day 3 and 14  [79] , we recently 
did studies to see if mechanical ventilation of newborn 
mice with either 40% O 2  or air would alter lung expres-
sion of genes that regulate formation of alveoli, lung cap-
illaries and elastin  [80, 81] . We studied 6 groups of pups 
that were 2–4 days old and weighed 2–4 g. Four groups 
(n = 8–10/group) had a tracheostomy and received me-
chanical ventilation for 8 h with either air or 40% O 2  at 
either 60 breaths/min (peak-infl ation pressure 16  8  1 cm 
H 2 O, positive end-expiratory pressure 1 cm H 2 O, mean 
airway pressure 4 cm H 2 O, tidal volume 22  8  1  � l) or 
180 breaths/min (peak infl ation pressure 10  8  1 cm H 2 O, 
positive end-expiratory pressure 1 cm H 2 O, mean airway 
pressure 4 cm H 2 O, tidal volume 13  8  1  � l). Two control 
groups (n = 8–10/group) had sham surgery and then 
breathed spontaneously for 8 h in either air or 40% O 2 . 
Lungs were harvested for histology, microarray analysis 
and quantitative real-time PCR to measure mRNA for 
genes considered important in alveolar and vascular de-
velopment (VEGF-A, its receptor VEGF-R2, and tenas-
cin C) and for genes that are important in elastin synthe-
sis and assembly (TE, and lysyl oxidase). Histology 
showed no evidence of lung injury from O 2  or mechanical 
ventilation, though air spaces were larger in lungs of mice 
that received mechanical ventilation compared to lungs 
of control pups. Gene microarrays and qRT-PCR showed 
less lung mRNA for VEGF, VEGF-R2 and tenascin C in 
both groups of pups that were ventilated with 40% O 2  (at 
60 and 180 breaths/min) compared to controls. Mechan-
ical ventilation with air had little or no effect on lung de-
velopment genes. Mechanical ventilation with either air 
or 40% O 2  increased lung expression of elastin-related 
genes. Recent 24-hour studies of mechanical ventilation 
with 40% O 2  (and relevant controls) showed signifi cant 
reductions in lung abundance of proteins that affect the 
formation of alveoli and lung capillaries. These results 
indicate that mechanical ventilation with O 2 -rich gas at 
a  critical stage of development reduces lung expression 
of  genes  that  regulate alveolar septation and angiogen-
esis. Mechanical ventilation with either air or 40% O 2  in-
creases pulmonary expression of genes that play a key role 
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in synthesis and assembly of elastic fi bers, which can af-
fect the structural stability and distensibility of the lung 
and its vasculature. 

   Paving the Way to Prevention 

 During the past quarter-century, widespread use of 
surfactant treatment after premature birth has greatly fa-
cilitated management of even the tiniest infants, reducing 
their needs for extra O 2  and aggressive respiratory sup-
port. Increased survival of these ‘micro-premies’, whose 
respiratory drive is frequently faulty and whose host de-
fenses are modest at best, often results in a protracted 
clinical course complicated by severe apnea and recurrent 
infection that calls for prolonged treatment with O 2  and 
assisted ventilation, culminating in the ‘new BPD’. The 
disease sometimes starts before birth, triggered by fetal 
infl ammation associated with maternal chorioamnioni-
tis. Thus, the clinical, radiographic and pathological fea-
tures of this condition are considerably different than the 
well-defi ned progression of lung disease described by 
Northway et al.  [1]  almost four decades ago. 

 The challenge now is to improve understanding of the 
molecular mechanisms that regulate normal lung growth 
and development, and to clarify the dysregulation of lung 
structure and function that occurs with injury and subse-
quent repair. Such studies will provide new insights re-
garding the pathogenesis of BPD and help to formulate 
effective strategies to treat or prevent what is more aptly 
described now as neonatal CLD. 

   Acknowledgments 

 R.D.B. gratefully acknowledges the support of the National 
Heart, Lung and Blood Institute (Grant HL-62512 and HL-56401) 
and the March of Dimes Foundation that provided funds for much 
of the research on newborn sheep and mice that is discussed in this 
review. In addition, this work could not have been accomplished 
without the extraordinary efforts of many coinvestigators, includ-
ing Kurt Albertine, David Carlton, Soo-Chul Cho, Ronald Day, 
Beyong Kim, Amy MacRitchie and Richard Pierce, as well as the 
many University of Utah medical students, research associates and 
respiratory therapists who assisted in the daily management of the 
lambs. For the recent studies conducted on newborn mice at Stan-
ford University, much credit goes to two major contributors to this 
project, Berit Jacobson and Robert Ertsey.   

References

 1 Northway WH Jr, Rosan RC, Porter DY: Pul-
monary disease following respiratory therapy 
of hyaline membrane disease: bronchopulmo-
nary dysplasia. N Engl J Med 1967; 276: 357–
368.

 2 Bland RD, Coalson JJ: Chronic Lung Disease 
in Early Infancy. New York, Marcel Dekker, 
2000, pp 1–1062.

 3 Bonikos DS, Bensch KG, Northway WH Jr, 
Edwards DK: Bronchopulmonary dysplasia: 
the pulmonary pathologic sequel of necrotizing 
bronchiolitis and pulmonary fi brosis. Hum 
Pathol 1976; 7: 643–666.

 4 Tomashefski JF, Opperman HC, Vawter GF: 
Bronchopulmonary dysplasia: a morphomet-
ric study with emphasis on the pulmonary vas-
culature. Pediatr Pathol 1984; 2: 469–487.

 5 O’Brodovich HM, Mellins RB: Bronchopul-
monary dysplasia. Unresolved neonatal acute 
lung injury. Am Rev Resp Dis 1985; 132: 694–
709.

 6 Stocker JT: Pathologic features of long-stand-
ing ‘healed’ bronchopulmonary dysplasia. A 
study of 28 3- to 40-month-old infants. Hum 
Pathol 1986; 17: 943–961.

 7 Hislop A, Haworth S: Pulmonary vascular 
damage in the development of cor pulmonale 
following hyaline membrane disease. Pediatr 
Pulmonol 1990; 9: 152–161.

 8 Coalson JJ: Pathology of chronic lung disease 
of early infancy; in Bland RD, Coalson JJ (eds): 
Chronic Lung Disease in Early Infancy. New 
York, Marcel Dekker,  2000, pp 85–124.

 9 Rojas MA, Gonzalez A, Bancalari E, Claure N, 
Poole C, Silva-Neto G: Changing trends in the 
epidemiology and pathogenesis of neonatal 
chronic lung disease. J Pediatr 1995; 126: 605–
610.

10 Husain AN, Siddiqui NH, Stocker JT: Pathol-
ogy of arrested acinar development in postsur-
factant bronchopulmonary dysplasia. Hum 
Pathol 1998; 29: 710–717.

11 Jobe AJ: The new BPD: an arrest of lung de-
velopment. Pediatr Res 1999; 46: 641–643.

12 Jobe AH, Bancalari E: Bronchopulmonary dys-
plasia. Am J Respir Crit Care Med 2001; 163: 

1723–1729.
13 Bancalari E, Claure N, Sosenko IR: Broncho-

pulmonary dysplasia: changes in pathogenesis, 
epidemiology and defi nition. Semin Neonatol 
2003; 8: 63–71.

14 Martinez A, Dargaville P, Taeusch HW: Epi-
demiology of bronchopulmonary dysplasia: 
clinical risk factors and associated clinical con-
ditions; in Bland RD, Coalson JJ (eds): Chron-
ic Lung Disease in Early Infancy. New York, 
Marcel Dekker, 2000, pp 21–39.

15 Bancalari E, Gonzalez A: Clinical course and 
lung function abnormalities during develop-
ment of neonatal chronic lung disease; in Bland 
RD, Coalson JJ (eds): Chronic Lung Disease in 
Early Infancy. New York, Marcel Dekker, 
2000, pp 41–64.

16 Bland RD: Pathogenesis of pulmonary edema 
after premature birth. Adv Pediatr 1987; 34: 

175–222.
17 Hislop AA, Wigglesworth JS, Desai R, Aber V: 

The effects of preterm delivery and mechanical 
ventilation on human lung growth. Early Hum 
Dev 1987; 15: 147–164.

18 Chambers HM, van Velzen D: Ventilator-re-
lated pathology in the extremely immature 
lung. Pathol 1989; 21: 79–83.

19 Margraf LR, Tomashefski JF, Bruce MC, 
Dahms BB: Morphometric analysis of the lung 
in bronchopulmonary dysplasia. Am Rev Resp 
Dis 1991; 143: 391–400.

20 Van Lierde S, Cornelis A, Devlieger H, Moer-
man P: Different patterns of pulmonary se-
quelae after hyaline membrane disease: hetero-
geneity of bronchopulmonary dysplasia? Biol 
Neonate 1991; 60: 152–162.

21 Sward-Comunelli SL, Mabry SM, Truog WE, 
Thibeault DW: Airway muscle in preterm in-
fants: changes during development. J Pediatr 
1997; 130: 570–576.



 Bland

 

 Biol Neonate 2005;88:181–191 190

22 Pierce MR, Bancalari E: The role of infl amma-
tion in the pathogenesis of bronchopulmonary 
dysplasia. Pediatr Pulmonol 1995; 19: 371–
378.

23 Zimmerman JJ: Bronchoalveolar infl amma-
tory pathophysiology of bronchopulmonary 
dysplasia. Clin Perinatol 1995; 22: 429–456.

24 Merritt TA, Cochrane CG, Holcomb K, Bohl 
B, Hallman M, Strayer D, Edwards DK III, 
Gluck L: Elastase and alpha 1-proteinase in-
hibitor activity in tracheal aspirates during re-
spiratory distress syndrome. J Clin Invest 
1983; 72: 656–666.

25 Ogden BE, Murphy SA, Saunders GC, Pathak 
D, Johnson JD: Neonatal lung neutrophils and 
elastase/proteinase inhibitor imbalance. Am 
Rev Resp Dis 1984; 130: 817–821.

26 Speer CP, Ruess D, Harms K, Herting E, Ge-
feller O: Neutrophil elastase and acute pulmo-
nary damage in neonates with severe respira-
tory distress syndrome. Pediatrics 1993; 91: 

794–799.
27 Ferreira PJ, Bunch TJ, Albertine KH, Carlton 

DP: Circulating neutrophil concentration and 
respiratory distress in premature infants. J Pe-
diatr 2000; 136: 466–472.

28 Watterberg KL, Carmichael DF, Gerdes JS, 
Werner S, Backstrom C, Murphy S: Secretory 
leukocyte protease inhibitor and lung infl am-
mation in developing bronchopulmonary dys-
plasia. J Pediatr 1994; 125: 264–269.

29 Frank L, Sosenko IRS: Prenatal development 
of lung antioxidant enzymes in four species. J 
Pediatr 1987; 110: 106–110.

30 Frank L, Sosenko IR: Development of lung an-
tioxidant enzyme system in late gestation: pos-
sible implications for the prematurely born in-
fant. J Pediatr 1987; 110: 9–14.

31 Watterberg KL, Demers LM, Scott SM, Mur-
phy S: Chorioamnionitis and early lung infl am-
mation in infants in whom bronchopulmonary 
dysplasia develops. Pediatrics 1996; 97: 210–
215.

32 Yoon BH, Romero R, Jun JK, Park KH, Park 
JD, Ghezzi F, Kim BI: Amniotic fl uid cyto-
kines (interleukin-6, tumor necrosis factor-al-
pha, interleukin-1 beta, and interleukin-8) and 
the risk for the development of bronchopulmo-
nary dysplasia. Am J Obstet Gynecol 1997; 

177: 825–830.
33 Gomez R, Romero R, Ghezzi F, Yoon BH, 

Mazor M, Berry SM: The fetal infl ammatory 
response syndrome. Am J Obstet Gynecol 
1998; 179: 194–202.

34 Coalson JJ, Winter VT, Siler-Khodr T, Yoder 
BA: Neonatal chronic lung disease in extreme-
ly immature baboons. Am J Respir Crit Care 
Med 1999; 160: 1333–1346.

35 Awasthi S, Coalson JJ, Crouch E, Yang F, King 
RJ: Surfactant proteins A and D in premature 
baboons with chronic lung injury (bronchopul-
monary dysplasia). Evidence for an inhibition 
of secretion. Am J Respir Crit Care Med 1999; 

160: 942–949.

36 Yoder BA, Siler-Khodr T, Winter VT, Coalson 
JJ: High-frequency oscillatory ventilation: ef-
fects on lung function, mechanics, and airway 
cytokines in the immature baboon model for 
neonatal chronic lung disease. Am J Respir 
Crit Care Med 2000; 162: 1867–1876.

37 Maniscalco WM, Watkins RH, Pryhuber GS, 
Bhatt A, Shea C, Huyck H: Angiogenic factors 
and alveolar vasculature: development and al-
terations by injury in very premature baboons. 
Am J Physiol Lung Cell Mol Physiol 2002; 282:
L811–L823.

38 Afshar S, Gibson LL, Yuhanna IS, Sherman 
TS, Kerecman JD, Grubb PH, Yoder BA, Mc-
Curnin DC, Shaul PW: Pulmonary NO syn-
thase expression is attenuated in a fetal baboon 
model of chronic lung disease. Am J Physiol 
Lung Cell Mol Physiol 2003; 284:L749–L758.

39 Yoder BA, Coalson JJ, Winter VT, Siler-
Khodr T, Duffy LB, Cassell GH: Effects of an-
tenatal colonization with ureaplasma urealyti-
cum on pulmonary disease in the immature 
baboon. Pediatr Res 2003; 54: 797–807.

40 Thomson MA, Yoder BA, Winter VT, Martin 
H, Catland D, Siler-Khodr TM, Coalson JJ: 
Treatment of immature baboons for 28 days 
with early nasal continuous positive airway 
pressure. Am J Respir Crit Care Med 2004; 

169: 1054–1062.
41 McCurnin DC, Pierce RA, Chang LY, Gibson 

LL, Osborne-Lawrence S, Yoder BA, Kerec-
man JD, Albertine KH, Winter VT, Coalson 
JJ, Crapo JD, Grubb PH, Shaul PW: Inhaled 
NO improves early pulmonary function and 
modifi es lung growth and elastin deposition in 
a baboon model of neonatal chronic lung dis-
ease. Am J Physiol Lung Cell Mol Physiol 
2005; 288:L450–L459.

42 Pierce RA, Albertine KH, Starcher BC, Bohn-
sack JF, Carlton DP, Bland RD: Chronic lung 
injury in preterm lambs: disordered pulmo-
nary elastin deposition. Am J Physiol 1997; 

272:L452–L460.
43 Albertine KH, Kim BI, Kullama LK, Starcher 

BC, Cho SC, Carlton DP, Bland RD: Chronic 
lung injury in preterm lambs. Disordered re-
spiratory tract development. Am J Respir Crit 
Care Med 1999; 159: 945–958.

44 Bland RD, Albertine KH, Carlton DP, Kulla-
ma LK, Davis PL, Cho SC, Kim B, Dahl M, 
Tabatabaei N: Chronic lung injury in preterm 
lambs: abnormalities of the pulmonary circula-
tion and lung fl uid balance. Pediatr Res 2000; 

48: 64–74.
45 MacRitchie AN, Albertine KH, Sun J, Lei PS, 

Jensen SC, Freestone AA, Clair PM, Dahl MJ, 
Godfrey EA, Carlton DP, Bland RD: Reduced 
endothelial nitric oxide synthase in lungs of 
chronically ventilated preterm lambs. Am J 
Physiol Lung Cell Mol Physiol 2001; 281:
L1011–L1020.

46 Bland RD, Ling CY, Albertine KH, Carlton 
DP, MacRitchie AJ, Day RW, Dahl M: Pulmo-
nary vascular dysfunction in preterm lambs 
with chronic lung disease. Am J Physiol Lung 
Cell Mol Physiol 2003; 285:L76–L85.

47 Bland RD, Albertine KH, Carlton DP, 
MacRitchie AJ: Inhaled nitric oxide effects on 
lung structure and function in chronically ven-
tilated preterm lambs. Am J Respir Crit Care 
Med 2005; in press.

48 Escobedo MB, Hilliard JL, Smith F, Meredith 
K, Walsh W, Johnson D, Coalson JJ, Kuehl TJ, 
Null DM, Robotham JL: A baboon model of 
bronchopulmonary dysplasia. I. Clinical fea-
tures. Exp Mol Pathol 1982; 37: 323–334.

49 Coalson JJ, Kuehl TJ, Escobedo MB, Hilliard 
JL, Smith F, Meredith K, Null DM Jr, Walsh 
W, Johnson D, Robotham JL: A baboon mod-
el of bronchopulmonary dysplasia. II. Patho-
logic features. Exp Mol Pathol 1982; 37: 335–
350.

50 deLemos RA, Coalson JJ, Gerstmann DR, 
Kuehl TJ, Null DM: Oxygen toxicity in the pre-
mature baboon with hyaline membrane dis-
ease. Am Rev Resp Dis 1987; 136: 677–682.

51 Coalson JJ, Kuehl TJ, Prihoda TJ, deLemos 
RA: Diffuse alveolar damage in the evolution 
of bronchopulmonary dysplasia in the baboon. 
Pediatr Res 1988; 24: 357–366.

52 Coalson JJ, Gerstmann DR, Winter VT, 
deLemos RA: Bacterial colonization and infec-
tion studies in the premature baboon with 
bronchopulmonary dysplasia. Am Rev Resp 
Dis 1991; 144: 1140–1146.

53 Coalson JJ, Winter VT, Gerstmann DR, Idell 
S, King RJ, deLemos RA: Pathophysiologic, 
morphometric, and biochemical studies of the 
preterm baboon with bronchopulmonary dys-
plasia. Am Rev Resp Dis 1992; 145: 872–881.

54 Coalson JJ, Winter V, deLemos RA: Decreased 
alveolarization in baboon survivors with bron-
chopulmonary dysplasia. Am J Respir Crit 
Care Med 1995; 152: 640–646.

55 Nakamura T, Liu M, Mourgeon E, Slutsky A, 
Post M: Mechanical strain and dexamethasone 
selectively increase surfactant protein C and 
tropoelastin gene expression. Am J Physiol 
Lung Cell Mol Physiol 2000; 278:L974–L980.

56 Guarino N, Teramoto H, Shima H, Oue T, 
Puri P: Effect of mechanical ventilation on the 
pulmonary expression and production of elas-
tin in nitrofen-induced diaphragmatic hernia 
in rats. J Pediatr Surg 2002; 37: 1253–1257.

57 Joyce BJ, Wallace MJ, Pierce RA, Harding R, 
Hooper SB: Sustained changes in lung expan-
sion alter tropoelastin mRNA levels and elas-
tin content in fetal sheep lungs. Am J Physiol 
Lung Cell Mol Physiol 2003; 284:L643–L649.

58 Bruce MC, Schuyler M, Martin RJ, Starcher 
BC, Tomashefski JF, Wedig KE: Risk factors 
for the degradation of lung elastic fi bers in the 
ventilated neonate. Am Rev Resp Dis 1992; 

146: 204–212.
59 Avery ME, Tooley WH, Keller JB, Hurd SS, 

Bryan MH, Cotton RB, Epstein MF, Fitz-
hardinge PM, Hansen CB, Hansen TN, Hod-
son WA, James LS, Kitterman JA, Nielsen HC, 
Poirier TA, Truog WE, Wung JT: Is chronic 
lung disease in low birth weight infants pre-
ventable? A survey of eight centers. Pediatrics 
1987; 79: 26–30.



 Neonatal CLD in the Post-Surfactant Era  Biol Neonate 2005;88:181–191 191

60 Chytil F: The lungs and vitamin A. Am J Physi-
ol Lung Cell Mol Physiol 1992; 262:L517–
L527.

61 Fraslon C, Bourbon JR: Retinoids control sur-
factant phospholipid biosynthesis in fetal rat 
lung. Am J Physiol Lung Cell Mol Physiol 
1994; 266:L705–L712.

62 Zachman RD: Role of vitamin A in lung devel-
opment. J Nutr 1995; 125:S1634–S1638.

63 Chytil F: Retinoids in lung development. 
FASEB J 1996; 10: 986–992.

64 Massaro GD, Massaro D: Formation of pul-
monary alveoli and gas-exchange surface area: 
quantitation and regulation. Annu Rev Physi-
ol 1996; 58: 73–92.

65 Massaro GD, Massaro D: Retinoic acid treat-
ment abrogates elastase-induced pulmonary 
emphysema in rats. Nat Med 1997; 3: 675–
677.

66 Massaro GD, Massaro D, Chan WY, Clerch 
LB, Ghyselinck N, Chambon P, Chandraratna 
RA: Retinoic acid receptor-beta: an endoge-
nous inhibitor of the perinatal formation of 
pulmonary alveoli. Physiol Genomics 2000; 4: 

51–57.
67 McGowan S, Jackson SK, Jenkins-Moore M, 

Dai HH, Chambon P, Snyder JM: Mice bear-
ing deletions of retinoic acid receptors demon-
strate reduced lung elastin and alveolar num-
bers. Am J Respir Cell Mol Biol 2000; 23: 

162–167.

68 Veness-Meehan KA, Pierce RA, Moats-Staats 
BM, Stiles AD: Retinoic acid attenuates O2-
induced inhibition of lung septation. Am J 
Physiol Lung Cell Mol Physiol 2002; 283:
L971–L980.

69 Shenai JP, Chytil F, Jhaveri A, Stahlman MT: 
Plasma vitamin A and retinol-binding protein 
in premature and term neonates. J Pediatr 
1981; 99: 302–305.

70 Shenai JP, Chytil F, Stahlman MT: Vitamin A 
status of neonates with bronchopulmonary 
dysplasia. Pediatr Res 1985; 19: 185–188.

71 Shenai JP, Kennedy KA, Chytil F, Stahlman 
MT: Clinical trial of vitamin A supplementa-
tion susceptible to bronchopulmonary dyspla-
sia. J Pediatr 1987; 111: 269–277.

72 Tyson JE, Wright LL, Oh W, Kennedy KA, 
Mele L, Ehrenkranz RA, Stoll BJ, Lemons JA, 
Stevenson DK, Bauer CR, Korones SB, Fa-
naroff AA: Vitamin A supplementation for ex-
tremely-low-birth-weight infants. National 
 Institute of Child Health and Human Develop-
ment Neonatal Research Network. N Engl J 
Med 1999; 340: 1962–1968.

73 Albertine KH, Jiancheng S, Dahl MJ, Carlton 
DP, Bland RD: Retinol treatment from birth 
increases expression of vascular endothelial 
growth factor (VEGF) and its receptor, fetal 
liver kinase (Flk-1), and is associated with 
greater lung capillary surface density in chron-
ically ventilated preterm lambs (abstract #350). 
Pediatr Res 2002; 51: A60.

74 Bland RD, Albertine KH, Pierce RA, Starcher 
BC, Carlton DP: Impaired alveolar develop-
ment and abnormal lung elastin in preterm 
lambs with chronic lung injury: potential ben-
efi ts of retinol treatment. Biol Neonate 2003; 

84: 28–29.

75 Thibeault DW, Mabry SM, Ekekezie II, Truog 
WE: Lung elastic tissue maturation and pertur-
bations during the evolution of chronic lung 
disease. Pediatrics 2000; 106: 1452–1459.

76 Bhatt AJ, Pryhuber GS, Huyck H, Watkins 
RH, Metlay LA, Maniscalco WM: Disrupted 
pulmonary vasculature and decreased vascular 
endothelial growth factor, Flt-1, and TIE-2 in 
human infants dying with bronchopulmonary 
dysplasia. Am J Respir Crit Care Med 2001; 

164: 1971–1980.
77 Li DY, Brooke B, Davis EC, Mecham RP, So-

rensen LK, Boak BB, Eichwald E, Keating MT: 
Elastin is an essential determinant of arterial 
morphogenesis. Nature 1998; 393: 276–280.

78 Wendel DP, Taylor DG, Albertine KH, Keat-
ing MT, Li DY: Impaired distal airway devel-
opment in mice lacking elastin. Am J Respir 
Cell Mol Biol 2000; 23: 320–326.

79 Amy RW, Bowes D, Burri PH, Haines J, Thurl-
beck WM: Postnatal growth of the mouse lung. 
J Anat 1977; 124: 131–151.

80 Jacobson B, Ertsey R, Bland RD: Mechanical 
ventilation of newborn mice: impact on genes 
that regulate lung development. FASEB J 
2005; 19:A1603.

81 Bland RD, Jacobson BE, Shinwell ES, Ertsey 
R: Mechanical ventilation of newborn mice: 
effects on lung development genes. Proc Am 
Thoracic Soc 2005; 2:A276.


