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Role of the physico-chemical environment in lung development
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Summary

1. Mechanical forces, exerted on lung tissuevia
alterations in lung expansion, are a major determinant of
fetal lung development, having a potent affect on the rate of
cellular proliferation, the differentiated state of AECs as
well as the 3-dimensional tissue structure. As a result, much
research is currently focussed on understanding the
molecular mechanisms involved.

2. Although it is likely that mechanical forces exert
similar influences on lung development after birth, the types
of forces applied to the air-filled lung are very different and
more complex. For example, lung aeration causes surface
tension to form which greatly increases lung recoil leading
to a reduction in interstitial tissue and pleural pressuresas
well as lung expansion.

3. Due to the loss of the distending influence of lung
liquid, the chest wall assumes the role of maintaining
resting lung volumes after birth by acting as an external
brace that opposes lung recoil.As a result, the distribution
of force throughout lung tissue markedly changes.

4. Little is known of how changing the mechanical
environment of the lung influences its development after
birth, but this has important implications for understanding
the impact of assisted ventilation on patients, particularly
very preterm infants who are often ventilated using high
positive pressures.

5. Although the application of positive internal
distending pressures may in part duplicate the fetal
environment, the effect of gas vs liquid is unknown and
high positive airway pressures are known to adversely
affect cardiopulmonary physiology. Understanding the role
of mechanical forces in regulating lung development as
well as pulmonary physiology in the fetus and newborn is
central to improving the care and management of infants
suffering respiratory failure.

Introduction

In most mammalian species, lung development
begins early in embryogenesis and extends well after the
time of birth, although the timing of birth within this
continuum varies considerably between species.For
example, marsupials are born after a short gestation (∼ 28
days in tammar wallabies) when the lung is at a very early
stage of development,1 whereas in longer gestation species
(e.g. humansand sheep), lung development mostly occurs
in utero and the lung is usually in its final stage of
development at the normal time of birth.2,3 It is of
considerable interest that birth occurs at different stages of
lung development in different species because birth greatly
alters the distribution and types of forces imposed on lung
tissue.4 Thus, postnatal lung development occurs within a

very different physical and mechanical environment thanin
utero, but little is known of the effect that this has on lung
development, particularly in infants born very prematurely.
As physical forces, particularly tissue stretch, are a major
determinant of lung development,5,6 the transition to air-
breathing at birth must have a major impact on lung
development. Tissue stretch, via changes in lung
expansion, is translated into a stimulus that profoundly
influences cellular proliferation and differentiation as well
as the 3-dimensional tissue structure of the terminal gas-
exchange units6-8. In the absence of this stretch stimulus,
lung growth and structural development ceases, which is the
primary mechanism for lung growth failure in human
fetuses.9 In this review we will discuss the types of
physical forces that are applied to the lung during its
development, the effect they hav eon lung development and
factors that translate the stretch stimulus into a growth
response.

Forces applied to the lung before birth

Throughout fetal life, the lungs develop as a fluid-
filled organ and take no part in gas exchange, which occurs
across the placenta.The liquid that fills the future airways
is secreted by the pulmonary epithelium and exits the lungs
by flowing out of the trachea whereby it is either swallowed
or enters the amniotic sac.5,6 However, the efflux of liquid
from the lung is restricted by the fetal upper airway
(particularly the glottis) which promotes the retention of
fluid within the fetal lung .5,6,10 This provides a distending
pressure on the lungs of 1-2mmHg at rest (apneic periods)
which opposes lung recoil and maintains them in a
constantly distended state.10,11

The mammalian fetus makes breathing movements
(FBM) from early in gestation and these movements occur
episodically and closely resemble postnatal breathing.12,13

They are centrally organized rhythmic contractions of the
diaphragm, as well as other skeletal muscles, including the
glottic dilator muscles.12,14 During FBM, the glottis
phasically dilates which lowers the resistance of the upper
fetal airway to liquid efflux and, as a result, liquid leaves
the lungs at an accelerated rate; thus, episodes of FBM are
usually associated with a net loss of liquid from the
lungs.14,15 However, contraction of the diaphragm opposes
the loss of lung liquid, thereby minimizing the reduction in
liquid volume during FBM episodes.16 Although individual
FBM cause phasic reductions in intraluminal pressure
(between 2-10mmHg), each movement is essentially
isovolumetric due to the high viscosity (thus high resistance
to flow) of lung liquid compared with air and to the high
compliance of the fetal chest wall; the fetal chest wall
deforms with each diaphragmatic contraction, causing little
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Figure 1. Physical forces exerted on the lung during development in the fetus and the newborn. In the fetus, fetal lung
liquid is secreted across the pulmonary epithelium (dotted arrows) into the lung lumen and leaves the lungvia the trachea
and upper fetal airway. The larynx provides a high resistance to the efflux of lung liquid, causing it to accumulate within
the future airways, which pro vides an internal distending pressure on the lung of 1-2mmHg. After birth, the loss of the dis-
tending influence of lung liquid and the creation of surface tension within the lung increases lung recoil, causing the lung to
collapse away from the chest wall. As a result, intra-pleural pressure decreases to∼ 5cmH2O below atmospheric pressure
after birth, whereas before birth intra-pleural pressure is similar to ambient pressure (amniotic sac pressure).

or no change in luminal volume.17 Thus, during fetal
development, the lungs are liquid-filled which acts as an
internal splint that maintains a distending pressure on the
lung, keeping them in an expanded state. Although FBM
activities cause phasic reductions in intraluminal pressure,
each movement does not increase lung expansion, but may
cause some shear stress in the distal regions of the lung.

Forces applied to the lung after birth

Aeration of the lung at birth dramatically changes the
types of forces applied to lung tissue and the factors that
maintain resting or end-expiratory lung volumes, resulting
in a reduction in lung expansion.5,6 At birth, the pulmonary
airways must be cleared of liquid to allow the entry of air
and the initiation of air-breathing, although a thin film of
liquid must remain to protect the epithelium from
desiccation. Thiscauses an air/liquid interface to form
upon the entry of air which generates surface tension and
increases lung recoil, despite the presence of surfactant;
surfactant forms a phospholipid monolayer at the air-liquid
interface which acts to reduce surface tension. Thus, at
birth, the replacement of lung liquid with air removes the
distending influence of lung liquid and causes surface
tension to form which increases lung recoil.5,6 As a result
the lung partially collapses and the chest wall becomes the
primary factor that opposes lung recoil after birth and
maintains the level of lung expansion (Figure 1).Indeed, as

fetal lung expansion is principally maintained by the
internal distension with liquid, with little contribution from
the chest wall, intrapleural pressure is similar to ambient
(amniotic sac) pressure in the fetus.11,18 It is only after
birth, with the loss of the distending influence of lung liquid
and the increase in lung recoil, that the lung partially
collapses away from the chest wall, thereby generating a
negative intra-pleural pressure and a reduction in resting
lung expansion (Figure 1).18 Initially the reduction in intra-
pleural pressure is small (∼ 2cmH2O), but as the chest wall
stiffens after birth and is more able to oppose lung recoil,
the intrapleural pressure decreases to values more
commonly observed in adults (∼ 5cmH2O).18

The phasic expansion of the lung associated with
breathing activity also markedly increases at birth, with
tidal volumes increasing from <1% in the fetus to 25-30%
of end-expiratory lung volume in the newborn. Thisis due
to the much lower viscosity of air compared with lung
liquid, which greatly reduces the resistance and the pressure
gradient required to move the relatively larger volumes of
air in the newborn compared with liquid in the fetus.

Role of mechanical forces in lung development

The basal degree of lung expansion, by altering the
degree of tissue stretch, is a major determinant of fetal lung
growth and development.6 Increases in fetal lung expansion
are a potent stimulus for fetal lung growth whereas
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reductions in lung expansion cause lung growth to
cease.7,8,19 The most commonly used experimental model
describing the effect of increased lung expansion on fetal
lung growth is tracheal obstruction (TO), particularly in
fetal sheep.7,8,19 As the distal epithelium of the fetal lung
secretes lung liquid which leaves the lungsvia the trachea,
obstruction of the fetal trachea causes the lungs to expand
with accumulated liquid. The rate of increase in lung
expansion is determined by the rate of liquid secretion
which is in turn determined by a balance between the
osmotic pressure driving lung liquid secretion and the
opposing intra-luminal hydrostatic pressure.20 As the intra-
luminal pressure increases following TO, the rate of lung
expansion slows until the pressure required to expand the
lung further exactly counterbalances the osmotic pressure
driving lung liquid secretion (this takes ∼ 1 day in fetal
sheep).20 After this time, lung expansion continues due to
accelerated growth and remodeling of the lung, until the
physical limitations imposed by the chest wall prevent
further expansion (∼ 7 days of TO in fetal sheep).20 The
expanding lung causes the diaphragm to evert, with the
apex extending caudally into the abdomen; as a result, FBM
cause compression and not expansion of the lung.19 Thus,
the increase in fetal lung expansion induced by TO is a
complex stimulus, resulting in a differential growth
response depending on the rate of expansion.20

Other models that have been used to alter the degree
of fetal lung expansion include: (1) left bronchus ligation,
which causes over-expansion of the left lung while the right
lung stays at a control level of expansion,8,21 (2) lung liquid
drainage which deflates the lungs,7,22 (3) the surgical
creation of a diaphragmatic hernia which allows abdominal
contents to migrate into the chest causing lung
compression23,24 and (4) the abolition of FBM which are
important for maintaining end-expiratory lung volumes.16

Lung expansion and lung growth

During the alveolar stage of lung development,
prolonged increases in fetal lung expansion induce a large
increase in fetal lung growth, causing almost a doubling in
fetal lung weight and DNA and protein content.8,19 The
lung growth response is time dependent and closely
correlates with the increase in lung expansion. Maximum
DNA synthesis rates occur early during the initial increase
in lung expansion (at 1-2 days in fetal sheep) and are
markedly reduced, but are still elevated above control levels
until the increase in lung expansion ceases (at∼ 7 days in
fetal sheep); after this time lung growth continues at control
rates.20 Experiments of nature, for example laryngeal
atresia in human fetuses, demonstrate that TO is also a
potent stimulus for fetal lung growth in humans.25 Although
it is currently not clear which cell types within the distal
lung proliferate in response to increases in fetal lung
expansion, increased proliferation of interstitial fibroblasts,
endothelial cells and type-II epithelial cells have been
observed.26 Similarly, large increases in collagen and other
ECM components occur in proportion with the increase in
lung size, resulting in accelerated structural maturation of

the distal respiratory units.7,27 As a result, the mechanisms
involved (see below) are thought to involve mechanisms
similar to those that regulate normal lung development.

When examined much earlier in gestation, during the
mid-canalicular stage of development, the effect of TO on
fetal lung growth is different to that observed later in
gestation.27,28 Although the rate of increase in lung growth
is slower, due to a slower rate of liquid accumulation,27 the
maximum size of the lung attained following prolonged TO
is much greater.28 This is likely due to a more compliant
chest wall in younger fetuses allowing greater lung
expansion.28 However, the larger lung likely interferes with
venous return causing severe fetal hydrops;28 similar
observations have been made in human fetuses with a
congenital diaphragmatic hernia following TO at a similar
stage of lung development.29 Importantly, the induced lung
growth is abnormal, causing a marked increase in
mesenchymal cell proliferation that results in a large
increase in distal airway tissue volume.28

Reductions in fetal lung expansion, caused for
example by lung liquid drainage, also have a potent effect
on fetal lung growth, causing it to cease if the lung is totally
deflated.7,22 Calculations of DNA accumulation rates
demonstrate that lung DNA synthesis ceases during
prolonged periods of lung liquid drainage.22 Furthermore,
in other experimental models (e.g. inhibition of FBM)
which cause only partial reductions in fetal lung expansion,
the reduction in lung growth is proportional to the reduction
in lung expansion.16 Fetal lung growth failure in humans is
relatively common and can occur due to a number of
anomalies including congenital diaphragmatic hernia, fetal
akinesia, thoracic space occupying lesions (e.g. tumours
and cysts) as well as oligohydramnios;9 the latter causes
increased fetal spinal flexion resulting in an increase in
abdominal and thoracic pressures.30 The common
mechanism by which these seemingly different anomalies
cause lung hypoplasia is reduced fetal lung expansion.9

The available evidence indicates that alterations in
lung expansion have a similar effect on lung development
after birth as they do before birth, although the relationship
is more difficult to examine. Increasesin lung expansion
induced by the prolonged application of a continuous
positive airway pressure (CPAP) have been shown to
stimulate lung growth after birth.31 Similarly, prolonged
lung distension with perfluorocarbon has been shown to
stimulate postnatal lung growth and development,32

although the time required to induce significant growth33

appears longer than what occursin utero following TO.20

Hemi-pneumonectomy is a potent stimulus for post-natal
lung growth, causing accelerated growth of the remaining
tissue which is thought to be expansion dependent.34 Thus,
as birth markedly alters the distribution of forces within
lung tissue, leading to an increase in lung recoil and a
reduction in lung expansion, lung growth rates should be
reduced after birth.Although, this has not been examined
in detail, calculations of lung DNA accumulation rates
indicate that lung growth is markedly reduced after birth,
compared with before birth, despite a much higher rate of
whole body growth after birth (Figure 2).
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Figure 2 Lung growth rates measured in ovine fetuses
between 114 and 138 days of gestation (closed bars) and
in newborn lambs (cross hatched bars) between 1 and 46
days of age. Lung growth rates were calculated as the
increase in wet weight (g/day; left panel) and total DNA
content (mg/day; right panel) collected from fetuses at 114
and 138 days of gestation, and lambs at 1 and 46 days of
postnatal age (n = 5 for each age).

Lung expansion and epithelial cell differentiation

The original studies examining the effect of fetal lung
expansion on lung growth noted that prolonged increases
and decreases in lung expansion appeared to markedly alter
the density of type-I and type-II alveolar epithelial cells
(AECs).7 It is now well established that alterations in fetal
lung expansion have a profound effect on the differentiated
state of AECs as determined by their morphological
appearance35-38 and by the cell specific proteins they
express (e.g. surfactant associated proteins; SP)39-41.
Increases in fetal lung expansion stimulate type-II to type-I
AEC trans-differentiation, via an intermediate cell type,
resulting in a profound reduction in the number of
morphologically distinct type-II AECs.35,38 The proportion
of the intermediate cell type increased transiently and after
∼ 10 days of TO, the proportion of Type-II AECs had
reduced to <2% (from∼ 40%) of the total number of
AECs.35 Similarly, expression of the type-II AEC specific
surfactant proteins (SP-A, SP-B and SP-C) are markedly
reduced by TO, as well as the number of SP expressing
cells.35,43 On the other hand, bothin vitro and in vivo
studies have provided controversial evidence suggesting
that reductions in cellular stretch can induce trans-
differentiation of type-I into type-II AECs;36,44,45previously
it was considered that type-I AECs were terminally
differentiated, although the supporting experimental
evidence predominantly related to the ability of type-I
AECs to divide.46,47 The in vivo study that has provided
evidence for type-I to type-II AEC trans-differentiation,
demonstrated that following a prolonged period of TO,
which decreased type-II AEC proportions to∼ 2% of all
AECs, lung deflation caused a time dependent increase in
the proportion of type-II AECs (Figure 3).36 This increase
was preceded by a transient increase in the intermediate

AEC type and could not be attributed to type-II AEC
proliferation or to type-I AEC apoptosis.36 The findings of
these studies clearly indicate that cellular stretch, mediated
via changes in lung expansion, is an important determinant
of AEC phenotype in the fetus.
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Figure 3. The proportions of type-I (cross hatched bars)
and type-II (closed bars) alveolar epithelial cells (AECs).
These were measured in control fetuses (138 days of gesta-
tion) and in fetuses exposed to 10 days of tracheal obstruc-
tion (TO; 10d TO), 10 days of TO followed by 5 days of
lung liquid drainage (LLD) (10d TO/5d LLD) and 10 days
of TO followed by 10 days of LLD (10d TO/10d LLD). Val-
ues that do not share a common letter are significantly dif-
ferent from one another. Data redrawn from Flecknoe et
al.36

Whether or not alterations in lung expansion have a
similar effect on AEC differentiation after birth, as they do
before birth, is currently unclear; this most likely reflects
the greatly increased complexity of the mechanical forces
applied to pulmonary cells after birth compared to before
birth. However, it is important to note that mostin vitro
studies examining the effects of mechanical forces on AEC
differentiation have been conducted using AECs obtained
from adult lung, indicating that the phenotype of AECs in
the adult lung is influenced by mechanical forces.44,45

Furthermore, the static proportions of type-I and type-II
cells residing in the lung before and after birth are
different.48 In fetal sheep late in gestation, when the lung is
maintained in an expanded state by the retention of lung
liquid within the airways, type-I AECs predominate
(60-65%), with only 35-40% of all AECs being of the type-
II AEC phenotype.48 However after birth, the increase in
lung recoil and decrease in lung expansion caused by lung
aeration is associated with a major change in the proportion
of AEC phenotypes.48 Type-II AECs become the
predominant phenotype, increasing to 50-55% of all AECs,
whereas the proportion of type-I AECs decreases to
45-50%.48 In view of these findings, it is likely that the
phenotype of AECs is determined by the degree of
mechanical strain experienced by the cell, both before and
after birth, although the specific forces experienced by
AECs are likely to be more complex after birth.
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Lung expansion and structural development of the lung

The earliest studies reporting the effect of TO on the
lung clearly identified major structural changes in the distal
airways of the lung following prolonged periods of
increased lung expansion.7,49 Increases in fetal lung
expansion have been shown to increase airspace volumes
and alveolar surface area, reduce tissue volumes within the
peri-alveolar region and to stimulate alveolarisation and
secondary septal crest formation.26,50,51 Consistent with
these findings is the demonstration that increases in fetal
lung expansion stimulate tropoelastin expression;52 the
synthesis and deposition of elastin is closely associated
with alveoli formation. All of these changes characterize
the normal structural maturation of the lung in late gestation
and, therefore, it appears that an imposed increase in fetal
lung expansion simply accelerates this developmental
process. Onthe other hand, reductions in lung expansion
reduce airspace volumes, increase parenchymal tissue
volumes and inhibit alveoli formation as well as
tropoelastin expression;7,53,54 as a result, elastin deposition
within the alveolar walls is abnormal.52 The mechanisms
by which changes in lung expansion cause these changes in
the 3-dimensional tissue structure of the terminal gas
exchange units are unknown, but likely include alterations
to the major extracellular matrix (ECM) molecules that
regulate tissue volumes (e.g. proteoglycans) and provide
the structural scaffolding (e.g. collagen and elastin fibres)
that determine the architecture of the lung.

Potential mechanochemical transduction mechanisms

The mechanisms by which an increase in lung
expansion could be translated into a growth response are
largely unknown, although the discovery of cell-surface
receptors that bind to ECM proteins has greatly advanced
the understanding of potential mechano-transduction
mechanisms. For instance, the “integrin” family of trans-
membrane proteins cluster at focal adhesion sites and bind
to a specific sequence (arg-gly-asp; RGD) that is common
to many ECM proteins53. The intracellular domains of
ECM receptors are mechanically linked to fibrillar-actin
bundles via a variety of cytoskeletal-associated proteins
(e.g. talin, vinculin, paxillin) and are closely associated
with a number of protein kinases.55 As these actin bundles
form a major component of the intra-cellular structural
scaffolding, it is clear that the intra-cellular and extra-
cellular structural components are mechanically coupled,
via ECM receptors, to form a structural continuum.Thus,
ECM receptors are ideally located to detect mechanical
forces within the ECM and to translate these forces into
intra-cellular chemical signals55-57. The signalling
pathways are less well defined, although they are thought to
include; stretch activated ion channels, activation of intra-
cellular second messenger systems and the direct activation
of RNA polymerases and DNA synthetic enzymesvia
changes in nuclear shape.As the structural continuum
between a cell and its surrounding ECM includes the
nucleus, mechanical forces that distort cell shape also alter
the shape of the nucleus, which can influence gene

transcription and DNA synthesis via pathways that are
currently not understood.56,58

Although it is widely considered that the local
synthesis and release of growth factors must mediate the
cellular proliferation and differentiation that is induced by
increases in fetal lung expansion, there is surprisingly little
in vivo evidence to support this concept.We hav e
investigated the potential role of a number of different
growth factors (PDGF, IGF-II, TGFβ and VEGF) and only
VEGF was found to be differentially expressed during the
rapid proliferative phase; attempts to identify second
messenger systems have also been unsuccessful.Thus,
recent studies have attempted to identify genes that are
activated and suppressed in response to an increase in fetal
lung expansion using differential gene analysis techniques.
However, these analyses are difficult and are complicated
by experimental artifacts and issues concerning the
identification of differentially expressed genes.To
overcome some of these problems we have modified the
experimental animal model of left bronchus ligation which
causes increased expansion of the left lung.8 Using this
model, expansion of the left and right fetal lungs can be
regulated separately so that expanded and control lung
tissue from the same animal can be compared; this greatly
reduces the identification of false positive genes.21 We
modified this technique so that lung liquid flow into and out
of the left and right fetal lungs could be controlled
externally, allowing us to separate the period of left
bronchus occlusion and increased left lung expansion (only
36h), from the time of surgery (by∼ 5 days); during this
recovery period, normal flow into and out of the left and
right lungs was maintained.21 This ensured that any
differentially expressed genes identified were not associated
with the surgical manipulation. Subtraction hybridization
was then used to isolate differentially expressed cDNA
fragments between left (expanded) and right (control) lung
tissue. Thesefragments were subcloned, the clones were
spotted on colony arrays and clones containing
differentially expressed cDNA fragments were identified by
colony hybridization using labelled cDNA probes isolated
in the subtraction analysis.Differentially expressed
fragments were then sequenced and identified and
verification was performed in separate groups of control
fetuses and fetuses exposed to prolonged periods of
increased lung expansion.59

Similar numbers (3072 for each) of up- and down-
regulated clones were screened, although many more up-
regulated than down-regulated clones containing
differentially expressed fragments were identified (1038vs
118). Thegenes most up-regulated by 36h of increased
lung expansion were genes that encoded; proteins involved
in protein processing (15), structural proteins (10),
signaling proteins (12), proteins involved in cellular
metabolism (3), proteins involved in cell proliferation (6) as
well as some transcription factors (3). Genes that were
down-regulated by 36h of increased lung expansion
included genes that encoded; proteins that regulate protein
translation (13), proteins that regulate cellular metabolism
(4), proteins involved in cell proliferation/differentiation
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(2), proteins that regulate cell structure (1) and proteins
involved in host defense (2).Although these experiments
are in their infancy, they hav e the potential to greatly
increase our understanding of the mechanisms by which
lung expansion influences lung growth and development.

Conclusions

It is clear that the physico-chemical environment of
the lung plays a vital role in regulating lung growth and
development. Beforebirth the lungs are maintained in an
expanded state by the presence of liquid within the future
airways which maintains an internal distending pressure on
the lungs.However, the replacement of this liquid with air
at birth introduces surface tension within the lung which
increases lung recoil and greatly alters the distribution of
forces within lung tissue.Although it is clear that this has a
profound affect on its physiology, it is still not clear what
affect this has on the growth and development of the lung,
particularly the immature lung of very preterm infants. Itis
important to understand how lung aeration may affect
development of the immature lung as it may contribute to
the disrupted lung development that characterises chronic
lung disease in ventilated very preterm infants.
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