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Role of the physico-chemical environment in lung development
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Summary very different physical and mechanical environment timan
_ ) ) uterg, but little is knavn of the effect that this has on lung
1. Mechanical forces, >erted on lung tissuevia  geselopment, particularly in infants born very prematurely
alterations in lung expansion, are a major determinant g§ prysical forces, particularly tissue stretch, are a major

fetal lung deelopment, haing a potent affect on the rate of yaterminant of lung delopment>8 the transition to air
cellular proliferation, the diérentiated state of AECs @Spreathing at birth must ke a major impact on lung

well as the 3-dimensional tissue structure. As a result, mu&ﬂ/elopment. Tssue stretch, via changes in lung

research is currently focussed on understanding tRgsansion, is translated into a stimulus that profoundly
molecular mechanismsvaived. _ influences cellular proliferation and fdifentiation as well
2. Although it is likely that mechanical forceseet 45 the 3-dimensional tissue structure of the termiaat g
similar influences on lung delopment after birth, the types gychange unif®. In the absence of this stretch stimulus,
of forces applied to the aiilled lung are very different and |yng growth and structural deopment ceases, which is the
more complg. For example, lung aeration causes 88 rimary mechanism for lung growth failure in human
tension to form which greatly increases lung recoil leading,se® In this reiew we will discuss the types of
to a reduction in interstitial tissue and pleural pressares physical forces that are applied to the lung during its
well as lung expansion. development, the effect tlyehaveon lung deelopment and

3. Due to the loss of the distending influence of lungyciors that translate the stretch stimulus into awgro
liquid, the chest wil assumes the role of ma'”tam'”gresponse.

resting lung wlumes after birth by acting as awternal
brace that opposes lung recofls a result, the distriliion  Forces applied to the lung before birth

of force throughout lung tissue markedly changes. ) )
4. Little is knavn of hav changing the mechanical Throughout fetal life, the lungs dgop as a fluid-

environment of the lung influences its wiopment after filled organ and tale no @rt in gas exchange, which occurs
birth, but this has important implications for understandingCross the placentarhe liquid that fills the future airays
the impact of assistedentilation on patients, particularly IS Secreted by the pulmonary epithelium aritsethe lungs
very preterm infants who are often ventilated using higRY flowing out of the trachea whereby it is eithetowed
positive ressures. or enters the arr_mlotlc séé.However, the efflux of Ilqu!d

5. Although the application of posig internal from_ the lung is re_strlcteq by the fetal upper ayw
distending pressures may in part duplicate the fetgygrtlcglquy the glottis) which promotes the retention of
environment, the effect of ag vs liquid is unknown and fluid within the fetal lung®%1° This provides a distending
high positve darway pressures are known to adsely Pressure on the lungs of 1—2mmHg at .rest. (apneic pelrlods)
affect cardiopulmonary pfsiology Understanding the role Which opposes lung recoil and maintains them in a
of mechanical forces in regulating lungvdlepment as constantly distended staiet

well as pulmonary physiology in the fetus anavhern is The mammalian fetus makes breathingvemoents
central to improving the care and management cinisf (FBM) _from early in gestation and these vaments occur
suffering respiratory failure. episodically and closely resemble postnatal breatitd).
They are centrally oganized rhythmic contractions of the
Introduction diaphragm, as well as otheredftal muscles, including the

_ _ glottic dilator muscle$?'* During FBM, the glottis

~In most mammalian species, lung vélepment ppasically dilates which lowers the resistance of the upper
begins early in embryogenesis and extends well after thgra) ajrway to liquid dfux and, as a result, liquid bess
time of birth, although the timing of birth within this the Jungs at an accelerated rate; thus, episodes of FBM are
continuum varies considerably between Specidsx g lly associated with a net loss of liquid from the
example, marsupials are born after a shqrt gestafig8 ( lungs415 However, contraction of the diaphragm opposes
days in tammar walllables) when the lung is at a very eagye |oss of lung liquid, thereby minimizing the reduction in
stage of deslopment; whereas in longer gestation speciegqyid volume during FBM episodé$. Although individual
(e.g. humansnd sheep), lung delopment mostly occurs gy cause phasic reductions in intraluminal pressure
in uteo and the lung is usu_ally in its final stage Of(between 2-10mmHg), each wement is essentially
development at the normal time of b”%_ﬁ'- It is of jsovolumetric due to the high viscosity (thus high resistance
considerable interest that birth occurs afedént stages of flow) of lung liquid compared with air and to the high

lung development in diferent species because birth grea“léompliance of the fetal chestallj the fetal chest all

alters the distribtion and types of forces imposed on lungyeforms with each diaphragmatic contraction, causing little
tissue? Thus, postnatal lung delopment occurs within a
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Control of lung development
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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 tfethegachea

and upper fetal airway The larynx povides a high resistance to the efflux of lung liquid, causing it to accumulate within
the futue arways, whit provides an internal distending @ssue on he lung of 1-2mmHgAfter birth, the loss of the dis-
tending influence of lung liquid and thesation of surface tension within the lung increases lung recoil, causing the lung to
collapse away from the chest wall. As a result,argteural pressue decreases td becmH,O below atmospheric @ssure

after birth, whereas befertrth intra-pleural pressue is smilar to ambient presser@mniotic sac pressure).

or no change in luminal olumel’ Thus, during fetal fetal lung expansion is principally maintained by the
development, the lungs are liquid-filled which acts as aimternal distension with liquid, with little contribution from
internal splint that maintains a distending pressure on thtiee chest all, intrapleural pressure is similar to ambient
lung, keeping them in arxpanded state. Although FBM (amniotic sac) pressure in the fetid® It is only after
actiities cause phasic reductions in intraluminal pressurkirth, with the loss of the distending influence of lung liquid
each meement does not increase lungpansion, but may and the increase in lung recoil, that the lung partially
cause some shear stress in the distal regions of the lung. collapses way from the chest wall, thereby generating a
negaive intra-pleural pressure and a reduction in resting
lung expansion (Figure 1§. Initially the reduction in intra-
Qleural pressure is smallicmH,0), but as the chestal
stiffens after birth and is more able to oppose lung recoil,

e intrapleural pressure decreases to values more
ommonly observed in adults§cmH,0).18

The phasic xpansion of the lung associated with

Forces applied to the lung after birth

Aeration of the lung at birth dramatically changes th
types of forces applied to lung tissue and thetdrs that
maintain resting or end-expiratory lung volumes, resultin
in a reduction in lungxgansior® At birth, the pulmonary

i | f liqui h f ai
airways must be cleared of liquid to aildhe entry of air preathing activity also markedly increases at birth, with

and the initiation of air-breathing, although a thin film of; . : :
0, - 0,
liquid must remain to protect the epithelium fromtldal volumes increasing from <1% in the fetus to 25-30%

desiccation. Thiscauses an air/liquid interface to formcnc end-expiratory lung volume in thewaeorn. Thisis due

upon the entry of air which generates surface tension .dt.he mgch lower  viscosity of ar compared with lung
increases lung recoil, despite the presence ohctarit; |qU|q, which greatly reduces the r§S|stance and the pressure
surfactant forms a phospholipid monolayer at thdigurid g.ra_duiﬂt requ;)red to me 'hz re_ltiu?_ely.:;a.rg?;‘ V?I?mes of
interface which acts to reduce surface tension. Thus, f In the newborn compared with fiquid in the Tetus.

birth, the replacement of lung liquid with air rems the  Roje of mechanical forcesin lung development
distending influence of lung liquid and causes auef

tension to form which increases lung reédilAs a result The basal degree of lungpmansion, by altering the
the lung patrtially collapses and the chestlbecomes the degree of tissue stretch, is a major determinant of fetal lung
primary factor that opposes lung recoil after birth androwth and deelopment® Increases in fetal lungpansion
maintains the kel of lung expansion (Figure 1)ndeed, as are a potent stimulus for fetal lung growth whereas
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reductions in lung »xpansion cause lung growth tothe distal respiratory units?’ As a result, the mechanisms
ceas€.81° The most commonly used experimental modehvolved (see belw) are thought to wolve mechanisms
describing the effect of increased lungpansion on fetal similar to those that regulate normal lungelepment.
lung growth is tracheal obstruction (TO), particularly in When examined much earlier in gestation, during the
fetal sheeg:®1° As the distal epithelium of the fetal lung mid-canalicular stage of ddopment, the effect of @ on
secretes lung liquid which lees the lungsvia the trachea, fetal lung growth is different to that obsed/ later in
obstruction of the fetal trachea causes the lungsparel  gestatior?”28 Although the rate of increase in lung wth
with accumulated liquid. The rate of increase in lungs slaver, due to a slwer rate of liquid accumulatioff,the
expansion is determined by the rate of liquid secretiomaximum size of the lung attained following prolonged T
which is in turn determined by a balance between thie much greate®® This is likely due to a more compliant
osmotic pressure diing lung liquid secretion and the chest vall in younger fetuses allowing greater lung
opposing intra-luminal ydrostatic pressuré. As the intra- expansior?® However, the larger lung likly interferes with
luminal pressure increases followingTthe rate of lung venous return causing w&e fetal lydrops?® similar
expansion slows until the pressure required xpaad the obserations hae been made in human fetuses with a
lung further &actly counterbalances the osmotic pressureongenital diaphragmatic hernia follmg TO at a émilar
driving lung liquid secretion (this tak (11 day in fetal stage of lung deslopment?® Importantly the induced lung
sheep¥? After this time, lung gpansion continues due to grovth is abnormal, causing a martk increase in
accelerated gwth and remodeling of the lung, until themesenciimal cell proliferation that results in a dgr
physical limitations imposed by the chestalivprevent increase in distal airway tissue voluffe.
further expansion[{/ days of TO in fetal sheep}® The Reductions in fetal lung xpansion, caused for
expanding lung causes the diaphragm verte with the example by lung liquid drainage, alsovieaa tent efect
ap« extending caudally into the abdomen; as a result, FBMn fetal lung growth, causing it to cease if the lung is totally
cause compression and napansion of the lung® Thus, deflated’?? Calculations of DM accumulation rates
the increase in fetal lungxgansion induced by @ is a demonstrate that lung DW synthesis ceases during
complex stimulus, resulting in a diérential grevth prolonged periods of lung liquid drainatfeFurthermore,
response depending on the rate of exparfSion. in other eperimental models (e.g. inhibition of FBM)

Other models that a keen used to alter thegtee which cause only partial reductions in fetal luxgansion,
of fetal lung expansion include: (1) left bronchusatign, the reduction in lung growth is proportional to the reduction
which causes\w@r-expansion of the left lung while the right in lung expansiont® Fetal lung gravth failure in humans is
lung stays at a controlvel of expansiorf2(2) lung liquid relatvely common and can occur due to a number of
drainage which deflates the lung®, (3) the sugical anomalies including congenital diaphragmatic hernia, fetal
creation of a diaphragmatic hernia which allows abdominakinesia, thoracic space ocgum lesions (e.g. tumours
contents to migrate into the chest causing lungnd cysts) as well as oligpiramnios’ the latter causes
compressiof?* and (4) the abolition of FBM which are increased fetal spinal flexion resulting in an increase in
important for maintaining end-expiratory lung volurd&s. abdominal and thoracic pressufés. The common

) mechanism by which these seemingly different anomalies

Lung expansion and lung growth cause lung hypoplasia is reduced fetal lung expatision.

During the aleolar stage of lung selopment, The wailable evidence indicates that alterations in

prolonged increases in fetal lung expansion inducege IatJung expansion he a smilar effect on lung deslopment

increase in fetal lung gwth, causing almost a doubling in gfter birth as the do before birth, although the relationship

fetal lung weight and DN and protein contertl® The is more dificult to examine. Increasem lung &pansion

lung grawvth response is time dependent and close’gdqqed .by the prolonged application of a continuous
correlates with the increase in lungpansion. Maximum qsﬂwe arway. pressure (CP.AP) h.a.been shown to
S%tlmulate lung growth after birtH. Similarly, prolonged

DNA synthesis rates occur early during the initial increa ! distensi ith f bon has beenshto
in lung expansion (at 1-2 days in fetal sheep) and ard'9 distension with pertiuorocarbon has been

32
marlkedly reduced, but are still el#ed abeoe montrol levels stimulate po;tnatal Iu_ng grqvvth anq v_e!epment,s
until the increase in lung expansion ceasedT{atlays in although the time required to induce significantvghd

. ; 20
fetal sheep); after this time lung growth continues at contrgPP€ars longer than what occimsuten following TO.

rates?® Experiments of nature, for example |aryngea]\—|eml-pneltjrr]nonectpmy IS "’ll pc;tednt St'mfltllf]s for post-natal
atresia in human fetuses, demonstrate tHatig dso a ung growth, causing accelerated gtb of the remaining

potent stimulus for fetal lung growth in humaa#lthough t|ssggt\r/1vh|ch "gsdlthoﬂ?ht tct)hbe ;x?g;stllon defp;an%fefﬁhuih_
it is currently not clear which cell types within the dista S ';. marl ></j'a etrs € distribution ? orces .\lN' '3
lung proliferate in response to increases in fetal lu Ng Ussue, leading 1o an Increase In ung recoil and a

expansion, increased proliferation of interstitial fibroblasts, duction in Iung expansion, Igng growth rates should be
endothelial cells and type-ll epithelial cellsvhakeen reduced_ after bwthAIthough, this has not beel?(aarnlned
observed® Similarly, large increases in collagen and othef” _detall, calculations of _Iung DAl accumulation rqtes
ECM components occur in proportion with the increase i'r'?d'Cate that lung growth is mastlly reduced after birth,

| X Iting | | | - pmpared with before birth, despite a much higher rate of
ung size, resulting in accelerated structural maturation \§vhole body growth after birth (Figure 2),
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AEC type and could not be attributed to type-ll AEC

6 e proliferation or to type-l AEC apoptosi®. The findings of
£ 1 £ these studies clearly indicate that cellular stretch, mediated
= 5 4 o
g 2 g via changes in lungxg@ansion, is an important determinant
= a4 Z of AEC phenotype in the fetus.
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Figure 2 Lung growth rates measured in ovine fetuses § KK o
between 114 and 138 days of gestation (closed bars) and 5§ | £ 5
. (o ‘ 100 %!
in newborn lambs (cross hatched bars) between 1 and 46 o 53 555
1696%% q
days of age. Lung growth rates wer calculated as the * RS 5
increase in wet wgght (g/day; left panel) and total DN control 10dTO 10dTO  10d TO
content (mg/day; right panel) collected from fetuses at 114 5dLLD  10d LLD

and 138 days of gestation, and lambs at 1 and 46 days

postnatal @e (1 = 5 for each age) F%ure 3. The proportions of type-I (cross hatched bars)

and type-11 (closed bars) alveolar epithelial cells (AECS).
These wex measued in contol fetuses (138 days oésta-
Lung expansion and epithelial cell differentiation tion) and in fetusesxposed to 10 days ofaitheal obstruc-
tion (TO; 10d TO), 10 days of O followed by 5 days of
The original studies examining the effect of fetal lungung liquid drminage (LLD) (10d TO/5d LLD and 10 days
expansion on lung gwth noted that prolonged increasesof TO followed by 10 days of LLOLQd TO/10d LLD. \al-
and decreases in lungmansion appeared to markedly altefues that do not shara ommon letter a sgnificantly dif-

the density of type-l and type-Il @ular epithelial cells ferent from one anotherData redrawn from Fleknoe et
(AECs)! It is now well established that alterations in fetalg| 36

lung expansion hae a pofound effect on the ddrentiated
state of AECs as determined by their morphological
appearancg=® and by the cell specific proteins the
express (e.g. suabtant associated proteins; P
Increases in fetal lungkpansion stimulate type-Il to type-
AEC trans-diferentiation, via an intermediate cell type,

resulting in a profound reduction in the number of! o s
morphologically distinct type-1l AEC®:38 The proportion birth. Haowever, it is important to note that mo# vitro
of the intermediate cell type increased transiently and aft&idies examining thefetts of mechanical forces on AEC
(10 days of D, the proportion of Type-ll AECs had differentiation hae keen conducted using AECs obtained

reduced to <2% (fromi40%) of the total number of from adult lung, indicating that the phenotype of AECs in

AECs3 Similarly, expression of the type-Il AEC specific the adult lung is influenced by mechanical fortée$.

surfactant proteins (SP-A, SP-B and SP-C) are eigk Furthermore, the static proportions of type-l and type-I
reduced by TO, as well as the number of Spressing cells residing in the lung before and after birth are
cells3543 On the other hand. botim vitro and in vivo different® In fetal sheep late in gestation, when the lung is

studies hee povided contreersial evidence suggesting r_nai_ntain_ed_in an expanded state by the retention (_)f lung
that reductions in cellular stretch can induce trandduid within the airways, type-l AECs predominate

differentiation of type-I into type-Il AEC¥:4445previously (60-65%), with only 35-40% of all AECs being of the type-

A : . |
it was considered that type-l AECs were terminall)l(I AEC phenotypé® However after birth, the increase in

differentiated, although the supportingxperimental UN9 recoil and decrease in lung expansion caused by lung
evidence predominantly related to the ability of type_peratlon is associated with a major change in the proportion
AECs to diide#647 The in vivo study that has praded ©f AEC phenotype§®  Type-ll AECs become the

evidence for type-l to type-Il AEC trans-thfentiation, predominant phenotype, increasing to 50-55% of all AECs,

demonstrated that folldng a prolonged period of C, whereas the _proportion of_ ty_pe-l AECS_ decreases to
which decreased type-Il AEC proportions % of all 45-50%° In view of these findings, it is liély that the

AECs, lung deflation caused a time dependent increasePiienotype of AECs is determined by the degree of
the proportion of type-1l AECs (Figure . This increase mechanical strain experienced by the cell, both before and

was preceded by a transient increase in the intermedisgde’ Dirth, although the specific forces experienced by
AECs are likely to be more complefter birth.

Whether or not alterations in lung expansioneha
similar effect on AEC differentiation after birth, as ythao
| 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
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Lung expansion and structural development of the lung transcription and DA synthesisvia pathways that are

_ _ _ currently not understoot$:>8
The earliest studies reporting théeet of TO on he Although it is widely considered that the local

lung clearly identified major structural changes in the dista|nthesis and release of growth factors must mediate the
airways of the lung folleing prolonged periods of ceiyjar proliferation and differentiation that is induced by
increased  lung xpansion’ Increases in fetal Iung jncreases in fetal lungcpansion, there is surprisingly little
expansion hee been shown to increase alrspacﬂum_es_ in vivo evidence to support this conceptWe rave
and_ alveolar surface area, redl_Jce tissue volum_es ywthm fh@atigated the potential role of a number offeliént
peri-alveolar region and to stimulate alveo!arlsatloq anaI’ONth factors (PDGFIGF-II, TGFB and VEGF) and only
secondary septal crest formatﬁiﬁ.o St Consistent with \EGF was found to be differentially expressed during the
these ﬂndlng_s is th_e demonstration t_hat increases in fe@bid proliferatve phase; attempts to identify second
lung expansion stimulate tropoelgst!rxpaessmrﬁz the  messenger systemsveadso been unsuccessfulThus,
synthe5|s gnd deposmon of elastin is closely assouatgg:em studies ha atempted to identify genes that are
with alveoli formation. All of these changes characterizg tyaed and suppressed in response to an increase in fetal
the normal struc_tural maturation of _the lung in late ges_tathgng expansion using differential gene analysis techniques.
and, therefore, it appears that an imposed increase in fig\yeser, these analyses are difficult and are complicated
lung expansion simply accelerates this vlepmental py  experimental artifcts and issues concerning the
process. Orthe other hand, reductions in lungpansion jqenification of diferentially expressed genes.To
reduce airspace olumes, increase parenchymal tisSUgyecome some of these problems wevéharodified the
volumes and inhibit alveoli formation as well asgynerimental animal model of left bronchus ligation which
tropoelastin repre55|on7;'53v5f4as a result, elastin depositioncayses increased expansion of the left firidsing this
W|th|n_the alveolar_walls is abnorm%.The mechanisms ‘model, expansion of the left and right fetal lungs can be
by which changes in lungansion cause these changes ifggyjated separately so that expanded and control lung
the 3-dimensional tissue structure of the terminab gissye from the same animal can be compared: this greatly
exchange l_Jmts are unknown, bL_Jt likely include alterationg,quces the identification ofle positie gnes’t We
to the major extracellular matrix (ECM) molecules thafyqgified this technique so that lung liquiddlinto and out
regulate tissue olumes (e.g. proteoglycans) and Yit® ¢ the |eft and right fetal lungs could be controlled
the structur_al scﬁfldlng_ (e.g. collagen and elastin f'bres)externally, dlowing us to separate the period of left
that determine the architecture of the lung. bronchus occlusion and increased left lung expansion (only
36h), from the time of surgery (byb days); during this
recovery period, normal flv into and out of the left and
The mechanisms by which an increase in lungght lungs was maintaineéd. This ensured that gn
expansion could be translated into awgtio response are differentially expressed genes identified were not associated
largely unknevn, although the dissery of cell-surbice With the sugical manipulation. Subtractionyhridization
receptors that bind to ECM proteins has greatlyanded was then used to isolate @frentially expressed cDN
the understanding of potential mechano-transductidfagments between left (expanded) and right (control) lung
mechanisms. & instance, the “integrin” family of trans- tissue. Thesdragments were subcloned, the clones were
membrane proteins cluster at focal adhesion sites and beptted on colon arays and clones containing
to a specific sequence (arg-gly-asp; RGD) that is comm@ifferentially expressed cDNfragments were identified by
to mary ECM protein§3. The intracellular domains of colory hybridization using labelled cDAl probes isolated
ECM receptors are mechanically letk to fibrillaractin in the subtraction analysis.Differentially epressed
bundles via a variety of gtoskeletal-associated proteinsfragments were then sequenced and identified and
(e.g. talin, vinculin, paxillin) and are closely associatederification was performed in separate groups of control
with a number of protein kinasésAs these actinundles fetuses and fetusesxmosed to prolonged periods of
form a major component of the intra-cellular structurahcreased lung expansiéf.
scafolding, it is clear that the intra-cellular andtme- Similar numbers (3072 for each) of up- andvde
cellular structural components are mechanically coupletigulated clones were screened, althoughymaore up-
via ECM receptors, to form a structural continuufthus, regulated than den-regulated clones  containing
ECM receptors are ideally located to detect mechanicdifferentially expressed fragments were identified (1288
forces within the ECM and to translate these forces infol8). Thegenes most up-galated by 36h of increased
intra-cellular chemical signa%®’. The signalling lung expansion were genes that encoded; protewsivied
pathways are less well defined, althoughytaee thought to in  protein processing (15), structural proteins (10),
include; stretch aatated ion channels, awtition of intra- signaling proteins (12), proteins volved in cellular
cellular second messenger systems and the direestanti  metabolism (3), proteinsvnolved in cell proliferation (6) as
of RNA polymerases and DA synthetic enzymesvia Well as some transcription factors (3). Genes that were
changes in nuclear shapés the structural continuum down-reggulated by 36h of increased lungxpansion
between a cell and its surrounding ECM includes thecluded genes that encoded; proteins that regulate protein
nucleus, mechanical forces that distort cell shape also altéanslation (13), proteins thatglate cellular metabolism
the shape of the nucleus, which can influence gef#), proteins imolved in cell proliferation/dferentiation

Potential mechanochemical transduction mechanisms
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(2), proteins that gulate cell structure (1) and proteins

involved in host defense (2)Although these xperiments 10.

are in their indng, they have the potential to greatly
increase our understanding of the mechanisms by which
lung expansion influences lung growth andet@pment.

Conclusions

It is clear that the physico-chemicalveéonment of
the lung plays a vital role in gelating lung growth and
development. Beforebirth the lungs are maintained in an

expanded state by the presence of liquid within the futUtJes'

airways which maintains an internal distending pressure gn
the lungs. However, the replacement of this liquid with air
at birth introduces suwate tension within the lung which
increases lung recoil and greatly alters the distion of
forces within lung tissueAlthough it is clear that this has a
profound affect on its ptsiology; it is dill not clear what
affect this has on the gnth and deelopment of the lung,
particularly the immature lung of very pretermanfs. Itis
important to understand Wwolung aeration may fct
development of the immature lung as it may contribute to
the disrupted lung arelopment that characterises chronic
lung disease in ventilated very preterm infants.
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