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La maturation des poumons 

R E S U M E  

Le developpement structure1 et fonctionnel adequat du poumon chez le foetus in utero 
est essentiel pour permettre une adaptation rapide et satisfaisante aux Cchanges gazeux 
extra-uterins, et si cette fonction est retardke ou anormale, il y a bien des chances 
qu’apparaisse une insuffisance respiratoire neonatale. 

Le developpement des poumons depend de l’interaction entre un bourgeon de 
l’endoderme a partir de l’intestin primitif et le mksoderme splanchique qu’il envahit. On 
divise habituellement le developpement des poumons chez le foetus en deux etapes, par 
exemple, chez les humains il y a une phase de sac embryonnaire (de 3-7 semaines), 
pseudoglandulaire (de 7-16 semaines), canaliculaire (de 16-24 semaines), et terminale 
(de 24 semaines au terme). La regulation du developpement de I’ontogCnie des poumons 
est une interaction complexe de multiples niveaux d’interaction du contrble molkculaire. 
Chez la Drosophile, des g h e s  contenant des domaines d’homeobox agissent comme des 
facteurs de transcription et peuvent activer de multiples g h e s  pendant le dkveloppe- 
ment, et des gitnes homologues chez les animaux d’espitces superieures, les g&nes HOX,  
ont Ct6 impliquks dans l’affectation de l’identite cellulaire dans les poumons au stade 
embryonnaire precoce. Tous les membres de la famille des myc des oncogknes cellulaires 
sont exprimes a des niveaux ClevCs dans les poumons embryonnaires, mais seuls le myc-L 
et le myc-N ont une sp6cificitC temporelle et spatiale et peuvent jouer des rbles dans la 
regulation de la mitose et de la differenciation des poumons. Les interactions entre les 
cellules de l’kpithelium et celles du mesenchyme sont importantes dans la determination 
de l’organisation spatiale et temporelle des poumons en developpement, en particulier la 
morphogen$se ces branchements dans la phase pseudoglandulaire, et ces effects peuvent 
se faire sous la mediation d’interactions directes de cellule a cellule, ou de mecanismes 
intermediaires tels que les interactions avec les composants extracellulaires de l’uterus, 
ou de cytokines et les facteurs de croissance. Les CvCnements de la maturation A la fin de 
la phase de sac canaliculaire ou au debut de la phase terminale entre 20 et 30 semaines de 
gestation, y compris la dilatation des bronchioles, l’approche des capillaires et de 
1’CpithClium et la formation des pneumocytes de type I (Cchanges gazeux) et de type I1 
(production de surfactant) sont des determinants de la survie liCe B l’gge de la gestation. 
Le surfactant est un complexe 1ipoprotCinique produit par des pneumocytes de type I1 
qui rCduit la tension de surface des voies aeriennes, et a une composition unique avec 
une teneur ClevCe en dipalmitoylphosphatidylcholine et de phosphatidylglydrol et en 
proteines spkcifiques SP-A, SP-B et SP-D. Les composants individuels sont rCgulCs 
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indkpendamment par des hormones et des facteurs de croissance comme les gluco- 
corticofdes, la thyroxine, I’EGF et le TGFb. Les facteurs qui augmentent les niveaux 
d’AMP cyclique dans les cellules des poumons du foetus comme le PGE2, acdlerent la 
maturation morphologique des poumons et augmentent la synthese du surfactant qui 
comprend la SP-AmARN et la protCine. 

La stcrttion de fluide des poumons du foetus implique un micanisme bast sur une 
secrktion d’ions de chlorure, secondairement active, et la distension de fluide dans les 
voies akriennes in utero joue un r61e dans le contrBle de la croissance des poumons du 
foetus, avec une compression des poumons et une rtduction de l’espace pour l’expansion 
du volume des poumons, aboutissant a une hypoplasie des poumons. A l’inverse, les 
augmentations de l’expansion du volume des poumons rtsultent et une hyperplasie des 
poumons. La croissance des poumons est particulikrement sensible a la sous- 
alimentation de la mere, au stress du froid chronique de la mere et aux restrictions 
alimentaires du foetus. La base moltculaire de ces processus physiopathologiques qui 
compromettent la croissance des poumons du foetus reste en grande partie inexplorke. I1 
semble que la dktermination 8 venir de la contribution de l’alimentation a la maturation 
des poumons devrait avoir une importance fondamentale, non seulement pour le 
bien-etre du foetus et du nouveau-nk, mais au-dela jusque dans l’bge adulte. 

Adequate structural and functional development of the fetal lung in utero is essential to 
allow rapid and successful adaptation of the newborn to extrauterine gas exchange and if 
this is delayed or abnormal, then neonatal respiratory insufficiency is likely. Respiratory 
distress syndrome is the consequence of failure of fetal lung maturation and in the UK 
6000 preterm infants per year suffer the severest form of the disease. The nature of 
regulation of development of this phase of lung maturation has been studied extensively 
because of the obvious clinical importance. 

However, there is increasing evidence that events in fetal life may have effects which 
extend into adulthood (Barker, 1992) and recent studies have highlighted the sensitivity 
of lung development to adverse circumstances in utero. Lung growth is particularly 
sensitive to maternal nutrition and is significantly compromised after 10-20 d of 
undernutrition during mid to late gestation in sheep (Harding, 1996). Similarly lung 
growth is reduced following chronic maternal undernutrition over the last 6 weeks of 
gestation in sheep, although this effect can be overcome by maternal cold exposure 
which also increases lamb birth weight (Symonds et al. 1996). In animal models of fetal 
malnutrition, lung growth is compromised (Rees et al. 1991) and in intrauterine-growth- 
retarded human infants, the number of terminal ducts per bronchiole is reduced (Beech 
et al. 1995). The molecular basis of these pathophysiological processes which compro- 
mise fetal lung growth remains largely unexplored and the aim of the present article is to 
review the developmental regulation of lung maturation. 

M O R P H O L O G Y  OF F E T A L  LUNG DEVELOPMENT 

Human lung development is dependent on the interaction between an endodermal bud 
from the developing foregut and the splanchnic mesoderm which it invades. The 
developmental stages are usually divided into embryonic (3-7 weeks), pseudoglandular 
(7-16 weeks), canilicular (16-24 weeks) and a terminal sac phase (24 weeks to term) 
(Hislop & Reid, 1974). 
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Embryonic phase 

During the embryonic phase, the endodermal outgrowth from the primitive oesophagus 
subdivides at about 4 weeks into two sacs forming the primitive lung buds. The lung buds 
develop lobar buds corresponding to the mature lung and by about 6-7 weeks the lobar 
buds have further subdivided to form the bronchopulmonary segments (O’Rahilly , 
1988). 

Pseudoglandular phase 

During this phase of development, from 7--16 weeks gestation, the bronchial tree 
undergoes repeated dichotomous branching resulting in sixteen to twenty-five gener- 
ations of presumptive airways. By the end of this phase all the bronchial airways have 
been formed with the bronchiolar tree ending in terminal bronchii from which three or 
four orders of respiratory bronchii originate. In turn, the respiratory bronchii end in 
terminal sacs which are the presumptive alveolar ducts (Hislop & Reid, 1974). 

Canilicular phase 

During the late canilicular phase, from 20 to 24 weeks gestation, specialization of the 
respiratory portion of the lung begins with dilatation of the terminal airways and 
differentiation of the progenitor epithelium to type I (gas exchanging) and type I1 
(surfactant producing) pneumatocytes. The progenitor epithelium is partially differen- 
tiated, expressing only some of the proteins of the fully-differentiated cell (Cossar et al. 
1993). The progression of a progenitor cell to a type I1 pneumatocyte is likely to involve 
several intermediate cell stages. Many studies have shown that type I and type I1 
pneumatocytes are developmentally related and that type I cells are derived from type I1 
(for example Hansbrough et al. 1993). 

Terminal-sac phase 

The development of the respiratory airway continues through the terminal-sac phase, 
initially with the formation of dilated saccules separated by primary septae. The next 
stages in the process of lung maturation are critically dependent on mesenchymal events, 
i.e. vascularization and elastin deposition. Elastin, as a supporting fibrous network, is 
present around major airways and lung blood vessels as early as 9-12 weeks gestation and 
extends distally along the conducting airways to the necks of the dilating saccules. Elastin 
development around terminal airways is delayed until 23-24 weeks gestation and the 
formation of foci of elastin deposition at key points around the dilating saccule is a 
critical initial event in the subdivision of the saccule and the eventual formation of 
alveolar spaces. At  about 26-27 weeks gestation and at those foci of elastin deposition 
around the dilating saccule, secondary septae containing a capillary loop begin to arise 
from the primary septae and grow into the lumen of the saccule. Further elongation and 
thinning of these secondary septae along with the development of a single capillary 
network morphologically marks the acquisition of an alveolar structure, which can be 
seen as early as 29 weeks gestation, and is usually present in all lungs by 36 weeks 
gestation. At term, alveolar numbers vary widely but human lung has on average 
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1 5 0 ~  loh alveoli, around half the adult complement. Alveolar numbers continue to 
increase through childhood until about 8 years of age (Hislop et af .  1986). 

PULMONARY SURFACTANT 

Pulmonary surfactant is a lipoprotein complex in which glycerophospholipids and several 
specific proteins interact to reduce surface tension at the air-liquid interface. Surfactant 
is synthesized by type I1 pneumatocytes which can be identified as early as 22 weeks 
gestation, although amounts of surfactant in amniotic fluid rise significantly only after 30 
weeks gestation. 

Surfactant phospholipids 

Pulmonary surfactant has a unique composition because it  contains a high proportion of 
dipalmitoylphosphatidylcholine (DPPC), >SO% of total surfactant glycerophos- 
pholipids, and in addition contains large amounts, up to lo%, of phosphatidylglycerol 
(PG). The surfactant initially synthesized by fetal lung is rich in DPPC but contains only 
small amounts of PG, although relatively large amounts of an acidic glycerophos- 
pholipid, phosphatidylinositol (PI), are present. As gestation proceeds the PG:PI ratio 
changes; in the human fetus, from 0.04 at 35 weeks gestation to 1.75 at term. The role of 
PG in surfactant function has not been clearly defined, although the wide variability of 
content in mammalian surfactant and substitution studies in animals suggests its role is 
not critical for surfactant function. The relative proportions of PG:PI synthesized by fetal 
lung may be under multi-hormonal control and glucocorticoids acting in concert with 
prolactin or insulin stimulate DPPC formation but also alter the relative rates of 
synthesis of PG and PI, resulting in surfactant rich in PG with reduced PI (Snyder et af .  
1983). 

Surfactant proteins 

Four surfactant-associated proteins, SP-A, SP-B, SP-C and SP-D, have been character- 
ized. Their potential importance in the reduction of alveolar surface tension and in 
endocytosis and re-utilization of secreted surfactant by type I1 cells has stimulated 
research into the structures of the surfactant proteins and their genes. The genes 
encoding SP-A, SP-B and SP-C are expressed in a cell-specific manner and are 
independently developmentally regulated (Gross, 1990; Mendelson & Boggaram, 1991). 

Surfactant protein SP-A 

The major surfactant-associated protein, SP-A, has multiple functions including a role in 
reduction of alveolar tension, but also acts as a mediator of endocytosis and re-utilization 
of secreted surfactant by binding to high-affinity receptors on type I1 cells. This may in 
turn act in a negative feedback manner to regulate surfactant synthesis and secretion. In 
addition, SP-A may, in concert with Ca and the hydrophobic surfactant proteins SP-B 
and SP-C, assist in the conversion of the physical state of surfactant from the secreted 
lamellar body to that of tubular myelin (for example Ryan et al. 1989). The expression of 
the SP-A gene is developmentally regulated and, in general, reflects the appearance and 
increasing function of type I1 pneumatocytes. SP-A protein is modified post- 
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translationally by glycosylation, and as this increases with gestational age it is reflected in 
an apparent increase in molecular weight of SP-A; the functional consequences of this 
are not clear (Torday et al. 1981; Snyder et al. 1988). SP-A gene expression is exclusively 
localized to lung; immunohistochemical methods localize the protein to type I1 cells, 
non-ciliated bronchiolar cells and alveolar macrophages, whereas in situ hybridization 
techniques to detect SP-A mRNA suggest that the main site of mRNA production in late 
gestation is only the type I1 pneumatocyte. The appearance of SP-A protein, but not 
mRNA, in cell types other than type I1 pneumatocytes is likely to reflect secondary 
uptake of secreted surfactant, although a synthetic role for bronchial cells in earlier 
gestation has not been excluded (for example Endo & Oka, 1991). 

Surfactant proteins SP-B, SP-C and SP-D 

The two smaller hydrophobic proteins SP-B (7-8 kDa) and SP-C (4-5 kDa) have 
important functions in reducing surface tension and promoting the conversion of lamellar 
to tubular myelin. The expression of genes encoding SP-B and SP-C occurs at an earlier 
stage of development than SP-A, as early as 13 weeks, and thereafter increases with 
gestation. SP-B mRNA has been detected in type I1 pneumatocytes and bronchiolar cells 
(Pilot-Matias et al. 1989). The distribution of gene expression may change with 
development, as SP-C mRNA is found in all epithelial cells before the appearance of 
type I1 pneumatocytes, but the function of this protein in early fetal lung is unknown (for 
example Wohlford-Lenane et al. 1992). SP-D is synthesized by type I1 pneumatocytes 
and non-ciliated bronchiolar cells and in rats, lung and amniotic levels increase before 
birth. 

DEVELOPMENTAL G E N E  EXPRESSION 

Foregut endoderm provides the common embryological precursor €or the diversity of cell 
types which are spatially organized throughout the epithelium of the tracheobronchial 
tree. How this controlled developmental organization of cell types is achieved is poorly 
understood. However, it is likely that both in endoderm and mesoderm major changes 
occur in the expression of a few key developmental genes, which in turn influence the 
expression of many other genes whose ultimate protein products determine the 
specialized cell phenotype. 

Hox genes 

In Drosophila, homeotic genes whose protein products contain a highly conserved sixty 
amino acid domain known as the homeobox are thought to be involved in the assignment 
of cellular identity. Genes containing homeobox domains act as transcription factors and 
can activate multiple genes during development. The mammalian equivalents of the 
Drosophila homeotic genes are thought to play a similar role in the development of lung, 
and homologous genes in higher animals are arranged in four gene clusters or Hox loci 
(Graham et al. 1989). In lung, specific genes from the four gene clusters are expressed in 
the mesenchyme of the embryonic lung in a highly conserved sequence as the 
bronchopulmonary tree develops (Gaunt et al. 1989). For example, Hox 1.4 and 2.6 
mRNA levels increase with gestation in murine embryo lung at a time of maximal 
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branching morphogenesis; however, when Hox 1.4 gene is overexpressed in transgenic 
mice, no morphological abnormalities are observed (Wolgemuth et al. 1989). Further 
investigation is required to delineate the role of Hox  gene products in early lung 
development. 

N-myc genes 

All members of the myc family of cellular oncogenes are expressed in high levels in the 
embryo but only L-myc and N-myc have temporal and spatial specificity. The pattern of 
expression in the embryo suggests that N-myc expression may correlate more clearly with 
differentiation than with the control of mitosis, as N-myc mRNA decreases with 
gestation and is confined to proximal airways in late embryos (for example Hirning et al. 
1991). In homozygous transgenic mice with mutations in the N-myc locus, abnormalities 
are confined to developing airways with defects in branching morphogenesis (Moens 
et al. 1992). A similar but more severe pattern of abnormality is seen in transgenic mice 
with null mutations at the N-myc locus (Sawai et al. 1993). 

wnt genes 

The wnt family of genes encodes at least eleven proteins which have been implicated in 
intercellular communications during development and may be involved in pattern 
formation (Gavin et al. 1990). Many of the wnt gene products are expressed in lung and 
wnt-2 mRNA has been detected in fetal lung fibroblasts. The expression of wnt-2 gene is 
down-regulated by basic fibroblast growth factor (FGF) and epidermal growth factor 
(EGF) (Levay-Young & Navre, 1992). 

EPITHELIAL-MESENCHYMAL INTERACTIONS I N  LUNG MATURATION 

Interactions between epithelial and mesenchymal cells are important in determining 
spatial and temporal organization in developing organs and these effects may be 
mediated through direct cell-cell interactions or through intermediate mechanisms such 
as interactions with the extracellular matrix components or through cytokines and 
growth factors. 

Extracellular matrix components 

Laminin is a glycoprotein localized primarily in the basement membrane and is present 
through all stages of development (Wu et al. 1983). Anti-laminin antibodies inhibit 
branching morphogenesis, with specificity localized to specific domains within the 
laminin molecule (Schuger et al. 1991). Fibronectin functions as a cell adhesive 
glycoprotein during development but is also increased in response to lung injury (for 
example Vartio et al. 1987) and may also have chemotactic functions. Fibronectin is 
likely to play a role in branching morphogenesis and is localized to areas of airway 
bifurcation (Roman & McDonald, 1992). 

Cell-cell and cell-extracellular matrix receptors 

Integrins are cell-surface glycoproteins which act as matrix receptors and interact 
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intracellularly with cytoskeleton proteins. The p l  subfamily includes receptors for 
laminin, fibronectin and collagen (Albelda & Buck, 1990). The distribution of two 
members of this p l  subfamily in mouse lung have specific localizations during mouse lung 
development, with one member of this family, VLAS, localized to smooth muscle in 
developing bronchioles and another, VLA3, to the apical and lateral surfaces of 
epithelial cells, suggesting a function in cell-cell adhesion (Roman & McDonald, 1992). 
Cadherins are cell-cell adhesion glycoproteins with sub-classes E-, P- and N-cadherins. 
Expression of E-cadherin is confined to epithelial cells and P-cadherin to epithelial and 
non-epithelial cells. In vitro lung development is disrupted and there is abnormal 
morphogenesis in the presence of antibodies to E- and P-cadherins, suggesting a role for 
cadherins in cell-cell interactions in lung maturation (for example Hiria et al. 1989). 
Syndecans are a family of cell-surface glycoproteins whose structure and cellular 
distribution changes with mouse lung development, with a reduction in molecular size 
and down-regulation of expression in terminally differentiating alveolar epithelium 
(Brauker et al. 1991). 

G R O W T H  FACTORS A N D  LUNG DEVELOPMENT 

Growth factors contribute not only to the control of mitosis in the developing lung but 
some act as mediators of differentiation. A growth factor is produced locally within a 
tissue and may act on the cell in which it was produced (autocrine) or on neighbouring 
cells (paracrine). The synthesis of a growth factor may be regulated by other growth 
factors or hormones and in turn the effect of a growth factor on a cell may depend on 
interactions with yet other growth factors and hormones. 

Fibroblast-pneumocyte fnctor (FPF) 

FPF stimulates surfactant production and SP-A expression in type I1 pneumatocytes 
(Smith, 1979). FPF production is positively regulated by corticosteroids and negatively 
by transforming growth factor (TGF)-p. Dihydrotestosterone interferes with the pro- 
gression of lung development by delaying the appearance of FPF in developing lung. 

Prostaglandins 

Lung primordium is a self-differentiating system in vitro. In organ culture from human 
fetuses, as early as 12 weeks gestation, the epithelium differentiates into type I1 
pneumatocytes containing lamellar bodies of surfactant. In addition, terminal airspaces 
dilate and the epithelial lining cells flatten to type I pneumatocytes. These morphological 
changes, together with the evidence that surfactant is synthesized, confirm that 
accelerated development has occurred, with the morphological appearance of a 26-week 
gestation lung (Cossar et al. 1993). These changes occur in sera-free media in the absence 
of exogenous hormones or growth factors, suggesting the presence of endogenous 
regulatory factors. Prostaglandins are produced in substantial amounts by human fetal 
lung in culture (Hume et al. 1991), possibly as a result of oxidative and mechanical 
stresses (Hume et al. 1993). Tndomethacin inhibits endogenous prostaglandin produc- 
tion, the process of accelerated self-development and the spontaneous induction of SP-A 
gene expression. Addition of exogenous prostaglandin E2 reverses the indomethacin 
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inhibition on morphological development and SP-A expression (Accaregui et al. 1990; 
Ballard et al. 1991; Hume et al. 1991). 

Epidermal growth factor 

EGF accelerates fetal lung budding and growth (Yasui et al. 1993). EGF also accelerates 
maturation of type I1 pneumatocytes, with the earlier appearance of phospholipid 
surfactant as well as increases in SP-A mRNA and protein, with lung maturation 
retarded in the presence of anti-EGF antibodies. Androgens, both in vivo and in vitro, 
inhibit lung maturation, and it is proposed that part of their mechanism of action is to 
delay the appearance of EGF receptors in fetal lung (Klein & Nielsen, 1993). 

Transforming growth factor-a 

TGF-a, a member of the EGF family, is a potent mitogen for several cell lines and acts 
via the receptor. In developing mid-gestation human fetal lung, TGF-a is found in all 
epithelial cells, but particularly in bronchiolar cells, suggesting a role in distal airway 
formation. Consistent with this proposal, ontogenic studies in fetal rat lung have shown 
that highest levels of TGF-a protein and mRNA are found in canilicular lung at a time of 
distal airway remodelling (for example Strandjord et al. 1993). 

Bom b esin 

Fetal pulmonary neuroendocrine cells contain substantial amounts of bombesin-like 
peptides. Bombesin increases growth and maturation of mouse lung both in vivo and 
in vitro with increased production of surfactant and SP-A protein, effects antagonized by 
anti-bombesin receptor antibodies. Bombesin-like peptides are hydrolysed by a specific 
neutral endopeptidase expressed in bronchial epithelium and it is suggested that 
expression of this protease in turn controls the bioavailability of bombesin-like peptides 
(King et al. 1993). In studies using monoclonal anti-bombesin antibodies to inhibit 
bombesin-like peptide action, there is an increase in the number of lung EGF receptors, 
suggesting an inter-relationship exists between these growth factors which have similar 
effects on developing lung (Sunday et al. 1993). 

Transforming growth factor-@ 

TGF-@ inhibits the production of SP-A from type I1 pneumatocytes in human fetal lung. 
The localization of epithelial and mesenchymal TGF-P changes with development and 
parallels alterations in matrix proteins and glycosaminog1ycans, suggesting that TGF-p 
may have a role in the control of branching morphogenesis (Whitsett et al. 19876; Heine 
et al. 1990). Spatial and temporal patterns of expression of the isoforms of TGF-P 
(TGF-P1, -p2 and $3) in human embryonic lung are distinct and may play different roles 
during lung morphogenesis (Gatherer, 1990). TGF-P1 has a role in regulating lung 
elastin production by increasing levels of soluble elastin mRNA, with developing lung 
most responsive to TGF-PI (McGowan, 1992). 

Insulin-like growth factors (IGF) 

IGF are developmentally regulated, with IGF-I1 expression occurring primarily during 
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fetal and IGF-I during postnatal development (Davenport et al. 1987). IGF-I and IGF-I1 
bind to a large family of IGF-binding proteins (IGFBP) which may regulate the activity 
of IGF (Wood et al. 1992). Studies of IGFBP 2 expression show that this predominates 
during fetal development and as IGF-I1 protein co-localizes with IGFBP 2 mRNA, 
suggest that IGF-I1 is synthesized by the mesenchyme but acts on epithelial cells during 
lung development (Klempt et al. 1992). Changes in pulmonary cell division and IGF-I1 
gene expression have been observed following changes in fetal lung liquid (Hooper et al. 
1993). 

Fibroblast growth factors (FGF) 

FGF, acidic (aFGF) and basic (bFGF) have potential roles in morphogenic control. The 
cellular responses of FGF are mediated by a family of specific receptors for tyrosine 
kinases (Gospodarowicz, 1990) and two FGF receptors (FGFR), FGFRl and FGFR2, 
show developmental and spatial differences (Peters et al. 1992), but the functional 
significance of this is not known. It is possible that bFGF is involved in the control of lung 
proliferation during development as adult pulmonary type I1 cells respond with 
proliferation (Leslie et al. 1990). 

H O R M O N A L  R E G U L A T I O N  AND LUNG DEVELOPMENT 

Hormonal control of lung maturation allows synchronization with key developmental 
processes in other fetal organs. The effects of a hormone on a target cell may be 
modulated by interactions with other hormones and growth factors. 

Glucocorticoids 

Since Liggins (1969) showed that glucocorticoid administration to fetal lambs in utero 
reduced the incidence of respiratory distress, many studies have shown that gluco- 
corticoids accelerate the morphological and biochemical maturation of the lung and this 
effect is further augmented by agents that increase intracellular cyclic AMP (Mendelson 
& Boggaram, 1991). Nucleotide sequences corresponding to glucocorticoid-responsive 
elements have been identified from the gene sequences of SP-A, SP-B and SP-C (for 
example Mendelson et al. 1991). The effects of glucocorticoids on fetal lung are time and 
species specific (Odom et al. 1988). In contrast to the complex effects on SP-A gene 
expression, glucocorticoids stimulate increases in the levels of SP-B and SP-C mRNA in 
a dose-dependent manner (Mendelson & Boggaram, 1991). 

P-Adrenergic receptor agonists 

Catecholamines bind to P-adrenergic receptors on type I1 pneumatocytes and raise 
intracellular cAMP levels. P-Adrenergic-receptor numbers on type I1 pneumatocytes 
increase with gestational age. In addition, it has been suggested that the P-adrenergic 
receptor numbers can be further increased by administration of corticosteroids, although 
more recent studies in human fetal lung have shown down-regulation of receptors (for 
example Odom et al. 1987). Factors which increase intracellular cAMP levels in fetal 
lung cells accelerate the morphological maturation of lung and increase the synthesis of 
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surfactant, including the SP-A mRNA and protein components (Whitsett et al. 1 9 8 7 ~ ) .  
In contrast to the marked stimulatory effect of CAMP on SP-A, only modest increases 
are seen in SP-B and SP-C mRNA levels in human lung but without a concomitant rise in 
the corresponding protein levels. Consensus CAMP-dependent responsive elements have 
been identified on SP-A, -B and -C genes (Gross, 1990; Mendelson & Boggaram, 1991). 

Thyroid hormones 
Triiodothyronine (T3) and thyroxine (T4) enhance fetal lung surfactant phospholipid 
production, particularly DPPC, both in vivo and in vitro, but do not appear to increase 
surfactant proteins SP-A, SP-B or SP-C (for example Lilly et QZ. 1989). Since neither 
thyroid hormones nor thyroid-stimulating hormone crosses the human placenta, 
thyrotropin-releasing hormone (TRH) has been used as a means of elevating fetal T3. 
TRH increases DPPC in rabbits and lambs and when combined with glucocorticoids, but 
not alone, increases lung distensibility. In human and animal in vitro and in vivo studies, 
glucocorticoids and T3 synergistically increase DPPC synthesis but T3 does not increase 
the glucocorticoid induction of surfactant protein synthesis and antagonism exists for 
other key developmental changes such as the glucocorticoid stimulation of glycogenolysis 
and fatty acid synthase (EC 2.3.1.85) activity in fetal lung (Nichols et al. 1990). 

Prolactin 
The balance of evidence from human and animal studies suggests a role for prolactin in 
lung development. In human lung cultures, prolactin enhances glucocorticoid stimu- 
lation of DPPC synthesis and surfactant secretion (Mendelson et al. 1981). Fetal plasma 
prolactin levels increase before the change in 1ecithin:sphingomyelin (L:S) and there is a 
negative correlation between cord plasma prolactin levels and respiratory distress 
syndrome (Gluckman et al. 1978). In lambs the combination of glucocorticoids, T3 and 
prolactin increases lung distensibility and this may be an important maturation effect 
(Schellenberg et al. 1988). 

Insulin 
Infants of diabetic mothers have an increased incidence of respiratory distress syndrome 
often with normal L:S values in amniotic fluid but with reduced or absent PG. The 
balance of evidence suggests insulin has no direct effect on PG synthesis, but instead is 
inhibitory to the synthesis of surfactant protein SP-A in human fetal lung (Snyder et al. 
1988). In human fetal lung in organ culture, insulin reduces SP-A synthesis in a 
dose-dependent manner and when combined with glucocorticoid has a synergistic effect 
to further reduce SP-A levels. Phospholipid surfactant synthesis under these conditions is 
increased and it is suggested that the effect of fetal hyperinsulinaemia in diabetic 
pregnancies is to produce a surfactant with reduced SP-A content. Insulin at higher 
concentrations inhibits the production of SP-B but has no effect on SP-C (Dekowski & 
Snyder, 1992). In addition to hyperinsulinaemia, infants of diabetic mothers may have 
raised levels of a-aminobutyric acid, which in rat lung in vitro inhibits the formation of 
SP-A but not SP-B (Nichols e f  al. 1990). 

Androgens, oestrogens and fetal sex 
Clinical observations suggest that male lung development lags behind females by 1-2 
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weeks, with a corresponding increase in respiratory distress syndrome. Androgens delay 
human lung maturation in vitro and the appearance of phospholipid surfactant. 
Dihydrotestosterone inhibits the dexamethasone-stimulated formation of surfactant 
phospholipid. A number of mechanisms of action of dihydrotestosterone have been 
proposed, including inhibition of FPF synthesis (see growth factors) and delaying the 
appearance of epithelial EGF receptors during fetal lung development (Torday, 1990; 
Klein & Nielsen, 1993). Oestrogens significantly increase phospholipid synthesis when 
administered to fetal rabbits and also increase surfactant proteins SP-A and SP-B but 
decrease amounts of SP-C, with inconsistent effects in other species and preparations 
(for example Connelly et al. 1991). 

FETAL LUNG SECRETION 

Fetal lung secretion involves a mechanism based on secondary active C1- secretion, and 
airway fluid distension in utero has a role in the control of fetal lung growth (Olver, 
1994). The developing lung is compressed in diaphragmatic hernia and oligohydramnios 
syndromes, and this reduction in space for lung volume expansion results in lung 
hypoplasia (Wigglesworth & Desai, 1981). Lung compression markedly reduces lung cell 
proliferation and, in parallel, reduces the DNA content per unit dry mass, with a 
reduction in acini formed in early gestation or, if the compression is later, the number of 
alveoli present (Moessinger et al. 1986). Increasing lung volume expansion, as occurs in 
laryngeal artesia or experimentally in fetal tracheal ligation, results in lung hyperplasia 
and conversely lung liquid drainage results in reduced growth (Hooper er al. 1993). The 
effects of changes in lung volume on fetal lung maturation are less pronounced and may 
only become obvious if the mitotic activity of the fetal lung has been severely 
compromised during the canilicular phase. There appears to be no correlation between 
fetal breathing movements and lung growth. In addition, lung fluid secretion rate is not 
influenced by fetal breathing movements and the volume changes between periods of 
apnoea and breathing are so small that it is unlikely that fetal breathing influences lung 
growth through changes in lung fluid secretion or volume (Harding et al. 1986). The 
transition from intrauterine placental to pulmonary gas exchange requires a switch from 
lung secretion to absorption of lung liquid. Adrenaline and, to a lesser extent, 
vasopressin activate CAMP-dependent pathways that increase Na+ absorption in the 
apical membranes of type I1 pneumatocytes (for review, see Olver, 1994). 

CONCLUSION 

The developmental regulation of lung ontogeny is a complex interaction of multiple and 
interacting levels of molecular control. The critical role of nutrient supply to this 
developmental process has only begun to be appreciated. The further delineation of the 
nutritional contribution to lung maturation is likely to be of fundamental importance not 
only to the well-being of the fetus and infant but beyond into adulthood. 
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