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“The organ of respiration is the lung. This derives its motion
fromthe heart; butitis its own large size and spongy texture
that affords amplitude of space for entrance of the breath.
For when the lung rises up the breath streams in, and is
again expelled when the lung collapses. It has been said
that the lung exists as a provision to meet the jumping of the
heart. But this is out of the question. For man is practically
the only animal whose heart presents this phenomenon of
jumping, inasmuch as he alone is influenced by hope and
anticipation of the future”

Written 350 B.C. by Aristoteles, On the Parts of Animals, Book 3, Chapter
6, translated by William Ogle

Aan Dennis en mijn ouders
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CHAPTER 1

OLECULAR MECHANISMS OF LUNG
DEVELOPMENT AND LUNG BRANCHING
MORPHOGENESIS

General introduction

Based on:

Minke van Tuyl and Martin Post". From fruitflies to mammals: mechanisms
of signaling via the Sonic hedgehog pathway in lung development.
Respiratory Research 2000, 1:30-35

Minke van Tuyl and Martin Post’. Molecular Mechanisms of Lung
Development and Lung Branching Morphogenesis. In: Fetal and Neonatal
Physiology 3™ edition. Eds: R.A. Polin, W.W. Fox, and S.H. Abman. Saunders,
Philadelphia, Harcourt Health Sciences 2004, 812-821

“The Canadian Institutes of Health Research (CIHR) Group in Lung Development, Hospital
for Sick Children Research Institute, Departments of Pediatrics and Physiology, University of
Toronto, Toronto, ON, Canada
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INTRODUCTION

INTRODUCTION

Lung development can be subdivided into five distinct stages (Table 1) (1, 2). The early
stages of lung development comprise the embryonic and pseudoglandular periods, after
which the prospective conductive airways have been formed, and the acinar limits can
be recognized. During the pseudoglandular period, the primitive airway epithelium starts
to differentiate. Neuroendocrine, ciliated, and goblet cells appear, whereas cartilage and
smooth muscle cells emerge from the mesenchyme.In the subsequent canalicular period,
the airway branching pattern is completed,and the prospective gas exchange region starts
to develop. During this period, respiratory bronchioli appear, interstitial tissue decreases,
vascularization of peripheral mesenchyme increases, and distal cuboidal epithelium
differentiates into type | and type Il cells. In the saccular (terminal sac) period, the growth
of the pulmonary parenchyma, thinning of the connective tissue between the air spaces,
and maturation of the surfactant system are the most important steps towards ex utero
life. Although already functional, the lung is structurally still in an immature condition at
birth.The airspaces present are smooth-walled transitory ducts and saccules with primitive
septa that are thick and contain a double capillary network. During the alveolar period,
alveoli are formed through a septation process that greatly increases the gas exchange
surface area, and the capillaries fuse to form a single layer. A hallmark throughout lung
development is the signaling between the epithelial and mesenchymal tissue layers. The
combination and concentration of signals, depending on position and time in gestation,
determine lung morphogenesis (branching, growth, and differentiation). Since the 1980s,
molecular studies of lung development have started to shed light on the complex series
of events that control proper formation of the lung. In this chapter we summarize the
current thoughts on the molecular mechanisms that determine lung pattern formation.
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Table 1: Stages of lung development

Gestational age

airsacs, thinning of
interalveolar septa, and
fusion of the capillary bed
to a single layered network

Human Mouse . Epithelial differentiation
Stage Main events
(wk) (d) state
Embryonic 3.5-7 9.5-14.2 Formation of lung bud, Undifferentiated columnar
trachea, left and right epithelium
primary bronchus, and
major airways
Pseudoglandular 5-17 14.2-16.6 Establishment of the Proximal: columnar
bronchial tree; all preacinar  epithelium; ciliated,
bronchi are formed nonciliated, basal,
neuroendocrine cells
Distal: cuboidal epithelium;
precursor type Il cells
Canalicular 16-26 16.6-17.4 Formation of the Proximal: columnar
prospective pulmonary epithelium; ciliated,
acinus, increase of capillary  nonciliated, basal,
bed neuroendocrine cells
Distal: differentiation of
cuboid type Il to squamous
type | cells
Saccular 24-38 17.4-5 Formation of saccules, Proximal: columnar
postnatal alveolar ducts,and alveolar  epithelium;ciliated,
airsacs nonciliated, Clara, basal,
neuroendocrine cells
Distal: type | cells flatten
and type Il cells mature
Alveolar 36-2y 5-30 Formation of alveoli by Proximal: columnar
postnatal postnatal septation of alveolar epithelium; ciliated,

nonciliated, Clara, basal,
neuroendocrine cells

Distal: mature type | and
Il cells




INTRODUCTION

EARLY LUNG DEVELOPMENT

Lung development begins as an endodermal outgrowth of the ventral foregut around the
fourth week of human development.This foregut mass rapidly elongates into a single tube
dividing into a dorsal esophagus and a ventral trachea that, in turn, bifurcates into a right
and a left primary lung bud.This process is modified in the mouse, in which the respiratory
system develops from paired endodermal buds in the ventral half of the primitive
foregut, just anterior to the developing stomach at 9.5 days of gestation (1, 2). The two
buds elongate in a posterior-ventral direction. At the same time, starting at the primary
branch point, the single gut tube begins to pinch into two tubes, the dorsal esophagus
and ventral trachea. In human, the left lung bud will give rise to two main stem bronchi,
whereas the right lung bud gives rise to three mainstem bronchi. In the mouse, the right
lung characteristically has four stem bronchi, whereas the left lung consists of one stem
bronchus. The main bronchi branch and rebranch in a dichotomous manner, a process
called branching morphogenesis, and they eventually form the airway tree. Endoderm-
derived epithelial cells line the airways, whereas the surrounding mesenchyme provides
the elastic tissue, smooth muscle, cartilage, vascular system, and other connective tissues.
The formation of the bronchial tree is finished at 16 days of gestation in the mouse and at
16 weeks of gestation in humans. At this stage of development, the tracheobronchial tree
from the trachea to the terminal bronchioles resembles a system of branching tubules
that terminate in exocrine gland-like structures.

MOLECULAR BASIS OF LUNG BUD AND LOBE FORMATION

The outgrowth of the ventral foregut, the formation of the trachea, and the outgrowth of
the main pulmonary bronchi take place during the embryonic period of lung development.
The crucial event at this stage is the initiation of lung formation at the right place along the
anterior-posterior axis of the foregut.What determines the position of the lung, anterior of
abdominal organs but posterior to the thyroid (all of which are derived from the foregut)?
Genetic studies have implicated several transcription factors and morphogens, including
peptide growth factors and their cognate receptors, in specifying the morphogenetic
progenitor field of the lung along the foregut axis (Fig. 1) (3-6).

Hepatocyte nuclear factor-3[3

One important transcription factor in this process is hepatocyte nuclear factor-3 (Hnf3p)
(7). Hnf3B belongs to the winged helix/forkhead family, which has been renamed the
Forkhead Box (Fox) family (8). Hnf3f3 (Foxa2) is expressed in ventral foregut endoderm
before and immediately at the start of lung bud formation (9-11). Targeted ablation of
Foxa2 in mice leads to embryonic death between E6.5 and E9.5, which is before lung
formation (12, 13).However, chimeras rescued for the embryonic-extraembryonic lethality
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showed that Foxa2 was essential for foregut and lung formation (14). In the lung, Foxa2
is expressed in epithelial cells from the onset of lung development, and continues to be
expressed in bronchiolar-alveolar type Il cells after birth (10, 11). Overexpression of Foxa2
in distal pulmonary epithelial cells using the human surfactant protein C (SP-C) promoter
arrested lung development in the pseudoglandular stage, and markedly disrupted
branching morphogenesis and vasculogenesis (15).

foregut esophagus

ﬁ?‘ ﬁ trachea

' lung bud .

Outgrowth of foregut Formation of primary bronchi Branching morphogenesis Alveolarization

Foxa2 Fgf10 Shh/Gli2 PdgfA
Gli2/Gli3 Fgfr-1lib RA/RAR Pdgfroe

Hox RA

Ttf-1 RAR/RXR

Gata-6 Fgfr3/4

N-myc Ttf-1

Fgf (1,7,9,10)
Tgfp (1.3)

Wnt/B-catenin

Figure 1. Transcription and growth factors regulating lung development (drawings represent human lungs, which

consist of two lobes on the left and three lobes on the right side). See text for details.

Fibroblast growth factors

Fibroblast growth factor-10 (Fgf10) is a member of the large family of Fgfs that are involved
in multiple processes during embryonic development (16-18). In the murine lung, Fgf10
mMRNA is dynamically expressed in the distal mesenchyme adjacent to the primitive lung
buds (19). The importance of Fgf10 for lung development was shown in Fgf10-deficient
mice that die at birth as a result of severe respiratory failure (20, 21). The Fgf10-deficient
mice exhibit complete lung agenesis (i.e.,, lung development had stopped after the
formation of the trachea) (20, 21). Fgfs bind to and signal via Fgf tyrosine kinase receptors
(Fgfr) (16,17,22).The Fgf10 receptor (Fgfr2-llb), a Fgfr2 splice variant, is expressed in lung
bud epithelium (23). The appositional expression of Fgf10 and Fgfr2-lllb is in line with

6



INTRODUCTION

the dependence of lung patterning on mesenchymal-epithelial interactions (23).Fgfr2b is
capable of binding Fgf1 and Fgf7, which have also been implicated in lung development
(16,19,24).Because a targeted mutation of Fgfr2 resultsin an early lethal phenotype owing
to placental insufficiency (25, 26), Fgfr2”- chimeras were created to overcome this early
lethality and allow lung development to be analyzed (23). As in Fgf10-deficient mice, only
a trachea was formed without any further pulmonary branching (23). Similarly, transgenic
mice that overexpress a (soluble) dominant negative Fgfr2-lllb splice variant in distal lung
epithelium using the mouse metallothionein promoter,showed a severe pulmonary defect
with only the formation of a rudimentary trachea and two main bronchi, but without any
lateral branches (27, 28). Moreover, cre-mediated excision to generate mice lacking the lllb
form of Fgfr2, while retaining expression of the llic splice form, resulted in mice that had
no lungs and died at birth (29). Taken together, these data indicate that Fgf10 signaling
via Fgfr2-lllb plays a crucial role in the initiation of lung bud formation (Fig. 1). The “no
lung” phenotype as a result of inhibited Fgf10 signaling shows a striking similarity to a
phenotype resulting from the loss of function of either Branchless (bnl) or Breathless (btl) in
Drosophila.Bnlencodes an Fgf homologue that functions as a ligand for bt/,which encodes
a Drosophila homologue of Fgfr. Loss of function of either bnl or bt/ prevented tracheal
branching in the fly (30, 31). Drosophila Sprouty (Spry) is an antagonist of Fgfr signaling
during tracheal morphogenesis (32, 33). In murine lung development, Spry-1 and -2 are
expressed in distal epithelium, whereas Spry-4 is expressed in both distal epithelium and
mesenchyme (34, 35).Indeed, overexpression of Spry-2 or Spry-4 in distal lung epithelium
caused lung hypoplasia and decreased branching morphogenesis (35, 36). Epithelial
overexpression of Spry-4 increased Fgf10 mRNA in the mesenchyme (36), whereas
exogenous Fgf10 increased branching morphogenesis and upregulated Spry-2 mRNA
in pulmonary mesenchyme in vitro (35). Similarly, antisense oligonucleotide-targeted
inhibition of Fgf10 reduced Spry-2 mRNA and decreased branching morphogenesis (35).
These results indicate that Spry negatively regulates branching morphogenesis, whereas
Fgf and Spry reciprocally increase each other’s expression, thereby creating a balanced
regulatory loop.

Sonic hedgehog signaling

Sonic hedgehog (Shh) is a secreted signaling molecule and is a mammalian homologue of
Drosophila Hh involved in many fundamental processes during embryonic development
(37).Shh is expressed in early pulmonary epithelium, with highest gene expression at the
tips of developing lung branches (38). Shh signals via the mesenchymal-located patched
(Ptc) receptor, a finding suggesting a signaling loop between pulmonary epithelium and
mesenchyme during lung development (38).The importance of Shh for lung development
was shown when the Shh gene was genetically ablated. The Shh null mutant dies at birth
with a lung bud consisting of only one lobe on each side of the trachea (39, 40). Thus,
in contrast to the Fgf10 null mutant, the initiation of lung formation does occur in Shh
null mutants, but they have an incorrect number of lung lobes and a subsequent failure
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of branching morphogenesis (39, 40). The mesenchyme was the primary target of Shh
deficiency, showing decreased cell proliferation and increased cell death in the absence of
Shh (39).Smooth muscle actin,normally surrounding the conducting epitheliumin control
lungs, was absent in E18.5 Shh null mutant lungs (40). Epithelial specific genes like Foxa2,
Ttf-1,and Fgfr2 were expressed normally in the Shh null mutant lung (39, 40). The effect of
Shh on pulmonary mesenchyme was also demonstrated when Shh was overexpressed in
distal lung epithelium using the surfactant protein (SP)-C promoter (38).Overexpression of
Shh resulted in smaller lungs at birth that lacked alveoli but had an increased proportion
of mesenchymal mass. Further analysis revealed an increased number of proliferating
cells in the mesenchyme of the transgenic lungs (38). An important mechanism in Hh
signaling is the regulation by Hedgehog interacting protein-1 (Hip1) (41). Hip1 encodes
a membrane-bound protein that directly binds all mammalian Hh proteins and is like Ptc
transcriptionally activated in response to Hh signaling (41).In the lung, Hip1 is expressed
in the mesenchyme, and Hip1-deficient lungs show defective branching morphogenesis
with normal proximal-distal epithelial differentiation (42).In Hip1 mutant lungs, Shh was
upregulated, whereas Fgf10 was almost completely absent, which most likely is the cause
of the lack of secondary bud formation (42).

All together, these results support a role for Shh/Hip1 in epithelial-mesenchymal signaling
during early lung formation. The interaction between Shh and Fgf10 is complicated and
not well characterized (43). The lung phenotypes for both null mutants are different is
the sense that Fgf10 null mutants do not form anything after the trachea, whereas Shh
null mutants do progress towards the formation of two hypoplastic lung buds, indicating
that in very early bud formation, the two pathways function independently of each other
(20, 21, 39, 40). Also, mesenchymal Fgf10 expression was not different in Shh null mutant
lungs (39), although another study did find a change in Fgf10 mRNA expression (40), and
moreover, Fgf10 mRNA was upregulated in lungs that overexpress Shh (38). In wild-type
lungs, Fgf10 mRNA is highly localized to patches of mesenchyme at a distance from the
lung epithelium. However, in Shh-deficient lungs, Fgf10 mRNA was broadly expressed in
the mesenchyme immediately adjacent to the epithelium (40). All together, these data
provide evidence that Shh negatively requlates Fgf10 expression, which creates a paradox
because both factors are essential for lung development. A model was proposed by
Lebeche and co-workers and Bellusci and co-workers (19, 38, 44, 45) in which epithelial
Shh reduces Fgf10 levels in its immediate surrounding mesenchyme, thereby creating
spatially restricted expression of Fgf10 mRNA, and suppressing further chemo attraction of
epithelial cells by Fgf10, resulting in cleft formation and hence outgrowth of new lung buds
towards newly formed Fgf10 chemo attractant centers at a distance. Alternatively, actual
Shh protein activity is restricted by Hip1 and Ptc1, which are themselves upregulated by
Shh.Areas with high Hip1 or Ptc1 activity hence sequester Shh protein, creating molecular
space for high Fgf10 expression despite high Shh mRNA levels (43).
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Gli genes

Shh binds to Ptc and this releases the basal repression that Ptc exerts on Smoothen (Smo),
a transmembrane spanning protein that has homology to G-protein-coupled receptors.
Inside the cell, Smo activation modifies the activity of Cubitus interruptus (Ci) or Gli family
of transcriptional regulators (37, 46). Ci has been identified as a downstream target in
Hh signaling in Drosophila (37). Mammalian Gli genes are the putative homologues of
Drosophila Ci and have also been implicated in mammalian Shh signaling (37). Three
Gli genes have been described in mice: Gli1, Gli2, and Gli3, all of which are expressed in
early pulmonary mesenchyme (47). In comparison with the Shh null mutant, an even
more dramatic phenotype was observed in mice lacking both Gli2 and Gli3. These Gli2-
~,Gli3”- mutant mice have no lung, trachea, or esophagus and die early in gestation (48).
Interestingly other foregut derivatives such as thymus, stomach, and pancreas do develop
in Gli27,Gli37- mutant mice, although these structures are hypoplastic (48). These data
suggest that combined Gli2 and Gli3 signaling is crucial for the initiation of lung bud
formation (see Fig. 1). The complete absence of trachea and lung formation was already
ameliorated by the presence of one Gli3 gene. Gli2”,Gli3*" mutants had a lung consisting
of one hypoplastic lobe (48). The finding that ablation of both Gli2 and Gli3 resulted in a
far worse lung phenotype than the deficiency of Shh alone may indicate that Shh is not
the only regulator of Gli genes during lung development.The complete absence of a lung
in Gli2”,Gli3”" mutant mice is similar to the“no lung” phenotype as seen in Fgf10-deficient
mice. However, the trachea and esophagus are present in Fgf10-deficient mice but are
absent in Gli2;Gli3-deficient mice, a finding implicating different signaling pathways.
Other single or compound mutants for the three Gli genes show a variable degree
of lung hypoplasia with an aberrant number of lung lobes and decreased branching
morphogenesis (48-50). Haploinsufficiency for Foxf1 caused similar malformations of
the lung, trachea, and esophagus as were seen in mutants from the Shh/Gli pathway, and
like in Shh-deficient lungs, proximal-distal epithelial differentiation proceeded normally
(51). Foxf1 is absent from the trachea and lung area from Shh-deficient mice, whereas
exogenous Shh activated Foxf1 expression in lung mesenchyme, a finding indicating that
Foxf1 is a possible downstream target in the Shh/Gli signaling cascade (51).

Retinoic acid

All-trans-retinoic acid (RA) is the active form of vitamin A (retinal) that plays a crucial role
during development and is involved in the developmental process of almost every organ
(52-54). Both a deficiency and an excess of RA cause congenital defects during human
development in a variety of organs (52, 53). RA exerts its effects via the RAR and RXR
retinoic acid receptors, which function as transcriptional regulators of target genes. The
RAR family is composed of three genes, which produce several isoforms: RARa,, ,, RARB _,
and RARym, all activated by both all-trans-RA and 9-cis-RA, whereas the three isoforms
from the RXR family (RXRa, RXRpB, and RXRy) are activated only by 9-cis-RA (52). Mice
deficient for only one of the isoforms showed a less severe phenotype than expected on
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the basis of their expression patterns, a finding indicating a high degree of redundancy
among the RA receptors (52). In contrast, compound mutant mice had similar congenital
defects as seen with fetal vitamin A deficiency (52, 53). RARa”, 327 double-mutant mice
die soon after birth with agenesis of the left lung and hypoplasia of the right lung (55).
Lung hypoplasia was also reported in RARa 17, 37-and RXRa”,RARa” double-mutant mice
(56, 57). In addition, RA has profound influences on lung development during branching
morphogenesis and alveolarization (see later).

Hox genes

Furthermore, RA may regulate Hox genes (58-61). Hox genes form a large family of
homeobox-containing transcription factors that are implicated in the specification of
cells that form morphologic structures along an anterior-posterior axis. Hox genes are
arranged in four chromosomal clusters (a, b, c,and d), and the 3"to 5’ position of each gene
within a cluster corresponds with their expression along the anterior-posterior axis of the
developing body (62). Specifically, genes of the 3'regions of the Hox clusters a and b have
been shown to be expressed in the developing lung. The Hoxb cluster is predominantly
expressed in the early pulmonary mesenchyme (58-61, 63-68). Within the mesenchyme,
Hoxb genes express a proximal-distal expression gradient, suggesting a role for Hoxb
genesin specifying proximal from distal pulmonary mesenchyme (67).Several mutant mice
models confirm the role of Hox genes during lung development. Single-mutant mice for
Hox genes are generally normal, most likely because of redundancy. However, compound
Hoxa17,Hoxb 17 mutants have severe lung hypoplasia ranging from five hypoplastic lung
lobes to only two lung lobes (69). Hoxa5” mice die perinatally and have laryngotracheal
malformations, a reduced tracheal lumen, and lung hypoplasia (70).

Thyroid transcription factor-1

Another homeodomain transcription factor expressed at the onset of lung morphogenesis
is thyroid transcription factor-1 (Ttf-1), also known as Nkx2.1 (71-73). Expression of Ttf-1
mRNA is localized to epithelial cells of the developing pulmonary tubules and decreases
in more proximal conducting airways with advancing gestation (11, 74, 75). The Ttf-1
gene continues to be expressed in adult bronchiolar and alveolar epithelial type Il cells, in
which it plays an important role in the regulation of Clara cell secreted protein (CCSP) and
surfactant protein (SP) synthesis (see later). Targeted disruption of Ttf-1 resulted in severe
hypoplasia of the thyroid and lung, with a developmental arrest at the pseudoglandular
stage of lung development (76, 77).In contrast to the different null mutants in the Shh-Gli
pathway, Ttf-1 null mutants lack distal epithelial cell differentiation (73, 77). Shh mRNA
was normally expressed in Ttf-1-deficient lungs (73), whereas Ttf-1 mRNA expression
was unchanged in Shh null mutant lungs (39, 40). These results indicate that Ttf-1 and
Shh probably regulate branching morphogenesis via separate pathways during lung
development.
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SEPARATING ESOPHAGUS AND TRACHEA

The formation of a septum divides the single tracheoesophageal tube into a trachea on
the ventral side and the esophagus on the dorsal side. A failure to form a septum results
in a tracheoesophageal fistula, a not uncommon congenital defect in humans (78).
Deficiency of all aforementioned growth and transcription factors that are implicated
in the etiology of lung agenesis or hypoplasia also results in a tracheoesophageal fistula
with different gradations of severity (Table 2). Gli2”,Gli3”- mutant mice have no trachea,
nor do they form an esophagus (48), whereas Gli2”,Gli3*- mutant mice have a single
tracheoesophageal tube connected to the stomach (48).In Shh”- mutant mice, the trachea
and esophagus failed to separate, resulting in a tracheoesophageal fistula (39, 40). Mice
haploinsufficient for the transcription factor Foxf1 (Hfh8) exhibit foregut abnormalities
including narrowing and, sometimes, atresia of the esophagus as well as frequent fusion
of trachea and esophagus (51). Foxf1 expression was absent in foregut derivates (trachea,
esophagus, oral cavity, lungs) of Shh”" mutants, a finding indicating that Shh signaling is
required for activation of Foxf1 in these tissues (51). Surprisingly, the separation of the
trachea and esophagus occurs normally in Fgf10-deficient mice (20, 21), whereas Ttf-1-
deficient mice have a complete tracheoesophageal defect (73). RARa.”,27, RARa 17,87,
and RXRa”,RARa”-mutant mice all exhibit a tracheoesophageal septum defect and other
tracheal malformations such as disorganized cartilage rings and shortening of the trachea
(55-57).

Table 2. Separating trachea and esophagus*

Trachea Esophagus Remarks

Fgf10™ + + T-E separation, trachea ends blind

Shh” + + T-E septum defect

Gli2” + + T-E separation with stenosis

Gli27;Gli3+- + - Single (tracheal) tube connecting to the stomach,
esophageal atresia

Gli27;Gli3" - - No esophagus, trachea, or lung

RARa”; B27 + + T-E septum defect, tracheal cartilage malformations

RARa.175B "

Ttf-17 + + T-E septum defect

*Transcription and growth factors involved in the separation of esophagus and trachea around gestational week 4
in humans and day 12 in mice. A failure of separation results in a complete or incomplete tracheoesophageal (T-E)
septum defect, a not uncommon congenital anomaly in humans.
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LEFT-RIGHT ASYMMETRY

At around 5 weeks’ gestation, five separate lobes can be identified in the human lung:
two on the left and three on the right. In the mouse, the right lung characteristically has
four major lobes, whereas the left lung consists of only one small lobe. Such left-right
asymmetries during development are an integral part of the establishment of a body
plan, and until recently, the molecular basis of left-right asymmetry was not well known.
Several distinct yet highly conserved mechanisms have since been proposed to initiate
the vertebrate left-right axis including the Shh signaling pathway (79). Molecules such as
Shh (80, 81), Fgf8 (80, 82), N-cadherin (83), activin B, the activin receptor IIB (84),and Foxj1
(Hfh4) (85) also influence left-right asymmetry during development (Fig. 2). However, it
appears that all these pathways converge to influence the expression patterns of genes in
the transforming growth factor- (Tgf-B) family of cell-cell signaling factors, called Nodal
and Lefty-1 and 2 (86-89). Shh and Lefty-1 mutants have left pulmonary isomerism with
only one lobe on each side of the lung (39,40, 81, 87).Both Shh and Foxa2 are thought to
act upstream of Lefty-1 and were normally expressed in Lefty-17- mice (87). Although no
data are available on the expression of Lefty in the Shh” mutant lung, Lefty-1 is absent in
Shh” mutant lateral plate mesoderm (LPM) (81). Lefty-17- mice show bilateral expression
of Nodal and Lefty-2 in LPM, which results in ectopic expression of the homeobox
transcription regulator Pitx2 in the right side of the foregut region (87). Pitx2 is clearly
a powerful determinant of left-right asymmetry because ectopic expression of Pitx2 in
the right LPM alters looping of the heart and gut and reverses body rotation in Xenopus
embryos (90), whereas the phenotype of Pitx2” mice demonstrates right pulmonary
isomerism and altered cardiac position (91-93). Growth/differentiation factor-1 (Gdf-1)
encodes another member of the Tgf-B superfamily and it is proposed to acts upstream of
Nodal,Lefty1 and Lefty2,and Pitx2 (94).Mice deficient for this factor as well as hypomorphic
mutants for Nodal exhibit right pulmonary isomerism (89, 94).

BRANCHING MORPHOGENESIS

The early branching of the primary bronchi tends to be monopodal. Starting at the level of
the secondary bronchus, each bronchus subsequently undergoes dichotomous branching
(i.e, each branch bifurcates repeatedly into two branches). The enlarging bronchial
tree branches into the surrounding mesenchyme, which will eventually furrow into the
characteristic lobes of the lung.

Epithelial-mesenchymal tissue interactions

Branching of the lung buds is controlled by epithelial-mesenchymal tissue interactions
(95,96).The mesenchymal component, most likely a soluble factor, dictates the branching
pattern of the epithelium (97).The strong inductive capacity of pulmonary mesenchyme
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was shown when pulmonary mesenchyme induced a lung epithelial phenotype in
epithelial ureteric buds (98). Branching appears also to be regulated by positional
information along the anterior-posterior axis of the lung because proximal mesenchyme
(trachea and main bronchi) and distal mesenchyme (lung bud) differ in their ability to
support epithelial branching morphogenesis (99-101). On the other hand, pulmonary
epithelium is just as important for the survival of the mesenchyme, because it was shown
that lung mesenchyme that was cultured in the absence of endoderm degenerated
quickly (102, 103). Several lines of evidence point towards Shh as key player from the
epithelium in mesenchyme survival and proliferation (38-40). Some progress has been
made in elucidating the complex mixture of transcription factors and morphogens, which
guide proper lung branching (Fig. 1). Although alterations in cell adhesion and matrix
remodeling at the epithelial-mesenchymal interface also contribute to lung branching
morphogenesis (104), they are not discussed in this chapter and the reader is referred to
a published review (104).

Pulmonary left isomerism Pulmonary right isomerism
Shh Pitx2
Gli2 Gdf-1
Lefty-1 ActRIIb
Nodal

Figure 2. Transcription and growth factors involved in left-right determination of the developing lung (drawings
represent human lungs, which in the normal situation consist of two lobes on the left and three lobes on the right
side). See text for details.

Gata-6 and N-myc

It is evident from the previous discussion that transcription factors belonging to the Hox,
Fox, and Nkx families are likely involved in the process of lung branching morphogenesis.
Other transcription factors implicated in this process are Gata-6 and N-myc.Gata-6 belongs
to the Gata family of zinc finger-containing transcription factors and is expressed in
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epithelial and mesenchymal cells of the developing lung bud (105, 106). Gata-6 is essential
for endoderm formation because targeted deletion of Gata-6 resulted in embryonic death
long before lung formation owing to failure of visceral endoderm formation (107, 108).In
the lung, Gata-6 appears to be important for branching morphogenesis, because inhibition
of Gata-6 expression causes decreased branching morphogenesis (106, 107).More recently,
expressing a Gata-6 engrailed dominant negative fusion protein in distal lung epithelium
resulted in a lack of alveolar type | and a perturbation in alveolar type Il cells together with
areduction in the number of proximal airway tubules (109). Conversely, overexpression of
Gata-6, using the SP-C promoter, also disrupted branching morphogenesis and caused a
lack of distal epithelial cell differentiation (110).In another study, overexpression of Gata-
6 did not result in abnormal lung morphology until the early neonatal period (111). In
that study, increased expression of Gata-6 impaired alveolarization, limited septation, and
resulted in permanently altered lung function. The different outcomes from both Gata-
6-overexpression studies is possibly based on the difference in Gata-6 isoform that was
used to generate transgenic mice that overexpress Gata-6 (111). Altogether, these results
indicate thata balanced Gata-6 expression level isimportant for branching morphogenesis
during the pseudoglandular period of lung development but also during later stages of
lung development when alveolar type | and Il cells differentiate and the gas exchange
area matures.

N-myc is a member of the myc family of proto-oncogenes, which includes N-myc, c-
myc, and L-myc. Myc proteins belong to the basic helix-loop-helix (bHLH) class of
transcription factors. In the lung, N-myc is expressed in pulmonary epithelium (112, 113).
Mice homozygous for the N-myc null mutation die at midgestation (112, 114). Leaky
null mutants for N-myc survive to the point when lung development starts; however,
pulmonary branching morphogenesis is dramatically reduced, resulting in severe lung
hypoplasia (113,115).

Fibroblast growth factors

Several growth factors, including Fgfs and Tgf-Bs have been shown to regulate lung
branching morphogenesis (104, 116). Fgfs are generally produced by the pulmonary
mesenchyme, whereas Fgfr1 and Fgf2 have been localized to both fetal pulmonary
epithelium and mesenchyme (117-119). Also, the splice variant bek (llic) from the Fgfr2
is expressed in pulmonary mesenchyme, whereas the Kgfr (lllb), which is another splice
variant from Fgfr2, is localized in the epithelium (23, 120, 121). Transcripts for Fgf7 (also
known as keratinocyte growth factor (Kgf)) are detected in lung mesenchyme at sites of
active branching morphogenesis (122, 123). Exogenous Fgf7 inhibits rat lung branching
morphogenesis in vitro (124) but stimulated proliferation of rat pulmonary type Il cells in
vitro (125) and in vivo (126,127).Surprisingly, mice bearing a null mutation of the Fgf7 gene
had no obvious lung abnormalities (128), a finding suggesting that Fgf7 can be replaced
by other factors, such as Fgf1 and Fgf10. Fgf1, which binds to Fgfr1 and both Fgfr2 splice
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variants, Fgfr2-lllb and Fgfr2-liic, is crucial for branching of embryonic mouse epithelium
in mesenchyme-free culture (16, 129). Fgf2, which binds to Fgfr1 and Fgfr2-llic, but hardly
to Fgfr2-llib, did not affect epithelial branching in these cultures, a finding suggesting
that the effect of Fgf1 on epithelial branching is mediated via Fgfr2-lllb, which is the only
receptor that binds Fgf7 (16,121,129).Fgf10 also binds to Fgfr2-lllb,and both null mutants
for Fgfr2-lllb and Fgf10 have complete lung agenesis (20, 21, 29). Fgf1, Fgf7, and Fgf10
all induced epithelial expansion in E11.5 mouse lung explants and in mesenchyme-free
distal lung buds in Matrigel culture, whereas Fgf1 and Fgf10, but never Fgf7, also induced
epithelial branching (19, 45, 130). In contrast, epithelial proliferation was induced with
Fgf7, but not with Fgf10 (45). Interestingly, embryonic lung mesenchymal cells that were
cultured without epithelium showed a decreased expression of Fgf7 mRNA, whereas the
expression of Fgf10 mRNA was dramatically increased (44). Taken together, these results
indicate different functions for Fgf1, Fgf7, and Fgf10 during lung development. Fgf7
seems to be involved in lung bud expansion and pulmonary type Il cell proliferation, but
not branching,and it depends on the presence of lung epithelium for its expression in the
mesenchyme. Conversely, Fgf1 and Fgf10 are able to induce branching morphogenesis,
whereas mesenchymal Fgf10 expression appears to be inhibited by pulmonary epithelium.
The finding that Fgf1, Fgf7, and Fgf10 elicit such different physiological responses may
explain for example why Fgf7 cannot compensate for loss of Fgf10 in vivo (20, 21).

Another member of the Fgf family, Fgf9, is expressed in pulmonary epithelium in early
development and at later gestation only in pulmonary mesothelium (23, 131). This
expression pattern is different from that of Fgf1, Fgf7,and Fgf10, which are expressed only
in the lung mesenchyme. Targeted deletion of Fgf9 resulted in severe lung hypoplasia
and immediate postnatal death (131). Analysis of the lungs revealed decreased branching
morphogenesis and a lack of alveoli; however, the numbers of lung lobes and primary
bronchi were normal (131).Fgf9 deficiency affected lung size by decreased mesenchymal
proliferation and reduced Fgf10 mRNA expression, whereas proximal-distal epithelial
cell differentiation was normal (131). In vitro, Fgf9 inhibited at least some of the effects
of recombinant N-Shh on the differentiation of smooth muscle cells in pulmonary
mesenchyme (132).

Thyroid transcription factor-1

Severe branching morphogenesis defects were also seen in Ttf-1 null mutant mice (71,
73,77).Besides the structural abnormalities in trachea and esophagus as a result of Ttf-1
deficiency, a lack of Ttf-1 also abrogates distal branching morphogenesis, which results
in a lung comprised of cystic structures, lined with proximal epithelial cell types, and a
structurally proximal vascular network (77).
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Transforming growth factor-f3

Tgf-p belongs to a superfamily that includes activin, bone morphogenetic protein (Bmp),
and Tgf-B1,-2,and -3 (133).These peptides can exert a variety of biologic effects including
regulation of cell growth and differentiation and expression of various proteins. Tgf-p1
plays an inhibitory role during lung development (134-138).In the lung, Tgf-B1 mRNA and
protein were found in the mesenchyme (mRNA and protein) and epithelium (protein)
(139-141).Both addition of exogenous Tgf-B1 to cultured embryonic mouse lung explants
and in vivo overexpression of Tgf-B1 in distal lung epithelial cells resulted in decreased
branching morphogenesis (134, 137). Overexpression of Tgf-f1 in distal pulmonary
mouse epithelium in vivo arrested fetal lung development in the pseudoglandular stage
of development, with inhibited epithelial and vascular development and differentiation,
resulting in postnatal death (138).Most, if not all, biologic activities of Tgf-3 are transmitted
via transmembrane Ser/Thr kinase receptors, known as Tgf-f3 receptors (Tgf-pr) type | and
type Il (142).Signal transduction requires the formation of a heteromeric complex of Tgf-frl
and Tgf-Brll (142).In line with the negative influence of Tgf-B1 on lung branching,inhibition
of Tgf-prll signaling stimulated lung morphogenesis in whole lung explants in vitro (143).
In vivo studies showed that Tgf-B1 null mutants themselves have no gross developmental
abnormalities; however, 50% of the null mutants die before E11.5 because of defects in
yolk sac vascularization (144, 145). Tgf-B3 null mutants die postnatally with cleft palate
and delayed pulmonary development (146), whereas Tgf-p2-deficient mice die postnatally
and display a lung phenotype characterized by postnatal collapse of alveoli and terminal
airways (147). Smad proteins are downstream effector proteins in Tgf-f signaling (148).
Smad-1 to Smad-3 proteins are expressed in distal lung epithelium, whereas Smad-4 is
expressed in both distal lung epithelium and mesenchyme (149, 150). Downregulation of
Smad-2/3 and Smad-4 expression increased branching morphogenesis in cultured lung
explants (143).Exogenous Tgf-B1 did not reverse this inhibitory effect,a finding consistent
with Tgf-fs being upstream of Smad proteins (150).

Wnt signaling

The vertebrate Wnt growth family of secreted glycoproteins comprises a well-known
signaling pathway that is involved in cell-cell and epithelial-mesenchymal tissue
interactions in many embryonic tissues (151, 152). The -catenin/LEF-TCF pathway is the
most well characterized pathway through which Wnt signals. In this pathway, secreted
Whnt proteins bind to the cell membrane receptors of the frizzled family, thereby inhibiting
phosphorylation of $-catenin. In this state, B-catenin is translocated to the nucleus where
it heterodimerizes with members of the LEF-TCF transcription factor family to activate
downstream target genes (151, 152). Several Wnt genes as well as a number of Wnt
ligands and receptors are expressed in the developing lung (153, 154).Wnt7b is expressed
throughout the airway and tracheal epithelium (40, 153). Mice deficient for Wnt7b die with
respiratory failure around birth because of lung hypoplasia and lung hemorrhaging.Their
lungs showed an early defect in mesenchymal proliferation and vascular smooth muscle
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development (155). Differentiation of Clara cells and alveolar type Il cells were normal in
these animals, whereas type | cell differentiation was impaired (155). Conditional deletion
of B-catenin from distal pulmonary epithelial cells revealed a role for B-catenin in the
specification of proximal-distal cell fate and distal branching morphogenesis (156). The
lungs in these transgenic mice consisted of primarily proximal airways, suggesting that
B-catenin may be involved in the specification of the distal epithelial cell fate (156).Wnt5a
was shown to be expressed in both developing pulmonary epithelial and mesenchyme,
with highest expression in distal and branching tips (157). The absence of Wnt5a during
lung development appeared to cause abnormal overexpansion of the distal airways with
thick intersaccular walls, indicative of delayed maturation (157). Epithelial differentiation
was somewhat delayed, but normal.In the same study (157) it was furthermore suggested
that Wnt5a interacts with signaling pathways like Shh and Fgf10 during lung development.
Taken together these data suggest a role for the Wnt signaling pathway in pulmonary
branching morphogenesis.

EPITHELIAL DIFFERENTIATION

As branching proceeds, numerous different cell phenotypes are formed along the
anterior-posterior axis of the developing epithelial tubules and associated mesenchymal
components, each with different morphologies and patterns of gene expression. This
patterning of differentiated lung cells may also be controlled by epithelial-mesenchymal
interactions (6, 158, 159). For example, distal lung mesenchyme induced bud formation
in the embryonic trachea that had been denuded of its own mesenchyme and normally
does not branch (95, 99). Moreover, this induced tracheal epithelium exhibited specific
markers of type Il cell differentiation, including SP-C which is normally only present in
distal pulmonary epithelium (100). Since the early 1990s, important regulatory molecules
involved in epithelial morphogenetic patterning in the lung have been identified (Fig. 3).

Notch signaling

The Notch signaling pathway, is a signaling pathway that is involved in cell-cell interactions
and cell-fate determination, thereby creating differences between neighboring cells
(160, 161). Factors of the Notch signaling pathway such as Mash-1 and Hes1 have
recently been localized in the developing lung; however, the functional role of the Notch
signaling pathway in lung development remains to be elucidated (162, 163). Pulmonary
neuroendocrine cells (PNECs) are the first cells to differentiate in the lungs of humans and
animals (164, 165).The development of PNECs seems to be dependent on the expression
of Mash-1, because Mash-1-deficient mice failed to develop PNECs (166). Mash-1 is a
bHLH gene, expressed in neural precursor cells, directing terminal neural differentiation
(167). Conversely, Hes1 represses neural differentiation through suppression of proneural
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bHLH factors like Mash-1, and indeed, Hes1-deficient embryos have increased Mash-1
MRNA expression and increased numbers of PNECs in their lungs (162, 167-169). In the
lung, Mash-1 is expressed in clusters or single progenitor PNECs (162, 166), whereas Hes1
is expressed in pulmonary epithelial cells other than PNECs (162). These results suggest
an essential role for both transcription factors in the differentiation of PNECs, but not in
pulmonary development per se, because gross lung morphology and differentiation in
both mice appears to be unaffected (162, 166).

bHLH regulatory protein

Pod1 is another bHLH protein that acts as a transcriptional regulatory protein that governs
cell fate determination and differentiation in a variety of tissues.The pod1 null mutant dies
at birth with severely hypoplastic lungs that have a reduced number of tertiary branches
and a lack of acinar tubules, terminal airsacs, and alveoli (170). Marker analysis revealed a
disturbance in proximal-distal patterning of the lung epithelium with increased CCSP and
decreased SP-C expression (170).

Transcription factors

Epithelial transcription factors such as Foxa2, Gata-6, and Ttf-1 have also been shown to
influence lung epithelial specification.In both fetal mouse and human lung, the temporal-
spatial distribution of Ttf-1 follows the pattern of expression of surfactant proteins (11,75).
It has been shown that Ttf-1 regulates the transcription of SP-A, -B,and -C (171-175) and
CCSP (171, 176). Consequently, Ttf-1 null mutants lack distal epithelial cell differentiation
(73), whereas the proximal epithelial cell marker Foxj1 (Hfh4) is unaffected (177). Taken
together, these data underline the importance of Ttf-1 for the establishment of the distal
epithelial cell phenotype. Moreover, Gata-6 transactivates SP-A and Ttf-1 (178, 179), and
it has been shown that Gata-6 acts synergistically with Ttf-1 to influence the activity of
the SP-C promoter (180). A role for Gata-6 in bronchial epithelial specification has been
suggested by the observation that Gata-6" embryonic stem cells fail to contribute to
bronchial epithelial cells (107). In some respiratory epithelial cells, Ttf-1 is co-expressed
with members of the Fox family of transcription factors. Transcripts for Foxal and Foxa2
are detected in foregut cells forming the embryonic lung bud and later in the distal
epithelium of the developing and mature lung (11, 181). Like Ttf-1, Foxal and Foxa2
appear to modulate the expression of SP-B and CCSP (171,181, 182).Foxal and Foxa2 are
likely upstream regulators of Ttf-1 (183), and it is possible that both members of the Fox
family confer lung-specific gene expression in the primitive foregut through Ttf-1 as the
intermediate.

Fibroblast growth factors

Mouse transgenics that overexpressed a (soluble) dominant negative Fgfr2-lllb splice
variantin distal lung epithelium, showed a severe pulmonary defect with only rudimentary
formation of the trachea and main bronchi, but without any lateral branches (27, 28).
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In these lungs, Ttf-1 was normally expressed in the remaining lung tissue, whereas SP-
C expression was absent and virtually replaced by CCSP (27, 28). These results indicate
that Fgf signaling is involved in the proximal-distal differentiation of lung epithelium,and
that Fgf signaling functions downstream of Ttf-1 or in a parallel, but different, pathway
altogether.

Winged helix/forkhead family

Hnf3/forkhead homologue 4 (Hfh4: Foxj1) is a transcription factor of the winged helix/
forkhead family, expressed in various tissues during development. In the developing
and adult lung, Foxj1 expression is restricted to ciliated cells of the bronchial and
bronchiolar epithelium (177, 184). The role of Foxj1 in ciliated cell differentiation was
clearly demonstrated when Foxj1 was overexpressed in distal pulmonary epithelial cells.
High levels of Foxj1 expression inhibited branching morphogenesis and enhanced the
development of ciliated cells, whereas the development of distal epithelial cells was
inhibited (185).In contrast, Foxj1 null mutant mice completely lack respiratory ciliated cells
(85, 186). These data indicate that Foxj1 is essential for the development of pulmonary
ciliated cells.

Bone morphogenetic protein

Secreted morphogens such as Shh appear not to be involved in regulating proximal-
distal epithelial specification because SP-C and CCSP are expressed in Shh-deficient
mice (40). In Drosophila, Hh may regulate the expression of Decapentaplegic (Dpp), the
Drosophila counterpart of Bmp (37). In the murine lung, Bmp4 is implicated in lung
epithelial specification. Bmp4 is expressed in early distal lung tips and at lower levels in
the mesenchyme adjacent to the distal lung buds (187, 188). Overexpression of Bmp4 in
the distal epithelium in vivo resulted in hypoplastic lungs with grossly dilated terminal
lung buds separated by abundant mesenchyme (187). Distal epithelial differentiation
was abnormal with decreased SP-C expression, whereas proximal differentiation (CCSP
expression) was unaffected (187). Conversely, exogenous Bmp4 clearly enhanced
peripheral lung epithelial branching morphogenesis and SP-C expression in vitro (189),
whereas inhibition of Bmp4 signaling also resulted in a severe reduction in distal epithelial
cell types,and an increase in proximal cell types (188, 189). Also, in vitro,Bmp4 antagonizes
the mitogenic effects of Fgf10 on epithelial bud extension and proliferation,whereas Fgf10
itself induces the expression of its own antagonist Bmp4 (190).In a model by Weaver and
co-workers (190) it was proposed that Fgf10 is needed for branching, whereas Bmp4 is
associated with bud extension, but not with branching.lf Bmp4 expression is higher locally
than Fgf10 expression, Fgf10 fails to induce further budding, and extension occurs until
Bmp4 levels are low enough to permit further branching. A dynamic expression pattern
of these two genes is required for the coordinated branching and elongation of airway
tubules during lung development. The secreted Bmp antagonist Noggin is expressed in
distal mouse lung mesenchyme at early development (188). Overexpression of Xnoggin
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or the dominant negative Bmp receptor dnAlké in distal pulmonary epithelium resulted in
a proximal epithelial phenotype of the fetal lung (188).Similar results were obtained when
Gremlin, another Bmp antagonist, was overexpressed in the distal lung epithelium (191).
These studies clearly indicate a role for Bmp4 in proximal-distal epithelial differentiation
during lung development and as a result probably argue against Shh as a regulator of
Bmp4 expression.

Ciliated Cell PNEC Clara Cell Type Il Cell Type I Cell
Foxj1 Mash-1 cc1o: SP-A: Ttf-1, Gata-6 Gata-6
Hes1 Ttf-1 SP-B: Ttf-1, Foxa1, Foxa2
Foxa1 SP-C: Ttf-1 and Gata-6 synergistically
Foxa2 Ttf-1: Gata-6, Foxa1, Foxa2

Figure 3. Molecular control of epithelial cell differentiation during lung development. See text for details

ALVEOLAR DEVELOPMENT

Alveolarization is the last step of lung development. Alveoli are formed by septation
of the pulmonary saccules that form the immature lung. In both human and rodents,
alveolarization occurs predominately after birth.In the first two weeks after birth, alveolar
formation, measured as proliferation, occurs in both central and peripheral areas of the
murine lung, whereas afterwards, alveolar formation occurs mainly in peripheral areas of
the lung (192). Proliferation in alveolar septae is greatly diminished in adult lungs (192).

Platelet-derived growth factors

One of the key elements in the alveolarization process (Fig. 1) appears to be the one of the
three isoforms of the platelet-derived growth factors (Pdgf), namely, PdgfA (193). PdgfA
mRNA and protein are expressed in early pulmonary epithelium (194-196). The receptor
for PdgfA, Pdgfra, is expressed in the mesenchyme adjacent to the epithelium that
expresses PdgfA, a finding suggesting a paracrine signaling loop between epithelium and
mesenchyme (194, 196-198). The in vitro inhibition of PdgfA or Pdgfra. in embryonic rat
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lung explants, decreased both lung size and number of terminal buds, findings indicating
a role for PdgfA-Pdgfra signaling in early lung development (194, 196-199). Conversely,
the in vivo overexpression of PdgfA in distal airway epithelium, doubled lung size and
increased distal branching morphogenesis (200). However, the morphology of these lungs
was arrested at the canalicular stage of lung development, with abundant mesenchyme
and a lack of airspaces, resulting in postnatal death (200). These results indicate that
PdgfA is a potent growth factor for mesenchymal cells in the developing lung. In mice,
absence of PdgfA results in prenatal and postnatal death (197, 198).Postnatal deaths were
characterized by emphysematous lungs with areas of atelectasis, without any formation
of septa and alveoli.Instead, dilated prealveolar saccules were found (197, 198).In normal
mice, alveolar septa contain a-smooth muscle actin (a-sma)-positive myofibroblasts. The
postnatal PdgfA null mutant lungs lack alveolar staining for a-sma, a finding indicating
a lack of alveolar myofibroblasts. In addition, they were almost completely devoid of
parenchymal elastin fibers, and this most likely contributed to the failure of alveolar
formation (197, 198). Interestingly, myofibroblasts surrounding vessels and bronchioles
appeared normal and were tropoelastin positive, a finding suggesting a different
developmental lineage (198). Moreover, Pdgfra. positive cells were specifically missing
from lungs of PdgfA null mutants,and it has been proposed that these cells are progenitor
cells for alveolar myofibroblasts (197, 198). Pdgfra-deficient mice die in utero with severe
skeletal malformations and incomplete cephalic closure (201). Pdgfra-deficient lungs
were hypoplastic; however, primary branching and histology were not affected (202, 203).
Postnatal alveolar formation could not be examined in these mice.Taken together, these
data suggest that PdgfA is needed for the development of alveolar myofibroblasts that
produce elastin, which, in turn, is crucial for alveolar septation and formation.

Tropoelastin

The critical value of elastin in the development of proper alveolar structures was
demonstrated in mice lacking tropoelastin, the soluble component of the elastic fiber.
Tropoelastin null mice exhibited a severe reduction in alveolar formation and decreased
terminal airway branching leading to almost immediate postnatal death (204). The
tropoelastin-deficient mouse; however, shows alveolar destruction much earlier and more
severe than the PdgfA-deficient mouse, suggesting that PdgfA is not the only regulator of
elastin (197,198, 204).

Retinoic acid

At late gestation and early postnatal life, rodent pulmonary fibroblasts contain a
considerable amount of vitamin A (205-207). Before birth, pulmonary fibroblasts
contain retinyl esters, which around birth are converted into retinol and RA, the active
components of vitamin A (206). Both endogenous (208) and exogenous RA (209)
increased the level of tropoelastin mRNA almost threefold in neonatal rat lung fibroblasts,
whereas inhibition of the production of RA decreased tropoelastin gene expression in
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postnatal rat lung fibroblast (208). Two enzymes, Aldh-1 (aldehyde dehydrogenase) and
Raldh-2 (retinal dehydrogenase), are rate limiting in the conversion of retinal to RA (54).
Both are expressed at high levels in the immediate postnatal mouse lung, the time of
maximal alveolarization, and at lower, more adult-like levels, two weeks after birth (192).
Aldh-1 is expressed in central regions and alveolar septa, whereas Raldh-2 is expressed in
central and subpleural regions (192). Further evidence that RA plays a role in lung elastin
maintenance and alveolarization was provided by the genetic manipulation of RAR and
RXR in mice. Compound mice homozygous for an RXRy and heterozygous for an RXRa
deletion had a reduced number of alveoli and less elastic fibers in their alveolar walls (210).
Conversely, RARB appears to be an endogenous inhibitor of septation, and indeed, the
RARP null mutant shows early onset septation resulting in twice as many alveoli in the null
mutant lungs when compared with wild-type lungs (211).

Fibroblast growth factors

Other factors implicated in postnatal alveolarization include Fgfs, Ttf-1, and Tgf-a.. Both
Fgfr3 and Fgfr4 are expressed in postnatal pulmonary mesenchyme, whereas their ligands
are expressed in pulmonary epithelial cells (212). Although a null mutation of either Fgfr3
or Fgfrd caused no obvious lung defects, silencing of both receptors resulted in severe
overall body growth retardation and a failure of postnatal alveolar formation (212).Despite
the large dilated saccules without any proper alveolar septation, differentiation (including
o-sma-positive myofibroblasts) and proliferation proceeded normally (212).

Transforming growth factors

Tgf-o is @ member of the epidermal growth factor (Egf) family that signals via the Egf
receptor (Egfr), and both have been shown to be expressed and involved in pre- and
postnatal lung development (213). The Egfr null mutant dies soon after birth with
immature lung morphology, impaired alveologenesis, and surfactant protein deficiency
(214, 215). Conversely, the Tgf-o null mutant survived into adulthood without reported
lung abnormalities, results indicating that factors, other than Tgf-o, signal via the Egfr
and are important for lung development (216). However, overexpression of Tgf-a in
distal pulmonary epithelial cells using the human SP-C promoter resulted in disruption
of postnatal alveolarization causing lung emphysema and fibrosis (217). It increased
proliferation of alveolar epithelial cells including SP-C expressing type Il cells, without
causing inflammation (218). Elastin fibers were shorter and blunter in the bronchiolar
regions and deficient in alveolar septae, most likely contributing to the emphysematic
lesion (217).

Thyroid transcription factor-1

Besides its role in prenatal lung development, Ttf-1 also regulates postnatal lung
development and homeostasis. Postnatally, Ttf-1 expression decreases dramatically,
but remains detectable in adult alveolar type Il cells (11, 75, 219). Overexpression of
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Ttf-1 in distal lung epithelial cells, using the SP-C promoter, did not affect prenatal lung
development, but it perturbed postnatal alveolarization and led to emphysema, severe
inflammation, and fibrosis (220).

VASCULAR DEVELOPMENT

The lung is composed of a complex network of airways and vessels, and although much
has been learned regarding the mechanisms controlling lung bud formation and airway
branching, the mechanisms involved in vascular formation during lung development
remain obscure.Three processes are believed to control pulmonary vascular development:
angiogenesis, which is defined as sprouting of new vessels from pre-existing ones and
gives rise to the central vessels; vasculogenesis, which is de novo synthesis of blood vessels
from blood islands in the periphery of the lung; and the fusion of proximal and peripheral
vessels to form the pulmonary circulation (221,222).Investigators have shown that,evenin
the early stages of lung development, vascular connections are well established, and that
vascular development takes place during all stages of lung development, with completion
of a single capillary network during the alveolar period (223, 224).

Vascular endothelial growth factor

The molecular mechanisms involved in pulmonary vascular formation are relatively
unknown. Members of the vascular endothelial growth factor (Vegf) family (225-227),
the Angiopoietin family (228, 229), and members of the Ephrin family (230) have all been
implicated in controlling vascularization of the pulmonary system.Vedf, a potent mitogen
for endothelial cells, influences angiogenesis and vasculogenesis (231). It is essential for
embryonic development, and even haploinsufficiency of Vegf causes embryonic lethality
(232, 233). In the embryonic lung, Vegf mRNA is mainly detected in lung epithelium, and
its expression increases only prior to birth, and remains high in the adult lung (234-238).
Vegf signals via two high-affinity tyrosine kinase receptors, Vegfr1 (Flt-1) and Vegfr2
(Kdr/Flk-1), which in the embryonic lung are localized in the mesenchyme (235, 236).
The complementary expression patterns of Vegf in lung epithelium and the two Vegf
receptors in the mesenchyme suggest a paracrine mode of action on the formation of the
pulmonary vascular system, which may influence lung branching morphogenesis (102).
Alternative splicing of the Vegf gene produces multiple species of mRNA. These encode
different Vegf protein isoforms varying from 120 to 205 amino acids. Overexpression
of the Vegf 164 isoform in distal airway epithelium of mice resulted in perinatal death
(239).The lungs appeared abnormal with dilated respiratory tubules and saccules and a
decreased number of terminal buds, as well as a lack of alveolar type | cell differentiation
(239). Conversely, mice that lacked the Vegf 164 and 188 isoforms and only expressed the
Vegf 120 isoform had a decrease in peripheral vascular development with fewer air-blood
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barriers and a general delay in lung development, but normal type I cell differentiation
(240). Similarly, neonatal mice that were treated with a soluble decoy receptor for Vegfr1
to block endogenous Vegf signaling, exhibited an overall dramatic decrease in body and
organ growth and died within 4-6 days after birth (241). The lungs of these mice were
immature with simplification of the alveolar region and a decrease in Vegfr2 expression
(241). Inhibition of Vegfr signaling using the Vegfr blocker Su-5416 either before or
after birth, also resulted in reduced pulmonary vascularization and alveolarization and
increased apoptosis in alveolar septae, which leads to an emphysema-like phenotype (242,
243). An interesting finding in this study was that early inhibition of vascular development
caused long-term effects on alveolarization and as pulmonary hypertension (243), and
that the development of emphysema was inhibited when a caspase inhibitor was injected
simultaneously, findings indicating that alveolar septal cell apoptosis contributes to the
pathogenesis of emphysema (242). Taken together, these results again suggest a role for
Vedf itself, or vascular development, in alveolar formation.

Forkhead transcription factor-Foxf1

Another factor implicated in pulmonary vascular development is Foxf1 (also known as
Hfh8 or Fraec1). Foxf1 null mutant mice die in utero because of defects in mesodermal
differentiation and cell adhesion (244). In the embryonic lung, Foxf1 expression is
restricted to the pulmonary mesenchyme, whereas in the adult lung, Foxf1 is expressed
in smooth muscle cells surrounding bronchioles and in the endothelium and fibroblasts
of the alveolar sacs (245, 246). Heterozygous mutant mice carrying a disruption of the
Foxf1 gene, in which Foxf1 levels are reduced by 80% (Foxf1*o%), displayed a 55%
postnatal mortality with lung hemorrhaging. Analysis of these Foxf1*"°* lungs revealed
abnormalities in alveolar formation and pulmonary vasculature (246). From these studies,
it can be concluded that a disruption in pulmonary vascular development goes hand in
hand with impaired branching morphogenesis and lung hypoplasia.The question remains
whether impaired airway branching is the indirect result of disrupted vessel formation or
whether the factors involved in vascular development directly affect pulmonary branching
as well.

SYNOPSIS

Molecular studies of lung development have started to unravel the complex series of events
that control proper formation of the lung. Observations such as no lung formation are
interesting for understanding organogenesis of the lung itself, but the clinical relevance is
minimal,because having no lung isincompatible with life. However, the finding that factors
implicated in foregut specification are also regulating lung branching morphogenesis is
tremendously intriguing for clinical practice. One of the major complications of preterm
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birth is immaturity of the lung. Despite modern management, many infants exhibit lung
dysfunction characterized by arrested lung development and interrupted alveolarization.
A better understanding of the molecular basis of pulmonary development may guide
clinicians in the design of strategies to support normal lung maturation in a premature
infant.
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OUTLINE

WHY STUDY LUNG DEVELOPMENT?

CLINICAL

In the surgical and neonatal intensive care units, pediatricians are daily confronted with
prematurely borninfants that have poorlung function as aresult ofimmaturity,whereas full
terminfants present with respiratory distress as aresult of pulmonary hypoplasiain the case
of congenital hernia diaphragmatica, of persistent pulmonary hypertension or as a result
of rare cases of abnormal pulmonary vascular and/or airway development. Mechanical
ventilation and oxygen therapy are life saving in infants dealing with severe respiratory
distress, but both therapies cause extensive lung injury resulting in bronchopulmonary
dysplasia (BPD) characterized by airway epithelial lesions and fibroproliferation. The use
of exogenous surfactant therapy and gentle ventilation strategies have greatly reduced
the severity of neonatal respiratory distress syndrome (RDS) and BPD. Nonetheless, in
the premature neonates, the disease of “old” BPD with extensive epithelial lesions has
however been replaced by “new”BPD characterized by less severe epithelial lesions but an
apparent arrest in alveolar development leading to alveolar hypoplasia with dysmorphic
capillaries.

Basic

Studying lung development is central to our understanding of “pulmonary health”
Moreover,developmental regulatorsare deployed repeatedly,notonlyduringdevelopment
but also in the replacement of tissues in the adult, in response to injury, infection and in
cancer. Hence the fields of lung biology and pathology overlap significantly, pressuring
the need to understand normal lung development. Well-established controlled programs
like cell adhesion, migration, differentiation, proliferation, and programmed cell death
define organogenesis and their morphogenetic boundaries, repetitively using the same
signaling pathways of morphogens, transcription and growth factors and hormones with
their receptors. The concept that there are key fetal adaptive responses to a suboptimal
intrauterine environment leading to adult disease is demanding attention and further
underlines the need to understand normal fetal development.
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Lung development is a highly orchestrated process leading to a functioning organ for
respiration consisting of at least 40 different cell types. In order to obtain a surface for gas
exchange that reaches the size of 70 m?, the pulmonary epithelial branches have to branch
and rebranch, a process called branching morphogenesis. To establish undisturbed gas
exchange, the pulmonary blood vessels have to be in close contact to the airways to form
the so-called air-blood barrier.These developmental processes are regulated by epithelial-
mesenchymal tissue interactions (Chapter 1).

Chapter 3 describes the development of blood vessels in the embryonic lung. It is
importantto realize that lung development takes place in the relative hypoxic environment
of the uterus. Also, pulmonary vascular development has for a long time been regarded as
a passive process. An increasing amount of evidence is however surfacing that proposes a
more active and guiding role for vessels in organ development.We therefore investigated
the reciprocal interaction of pulmonary vasculature and airway development. Chapter 4
takes the hypothesis from the previous chapter a step further.We hypothesize that severe
lung hypoplasia as seen in mice deficient for the morphogen Sonic hedgehog, is caused
by abnormal vascular development.

Transcription factors have a highly regulating role in organogenesis.In the lung, epithelial-
mesenchymal tissue interactions orchestrate differences in proximal and distal structures.
Proximal structures are predominantly conducting airway with some secretory function,
whereas distal structures are responsible for gas exchange and surfactant production.
Numerous pathways have been identified that regulate proximal-distal development
during lung maturation. Chapter 5 describes the role of the Iroquois (Irx) family of
transcription factors during lung development.The early and epithelial-specific expression
pattern of Irx genes suggests a developmental role in processes involved in epithelial-
mesenchymal tissue interactions and proximal-distal differentiation in the lung.

The specification and differentiation of the large number of different cell types in the lung
necessitates exquisite control mechanisms and signal transduction between adjacent
cells in this tissue during development. The Notch signaling pathway is an evolutionary
conserved pathway involved in creating differences and borders between (groups of)
neighboring cells. In the lung, downstream factors in the Notch signaling pathway are
involved in neuroendocrine development. Although pulmonary endocrine cells are the
first to differentiate during lung development, their role is not entirely clear.In Chapter 6,
therole of Lunatic fringe in the development of pulmonary (endocrine) cells is investigated.
Lunatic fringe intervenes with the Notch signaling pathway at the receptor-ligand level.

Congenital diaphragmatica hernia (CDH) is a severe congenital anomaly characterized
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by a diaphragmatic defect and lung hypoplasia. Respiration and ventilation support in
these infants is severely hampered by lung hypoplasia and pulmonary hypertension.
Surfactant is produced by alveolar type Il cells and functions to lower surface tension,
thereby preventing alveolar collapse at end-expiration. Exogenous surfactant therapy
has greatly enhanced pulmonary function and support in premature babies that are
surfactant-deficient because of immaturity of the surfactant producing system.In Chapter
7 the option of surfactant protein deficiency in CDH is investigated for this could be an
explanation for therapy-resistant respiratory distress in CDH.

Thyroid hormone has a profound role in (in)vertebrate development of many organs
including the lung. In Chapter 8 we sought to determine the effect of hypothyroidism
on lung development based on recent reports that (subclinical) hypothyroidism of the
mother during pregnancy has adverse effects on neonatal development.

Taken together, the general theme of this thesis is embryonic lung development. Both
vascular development and epithelial differentiation have a key position throughout
the chapters. A summary of the results with respect to the advancement of the field is
presented and the relevance for postnatal lung health and disease is discussed.
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ABSTRACT

Recent investigations have suggested an active role for endothelial cells in organ
development, including the lung. Herein, we investigated some of the molecular
mechanisms underlying normal pulmonary vascular development and their influence
on epithelial branching morphogenesis. Because the lung in utero develops in a relative
hypoxic environment, we first investigated the influence of low oxygen on epithelial and
vascular branching morphogenesis.Two transgenic mouse models, namely the C101-LacZ
(epithelial-LacZ marker) and the Tie2-LacZ (endothelial-LacZ marker) mouse were used. At
embryonicday (E)11.5,primitive lung buds were dissected and cultured at either 20% or 3%
oxygen.At24-hourintervals,epithelialand endothelial LacZ gene expression was visualized
by X-gal staining.The rate of branching of both tissue elements was increased in explants
cultured at 3% oxygen compared to 20% oxygen. Low oxygen increased the expression
of vascular endothelial growth factor (Vegf), but not that of the Vegf receptor (Flk-1).
Expression of two crucial epithelial branching factors, fibroblast growth factor-10 (Fgf10)
and bone morphogenetic protein-4 (Bmp4) were not affected by low oxygen. Epithelial
differentiation was maintained at low oxygen as shown by SP-C in situ hybridization.
To explore epithelial-vascular interactions, we inhibited vascular development with
antisense oligonucleotides (ODNSs) targeted against either hypoxia inducible factor (Hif)-
1o or vascular endothelial growth factor (Vegf). Epithelial branching morphogenesis in
vitro was dramatically abrogated when pulmonary vascular development was inhibited.
Collectively, the in vitro data show that a low oxygen environment enhances branching of
both distal lung epithelium and vascular tissue and that pulmonary vascular development
appears to be rate limiting for epithelial branching morphogenesis.
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INTRODUCTION

The molecular base of pulmonary development has been subject of extensive research
over the past decades.Many growth- and transcription factors and morphogens have been
shown to play key roles in pulmonary development, regulating trachea and lobe formation,
branching morphogenesis, proximal-distal epithelial differentiation, and mesenchymal
development (1, 2). Pulmonary vascular development has gained substantial interest
over the past years because of the putative vascular involvement in neonatal diseases
such as respiratory distress syndrome (RDS) and bronchopulmonary dysplasia (BPD) (3-5).
Furthermore, it has been postulated that lung abnormalities in congenital diaphragmatic
hernia (CDH) have a vascular origin (6, 7). Two processes have been implicated in vascular
development: angiogenesis, which is the sprouting of new vessels from pre-existing ones
and vasculogenesis, which is the development of blood islands de novo leading to the
establishment of vessels (8). Both processes are believed to occur during pulmonary
vascular development (9). Recently, it has been shown that vascular development takes
place during all stages of lung development (10).

It is important to realize that normal pulmonary development takes place in the relative
hypoxic environment of the uterus (11). Several studies have shown that the low fetal
oxygen environment is beneficial for embryo development (12, 13) and for cardiovascular
(14) and kidney (15) organogenesis, but relatively little is known about the influence of
oxygen on fetal lung development. Preliminary studies in rats have shown that a fetal
oxygen tension (hypoxia) maintains lung morphogenesis in vitro (16). Midtrimester human
fetal lung explants that were cultured at fetal oxygen tension had increased expression
of vascular endothelial growth factor A (Vegf) compared with explants cultured at
ambient oxygen cultures (17).Vedf is a potent mitogen for endothelial cells, influencing
angiogenesis and vasculogenesis (18).Vegf expression is regulated by hypoxia inducible
factor (Hif)-1a, which encodes a transcription factor that is expressed in most, if not all, cells
in response to hypoxia (19, 20). Moreover Hif-1a is essential for embryonic vascularization
and survival, hypoxia-induced pulmonary vascular remodeling, and tumor vascularization
(21). In Drosophila, oxygen is delivered to the cells via an extensive network of tubules
that deliver oxygen directly to the cells without interference of a vascular system (22).The
master gene in regulating tracheal cell specification in Drosophila is the bHLH-PAS domain
containing gene Trachealess, which displays high homology to mammalian bHLH-PAS
proteins, including Hif-1a (23, 24). Interestingly, a basic amino acid sequence immediately
near the N terminus of the HLH domain, which is known to be the site for DNA recognition,
is completely conserved between Hif-1a. and Trachealess (23, 24). Thus, the protein that
is involved in the hypoxic response and vascular development in mammalians seems to
regulate tracheal development in Drosophila. Recent studies have demonstrated that a
fetal oxygen tension indeed stimulates the branching of the Drosophila tracheal system
(25).
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Because a hypoxic environment is critical for vascularization, it is feasible that lung airway
branching morphogenesis in utero is controlled by oxygen-regulated pulmonary vascular
development. Recent reports have indeed suggested an active role for vascularization in
lung development. Schwarz et al. (26) showed that the inhibition of neovascularization
with endothelial monocyte activating polypeptide Il (EMAPII) resulted in an arrest of lung
airway epithelial morphogenesis. Furthermore, overexpression of the Vegf isoform 164 in
distal airway epithelium of the developing lung resulted in increased (27) or decreased (28)
peritubular vascularity, depending on the time of Vegf-164 overexpression.In both studies
gross abnormalities in lung branching morphogenesis were noted, with a concomitant
decrease in epithelial acinar tubules and mesenchyme (27, 28).

The objectives of the present study were to investigate the influence of fetal physiological
oxygen tension on the developing lung and to determine the interaction between the
developing vascular bed and the pulmonary epithelium.

MATERIALS AND METHODS

Transgenic mice

Tie2-LacZ mice were obtained from Jackson Laboratory, Bar Harbor, MN, U.S.A. (29). In
Tie2-Lac transgenic mice, the 2.1 kb 5’ flanking region of the murine Tie2 promoter drives
the expression of the bacterial LacZ reporter gene exclusively to endothelial cells (29).
In C1071-LacZ or cordon-bleu-LacZ transgenic mice, the C101 promoter drives the LacZ
gene expression specifically to epithelial cells (30). Cells transcribing the LacZ gene can
be viewed by staining for 3-galactosidase activity. Both transgenic lines were maintained
on a CD1 background. All mouse protocols were in accordance with CACC guidelines and
were approved by the Animal Care and Use Committee of the Hospital for Sick Children,
Toronto, ON, Canada.

Whole lung organ culture

Lung buds were dissected from embryonic day (E)11.5 CD1, C101-LacZ, or Tie2-LacZ
mouse embryos (day of vaginal plug is E0.5) and placed on a floating (8 ym Whatman
Nuclepore polycarbonate) membrane (Integra Environmental Inc.Burlington, ON, Canada).
Explants were grown in DMEM supplemented with 10% FCS (Gibco, Grand Islands, NY,
U.S.A.) and maintained in an atmosphere of either 3% 0,,92% N, and 5% CO, or 20%
0,,75% N, and 5% CO, at 37°C. Antisense oligonucleotides (ODNs) targeted against the
translation initiation site of murine Hif-1a (antisense: 5-TGCCGTCGCCGCCATC-3; sense: 5'-
GATGGCGGCGACGGCA-3")andVegf(31) were added to the mediumin afinal concentration
of 20 yM.The medium and ODN were changed every other day. In control lung explants,
lung growth and branching morphogenesis proceeded as described previously (32).
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X-gal staining

Cultured LacZ-lung explants were fixed (in 1% formaldehyde, 0.1% glutaraldehyde, 2
mM MgCl,, and 5 mM EGTA in 0.1 M sodium phosphate buffer pH 7.8-8.0 for 45 minutes
at 4°C), washed (in 2 mM MgCl,, 0.01% deoxycholate, and 0.02% NP-40 in 0.1 M sodium
phosphate buffer pH 7.8-8.0) 4 times for 30 minutes at 4°C, and stained overnight at 37°C
in X-gal staining solution (5 mM K,Fe(CN).:3H,0, 5 mM K Fe(CN), in wash buffer, mixed
40:1 with X-gal stock solution (40 mg/ml in dimethyl formamide), Invitrogen, Burlington,
ON, Canada).Explants were washed in 70% ethanol, fixed in 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS) overnight at 4°C, and stored in 70% ethanol. For imaging,
explants were dehydrated 2x 30 minutes in methanol and cleared in methyl salicylate.
For sectioning, explants were dehydrated in a graded series of ethanol, kept overnight in
1-butanol, embedded in paraplast, and mounted onto Superfrost slides (Fisher Scientific,
Unionville, ON, Canada). Digital images were taken with a Leica digital imaging system.

Immunostaining for Pecam

Cultured CD1 lung explants were fixed overnight in 4% PFA in PBS at 4°C. Explants were
washed twice in PBS, dehydrated through a graded series of ethanol, kept overnight in 1-
butanol, and embedded in paraplast. Seven pm-thick sections were cut and endogenous
peroxidase activity was quenched with 0.15% hydrogen peroxide in methanol. Sections
were incubated with trypsin (0.6 mg/ml) for 5 minutes at room temperature (RT). Non-
specific binding sites were blocked using 5% normal goat serum and 1% bovine serum
albumin followed by overnight incubation at 4°C with rat anti-mouse CD31 antibody
(1:60; Pecam-1, BD Biosciences Pharmingen, Mississauga, ON, Canada) and incubation
with biotinylated secondary sheep anti-rat antibody (1:300) at RT. Color detection was
performed accordingtoinstructionsintheVectastain ABCand DAB kit (Vector Laboratories,
Burlingame, CA, U.S.A)). Slides were lightly counterstained with Carazzi haematoxylin.
Digital images were taken using a Leica digital imaging system.

Whole mount in situ hybridization

Whole mount in situ hybridization was performed essentially as described by Riddle et
al. (33). Briefly, cultured CD1 lung explants were fixed overnight in 4% PFA in PBS at 4°C.
Explants were washed in PBS-T (PBS containing 0.1% Tween-20), dehydrated in graded
series of methanol in PBS-T, and stored in 100% methanol. After rehydration, explants
were bleached in hydrogen peroxide, treated with proteinase K (20 ug/ml), postfixed in 4%
PFA and 0.2% glutaraldehyde, and pre-hybridized for 1 hour at 70°C. Explants were then
hybridized with the appropriate digoxigenin (DIG)-labeled riboprobe (1 ug/ml) overnight
at 70°C. After washes in 50% formamide, 5x SSC, pH 4.5, and 1% SDS at 70°C followed by
washes in 50% formamide, 2x SSC, pH 4.5 at 65°C, and Tris-buffered saline (TBS)-T (TBS
containing 1% Tween-20) at RT, explants were pre-blocked with sheep serum in TBS-T,and
subsequently incubated with anti-DIG alkaline phosphatase 1:5000 in blocking solution
(Roche, Montreal,QC, Canada) at 4°C.The next day, explants were washed in PBS-T followed
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by washes in NTM-T (100 mM NaCl, 100 mM Tris, pH 9.5, 50 mM MgCl,, and 0.1% Tween)
and then incubated with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
chromogen (NBT/BCIP; Roche, Montreal, QC, Canada) at RT until purple color appeared.
After color development, explants were washed in NTM-T and PBS-T, dehydrated in a
graded series of methanol in PBS-T, and stored in PBS-T at 4°C. Digital images were taken
using a Leica digital imaging system.

Tissue section in situ hybridization

Cultured CD1 lung explants were fixed overnight in 4% PFA in PBS, dehydrated in ethanol,
and embedded in paraplast.Sections of 12 um were cut and mounted on Superfrost slides
(Fisher Scientific, Unionville, ON, Canada). Explants were then assayed for non-radioactive
RNA in situ hybridization according to Moorman et al. (34). Briefly, after dewaxing and
rehydrating, tissue sections were permeabilized with proteinase K (20 pg/ml), postfixed
in 4% PFA and 0.2% glutaraldehyde, and pre-hybridized for 1 hour at 70°C. The sections
were hybridized overnight at 70°C with a DIG-labeled riboprobe for surfactant protein
(SP)-C (1 pg/ml).The next day, sections were washed in 50% formamide in 2x SSC, pH 4.5 at
65 C followed by PBS-T washes. Subsequently, the sections were incubated with anti-DIG
alkaline phosphatase 1:1000 in blocking solution (Roche, Montreal, QC,Canada) at 4°C.The
next day, sections were washed in PBS-T followed by washes in NTM (100 mM Nacl, 100
mM Tris, pH 9.5, and 50 mM MgCl.) and then incubated with NBT/BCIP (Roche, Montreal,
QC, Canada) at RT until the purple color appeared (4-5 hours). All slides were stopped at
the same time to make comparison over different stages of development possible. After
color development, sections were washed in distilled water, dehydrated in a graded series
of ethanol and xylene, and mounted with coverslips using permount (Fisher Scientific,
Unionville, ON, Canada). Digital images were taken using a Leica digital imaging system.

RNA isolation and real-time RT-PCR

CD1 lung explants, cultured at 3% or 20% oxygen, were rinsed in ice-cold PBS after 2,4,and
6 days in culture (12 lungs from 3 litters at 2 and 4 days and 9 lungs from 2 litters at 6 days),
immediately frozen in liquid nitrogen and stored at -70°C. Explants from each time group
were divided into three groups and RNA was extracted using the RNeasy kit (Qiagen,
Mississauga, ON, Canada). One pg of RNA was reverse transcribed (37°C) using random-
hexamers (Applied Biosystems, Foster City, CA, USA). The resulting templates (50 ng of
cDNA for our target genes and 5 ng for 18S) were quantified by real-time PCR (ABI Prism
7700).Primers and TagMan probes for total Vegf, Vegf receptor Flk-1 (kinase insert domain-
containing receptor/fetal liver kinase-1; KDR/Flk-1 or Vegfr2), angiopoietin (Ang)-1, and
Ang-2 were similar to previously published sequences (35), whereas primers and TagMan
probes for Pecam-1,Tie2, fibroblast growth factor-10 (Fgf10) and the Fgf receptor-2 (Fgfr2)
(for both Fgfr2-lllb and -llic isoforms) were purchased from ABI as Assays-on-Demand™ for
murine genes. For each probe a dilution series determined the efficiency of amplification
of each primer-probe set and the relative quantification method was employed (36). For
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the relative quantitation, PCR signals were compared between groups after normalization
using 18S as an internal reference. Briefly, relative expression was calculated as 2-¢tgene
of interest-Ct185) and fold-change was calculated according to Livak et al. (36). A p<0.05 was
considered statistically significant.

A 20% oxygen

4

96 hrs iy

Figure 1. Low oxygen enhances epithelial branching morphogenesis in vitro. C101-LacZ expression in E11.5 lung
explants after 48 (A, B) and 96 (C, D) hours in culture. Explants cultured at 3% oxygen (B, D) showed more complex
branching compared to explants cultured at 20% oxygen (A, C). Asterisk is located in the trachea, arrowheads point
at main bronchi, and arrows at increased distal branch tips. Blue color is X-gal staining in airway epithelial cells.

Bar: 100 um.

REesuLTs

Low oxygen enhances epithelial branching morphogenesis

The effect of low oxygen on epithelial branching in vitro was investigated using C101-
LacZ mice.Lungs were dissected at E11.5 and cultured at either 3% or 20% oxygen.Whole
mount LacZ staining revealed a complete image of the developing airways. On E11.5,
the lung rudiments consisted of two epithelial buds that over time (48 hours) in culture
progressed towards two main airways (arrowheads in Fig. 1A) and four lobes on the right
and one lobe on the left side of the trachea (asterisk in Fig. TA). Additional branching
(96 hours) provided the exponential growth and complexity of distal airways (Fig. 1C, D).
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LacZ staining in lung explants cultured at 3% oxygen showed that the distal branches
had more tips (arrows in Fig. 1B, D) compared with explants cultured at 20% oxygen (Fig.
1B, D versus A, C, respectively). Because C101-LacZ is solely expressed in epithelial cells of
the airways and not in mesenchymal or endothelial cells, these results suggest that a low
oxygen environment benefits epithelial branching morphogenesis.

In Drosophila tracheal development, terminal branching is mainly controlled by oxygen.
A low oxygen tension stimulates terminal branch formation and high oxygen tension
suppresses it (25). Oxygen-starved cells were shown to generate a signal that functions
as a chemo attractant for terminal branches. This signal was identified as Branchless, the
Drosophila orthologue for Fgf (25). In mammalian development, Fgf10 and its receptor
Fgfr2 play a role in airway branching that is reminiscent of that described for Branchless
and its receptor Breathless in Drosophila trachea development (37). Both Fgf10 and Fgfr2
have been shown to be indispensable for murine lung development (38-40). Based on
these data, we tested the possibility that increased airway branching morphogenesis in
lung explants cultured at 3% oxygen was caused by an increase in Fgf10/Fgfr2 signaling.
Whole mount in situ hybridization was performed to investigate Fgf10 mRNA expression
in lung explants. Fgf10 was mainly expressed in the mesenchyme of distal airways of
E11.5 lung explants cultured for 24 hours at 20% oxygen (Fig. 2A). Fgf10 was unevenly
expressed, that is, high levels of expression were detected in the mesenchyme between
the distal buds (arrows in Fig. 2A, B) and low expression was detected at the distal branch
tips (arrowheads, Fig. 2A, B). A similar spatial expression pattern was reported for the
developing murine lung in vivo (41). Explants cultured at 3% oxygen demonstrated a
similar spatial expression pattern as those kept at 20% oxygen (Fig. 2B vs. 2A).To confirm
these results, we performed real-time RT-PCR for Fgf10 and Fgfr2 in explants cultured at
either 3% or 20% oxygen for 2, 4, and 6 days. No significant changes in gene expression
of both signaling molecules were found between explants cultured at 3% or 20% oxygen
(Fig.2C, D).

In addition to Fgf10,also bone morphogenetic protein-4 (Bmp4) was shown to be required
for the coordinated branching and elongation of airway tubules during lung development
(42). Therefore, we performed whole mount in situ hybridization for Bmp4 to investigate
whether culturing of lung explants at 3% oxygen influenced Bmp4 expression.In explants
cultured for 48 hours at 20% oxygen, Bmp4 was mainly expressed in the pulmonary
epithelium with markedly enhanced expression at the distal branch tips (arrow in Fig.
2E). This spatial expression pattern is similar to that of the embryonic murine lung in
vivo (43). Bmp4 expression in explants cultured at 3% oxygen showed a similar spatial
expression pattern (Fig. 2F). The increased number of Bmp4-positive distal branch tips in
lung explants cultured at 3% oxygen reflects the enhanced airway branching of the lung
in low oxygen (arrow in Fig. 2F). Taken together, the results suggest that the increased
epithelial branching morphogenesis of explants cultured at 3% oxygen is likely not due to

55



CHAPTER 3

changes in Fgf10 and Bmp4 signaling.

Distal airway epithelium is normally lined with SP-C-positive cells. To investigate whether
low oxygen maintained epithelial differentiation,we performed section insitu hybridization
for SP-Con E11.5 explants cultured at either 3% or 20% oxygen. In lung explants cultured
at 20% oxygen, SP-C mRNA was detected in the distal epithelium (Fig. 2G, |, for 96 and
144 hours, respectively). Explants cultured at 3% oxygen demonstrated enhanced SP-C
expression in distal epithelial branches (Fig. 2H, J,for 96 and 144 hours, respectively). These
results are in line with a preliminary report by Gebb and Shannon (44) and indicate that
explants cultured at 3% oxygen maintain their appropriate epithelial morphogenesis.
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Figure 2. Low oxygen does not affect Fgf10 and Bmp 4 expression. Whole mount in situ hybridization for Fgf10 (A,
B) and Bmp4 (E, F) mRNA in lung explants cultured for 24 hours at 20% (A, E) or 3% oxygen (B, F). Fgf10 was highly
expressed in the mesenchyme between branches (arrows), but less in distal branch tips (arrowheads). Bmp4 was
strongly expressed in the epithelium of distal branch tips (arrows).Low oxygen did not affect the spatial expression
of Fgf10 or Bmp4. Real-time RT-PCR (n = 3 from 3 separate experiments and expressed as fold-change £SD, rela-
tive to explants cultured at 20% oxygen for 2 days) revealed no significant differences in the mRNA expression of
Fgf10 (C) or its receptor Fgfr2 (D). Section in situ hybridization for SP-C mRNA in explants cultured for 96 (G, H) or
144 hours (1, J) at 20% (G, ) or 3% oxygen (H, J) revealed enhanced SP-C expression in the distal parts of explants
cultured at 3% oxygen (H, J). Dark purple color is positive ISH staining. Bar: 125 um (A, B, E, F); 100 um (G-J).
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Low oxygen enhances vascular development

The effect of hypoxia on the development of the pulmonary vascular system in vitro was
investigated using Tie2-LacZ mice.Lungs were dissected at E11.5 and cultured at either 3%
or 20% oxygen.Whole mount LacZ staining revealed a complete image of the developing
vascular bed.Explants cultured for 48 hours at 3% oxygen showed a more complex vascular
networkin the mesenchyme surrounding the developing lung buds than explants cultured
at 20% oxygen (Fig. 3B versus 3A). The enhanced vascularization in 3% oxygen explants
was even more evident after 72 hours of culture (Fig. 3D versus 3C). Noteworthy is the
arrangement of the vessels between the explants cultured at different oxygen tensions.In
explants cultured at 20% oxygen, X-gal positive vessels were detected along the trachea
(arrow), main bronchi and along smaller distal airways. No vascularization; however, was
detected along the distal branch tips (edges) of the explants (arrowheads in Fig. 3C). In
explants cultured at 3% oxygen; however, a considerable density of X-gal positive vessels
was detected along the trachea (arrow), main bronchi and smaller airways up to the distal
branch tips (edges) of the explants (arrowheads in Fig. 3D). Sectioning of the explants
confirmed the increased extent of the vascular bed in explants cultured at 3% oxygen (Fig.
3F) compared with explants cultured at 20% oxygen (Fig. 3E). These results indicate that
low oxygen enhances vascular development in embryonic lung explants and stimulates
vascular growth in the periphery of the lung, thereby covering all distal airways.
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Figure 3. Low oxygen stimulates pulmo-
5 nary vascular development in vitro. Tie-
LacZ expression in E11.5 lung explants
after 48 (A, B) and 72 (C-F) hours in culture.
Explants cultured at 3% oxygen (B, D)
showed more complex vascular branching
compared to explants cultured at 20% ox-
ygen (A, C). In explants kept at 3% oxygen,
vessels extended to the most distal branch
tips (arrowheads), whereas in explants
kept at 20% oxygen, the vessels did not
reach the distal branch tips (arrowheads).
Sectioning of E11.5 Tie-LacZ lung explants
after 48 hours in culture confirmed en-
hanced X-gal staining in explants cultured
at 3% oxygen (F) compared to explants
cultured at 20% oxygen (E). Sections were
counterstained with eosin. Blue color is X-
gal staining in endothelial cells. Bar: 100
um. sion in the distal parts of explants
cultured at 3% oxygen (H, J). Dark purple

= . i color is positive ISH staining. Bar: 125 um
L N = = (AB,EF);100um (G-J).
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Low oxygen increases Pecam-1 and Vegf expression

To confirm the increase in vascularization in Tie2-LacZ lung explants cultured at 3% oxygen,
we performed immunohistochemistry for Pecam-1 (CD31), which is an endothelial marker.
After 72 hours in culture, greater Pecam-1 immunopositive reactivity was observed in the
mesenchyme from explants cultured at 3% oxygen (Fig. 4B) when compared to explants
cultured at 20% oxygen (Fig. 4A). Note the more complex pattern of tubular epithelial
branching in explants cultured at 3% oxygen (Fig. 4B), which is consistent with the
increased airway branching seen in C101-LacZ explants cultured at 3% oxygen (Fig. 1B,
D). We then performed real-time RT-PCR for Pecam-1 in E11.5 lung explants cultured for
2,4, and 6 days at either 3 or 20% oxygen. Culturing explants at 3% oxygen significantly
increased Pecam-1 mRNA expression compared to explants cultured at 20% oxygen (Fig.
4C).These results confirm that low oxygen stimulates vascular development in embryonic
lung explants.
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Figure 4. Low oxygen stimulates Pecam-1 and Vegf expression. Pecam-1 (CD31) immunohistochemistry in E11.5
lung explants after 72 hours in 3% (B) or 20% oxygen (A) culture. Sections were counterstained with Carazzi hae-
matoxylin. Explants cultured at 3% oxygen (B) showed increased Pecam-1 staining compared to explants cultured
at 20% oxygen (A). Brown color is positive staining. Real-time RT-PCR (n = 3 from 3 different experiments and ex-
pressed as fold-change £5D relative to explants cultured at 20% oxygen for 2 days) showed increased expression of
Pecam-1 (C) and Vegf (D) in explants cultured at 3% oxygen. Vegfr2 (Flk-1) expression (E) was initially upregulated
in explants at low oxygen, but its expression was not different from 20% oxygen explants when cultured for longer
periods."P<0.05, Bar: 250 um.
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Many genes that are involved in angiogenesis and vessel growth are upregulated by
hypoxia, including Vegf (45).Because a hypoxic environment increased vascular density in
cultured lung explants, we performed real-time RT-PCR for total Vegfin E11.5 lung explants.
Vegf mRNA was dramatically upregulated in explants exposed to 3% oxygen compared
with lung explants cultured at 20% oxygen (Fig.4D).Expression of Vegfr2/Flk-1 was initially
(2 and 4 days culture) upregulated in lung explants kept at 3% oxygen compared with
explants cultured at 20% oxygen, but no differences in Vegfr2/Flk-1 transcript levels were
noted between lung explants cultured for longer times (6 days) (Fig. 4E). The expression
levels of other angiogenic cytokines, such as Ang-1 and Ang-2, were not affected by low
oxygen levels (not shown).

Vascular development influences epithelial branching morphogenesis

To investigate whether vascularization affects epithelial branching morphogenesis, we
inhibited vascularization using antisense ODNs targeting either Vegf or Hif-1a..E11.5 lung
explants from Tie2-LacZ mice were cultured at 3% oxygen in the presence or absence
of either antisense ODNs. After 48 hours in culture, intense vascular LacZ staining was
detected in control and sense Hif-1o. ODN-treated lung explants (Fig. 5A, B, respectively).
A fine vascular network wrapped around the trachea, main bronchi, and covered the
epithelial tubules as far as the distal branch tips (arrowheads). In contrast, antisense Hif-
1o ODN-treated lung explants showed a dramatic decrease in vascular development
(Fig. 5C). Although vessels ran from the trachea area down along the main bronchi and
some proximal epithelial branches, most of the peripheral tissue was devoid of vessels
(arrow in Fig.5C). Antisense ODNs targeted against Vegf exhibited a similar effect. After 72
hours in culture, an extensive vascular network was visible in control (arrowhead, Fig. 5D)
and sense Vegf ODN-treated lung explants (arrowhead, Fig. 5E). Similar to antisense Hif-
1o ODN-treated lung explants, large areas of antisense Vegf ODN-treated lung explants
were devoid of vessels (arrows in Fig. 5F, I). The inhibitory effect of antisense Vegf ODN
on vascularization was clearly observed after 96 hours in culture (Fig. 5G, H, |, for control,
sense, and antisense Vegf ODN-treated lung explants, respectively). These results show
that antisense knockdown of either Hif-1a or Vegf reduces vascular development in lung
explants cultured at 3% oxygen. Vascularization was more affected by antisense Hif-1a
ODN than antisense Vegf ODN treatment; findings that may be explained by the position
of both factors in the hypoxic signaling cascade leading to vascular development. Hif-1a.
is the key player and functions upstream in this cascade, regulating Vegf and numerous
other genes (45).

To investigate the effect of reduced vascular development on epithelial branching
morphogenesis, C101-LacZ lung explants were treated with sense and antisense ODNs
targeted against Hif-1a or Vegdf. LacZ staining of epithelial airway cells revealed an almost
complete abrogation of epithelial branching morphogenesis in antisense Hif-1oc ODN-
treated lung explants (Fig. 6C, F). After 72 hours in culture, LacZ staining was observed in
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the trachea, two main bronchi, and subsequent branches of control, sense, and antisense
Hif-10. ODN-treated lung explants.No obvious differences were observed between control
(Fig. 6A) and sense Hif-1a. ODN-treated lung explants (Fig. 6B). Conversely, antisense Hif-
1a ODN-treated lung explants showed dramatically reduced epithelial branching with
abnormal, blunt tips of distal branches (Fig. 6C). LacZ staining of explants cultured for 96
hours showed that epithelial branching morphogenesis in control (Fig.6D) and sense (Fig.
6E) Hif-1a. ODN-treated lung explants had progressed towards a complex network of fine
epithelial branches that had extended and rebranched multiple timesin culture.In contrast,
antisense Hif-1o. ODN-treated lung explants demonstrated a complete stop in branching
morphogenesis (Fig. 6F). The treatment of explants with antisense ODNs targeted against
Vedf resulted in similar results, although branching in these explants, after 72 hours
culture at 3% oxygen, was less affected compared to treatment with antisense Hif-1a
ODN:s (Fig. 6G, H for control and antisense Vegf ODN-treated lung explants, respectively).

A __Control if-100 ODN C AS Hif-1o. ODN

F

Figure 5. Antisense inhibition of Hif-1o. and Vegf reduces pulmonary vascularization in vitro. Tie-LacZ expression in
E11.5lung explants after 48 (A-C), 72 (D-F), and 96 (G-1) hours at 3% oxygen. Explants treated with antisense ODNs
targeted against Hif-1a. (C) or Vegf (F, 1) demonstrated abnormal vessel formation compared to sense-treated (Hif-
Tou B; Vegf: E, H) or control (A, D, G) explants. Large areas without vessels were seen in antisense ODN-treated ex-
plants (arrows in C, F, I), whereas in control and sense ODN-treated explants, the whole explant was covered with

vessels (arrowheads in A-B, D-E, G-H). Blue color is X-gal staining in endothelial cells. Bar: 100 um.
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These results suggest that the inhibition of pulmonary vascular development results
in a dramatic reduction in epithelial branching morphogenesis, indicating that in the
context of epithelial-mesenchymal tissue interactions, the vascular network within the
mesenchyme is a key factor for epithelial branching morphogenesis.

DiscussionN

In this study we demonstrate that a low oxygen environment (3% oxygen) stimulates
pulmonary vascular and epithelial branching morphogenesis in vitro. Increased epithelial
branching was accompanied by increased SP-C expression, implying that low oxygen
maintains an appropriate epithelial differentiation pattern. However, the expression of
Fgf10 and Bmp4, two critical signaling components for normal distal epithelial branching
(38), were not affected by a low oxygen environment. Low oxygen levels stimulated
vascularization and this was accompanied by a significant increase in Pecam-1 expression.
Also, Vegf expression was significantly increased by low oxygen. Similar observations
have been reported for another branching organ; the kidney (46). Low oxygen stimulated
tubule formation and ureteric bud growth from E14.5 metanephroi in vitro. Moreover, low
oxygen exposure of metanephroi increased the number of Vegfr (FIt-1 and Flk-1) positive
endothelial cells and induced a 10-fold increase in Vegf mRNA (46). These data highlight
the importance of alow oxygen environment for proper development of branched organs.
Moreover, we show that the inhibition of vascularization in vitro, results in a dramatic
decrease in epithelial branching morphogenesis, suggesting that pulmonary vascular
development is rate limiting for epithelial branching morphogenesis.

The enhancement of lung epithelial branching morphogenesis by low oxygen has been
reported by Gebb and co-workers (16). They showed increased terminal branching and
cellular proliferation in fetal rat lung explants that were cultured at 3% oxygen compared
with 21% oxygen (16). Additionally, they reported that low oxygen suppressed the activity
of metalloproteinases, which are zinc-dependent enzymes that modify the extracellular
matrix (ECM) structure and function, what resulted in the accumulation of specific ECM
components, including tenascin-C, which has been shown to influence lung branching
(16). Wilborn and co-workers (47) reported a loss of morphology in E12.5 mouse lung
explants after 48 hours culturing at 10% oxygen. It should be mentioned that Wilborn and
co-workers (47) did not use serum in their cultures, whereas in the present study we used
10% fetal calf serum. It is plausible that fetal calf serum contains factors that are needed
for the survival of the explants at low oxygen.Human fetal lung tissues have been shown
to differentiate spontaneously in an atmosphere of 20% oxygen; however, morphological
differentiation and SP-A expression disappeared when the tissues were maintained at
1% oxygen (48). Also, the low oxygen effect on morphological differentiation was rapidly
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reversed when tissues were exposed to 20% oxygen after five days at 1% oxygen (48).
These findings led the authors to conclude that oxygen plays an important permissive
role in the spontaneous differentiation (and SP-A expression) of human fetal lung in
vitro. We observed that increased airway branching in a low oxygen environment was
associated with proper terminal differentiation (SP-C expression). The finding that SP-A
MRNA disappeared in the study of Acarregui et al. (48), whereas we show SP-C mRNA
staining at low oxygen levels might be explained by the difference in oxygen levels that
were used. In the present study, 3% oxygen was used, whereas Acarregui and co-workers
used 1% oxygen levels. Also in their study, incubation at 5% oxygen already increased
SP-A levels.Whether the discrepant findings are due to species differences remains to be
established.

C AS Hif-10. ODN

A B — : —
Figure 6. Antisense inhibition of pulmonary vascular development decreases epithelial branching morphogenesis.
C101-LacZ expression in E11.5 lung explants after 72 (A-C, G-H) and 96 (D-F) hours at 3% oxygen. Explants treated
with antisense ODNs targeted against Hif-1c. (C, F) or Vegf (H) demonstrated an almost complete stop of epithelial
branching morphogenesis compared to sense Hif-1a. ODN-treated (B, E) or control (A, D, G) explants. Blue color is
X-gal staining in airway epithelial cells. Bar: 100 um.

The important role of Fgf10 and Fgfr2-lllb in lung development was shown when both
Fgf10-deficient mice (38, 39) and Fgfr2” chimeras (49) formed a trachea without any
further pulmonary branching (49). Similarly, transgenic mice that overexpress a (soluble)
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dominant negative Fgfr2-lllb splice variant in distal lung epithelium, had a severe
pulmonary defect with only the formation of a rudimentary trachea and two main bronchi,
but without any lateral branches (50, 51). Moreover, cre-mediated excision to generate
mice lacking the lllb form of Fgfr2, while retaining expression of the llic splice form,
resulted in mice that had no lungs and died at birth (40). In Drosophila, hypoxia greatly
enhances the branching of terminal tubules during tracheal development (25). Although
Bnl, the fly homologue for Fgf, was identified as the critical signal in this hypoxic response,
no oxygen-dependent differences in the expression of Fgf10 and its receptor Fgfr2 were
observed in the present study. Nevertheless, the real-time PCR assay used in the current
study does not differentiate between the Fgfr2 splice isoforms, Fgfr2-lllb and Fgfr2-llic.
Thus, it is possible that different oxygen tensions trigger Fgfr2 isoform specific effects.
Another possible mediator of hypoxia-induced branching morphogenesis is insulin-like
growth factor (Igf)-I. It has been shown that hypoxia significantly increases both Igf-l and
Igf-1 type 1 receptor (Igfr-) mRNA in the neonatal rat lung (52). Furthermore, Han et al. (53)
showed that immuno-inhibition of Igfr-l in human fetal lung explants resulted in reduced
branching as well as a loss of endothelial cells. They concluded that Igfs via Igfr-I affect
lung development, most likely by acting as endothelial survival factors (53). Because a
low oxygen environment stimulates both components of this signaling pathway, it may
account for the increased vascularization and subsequent epithelial branching seen in the
present study.

Numerous studies have provided evidence that Vegf acts as a potentinducer of endothelial
cell growth and that hypoxia is one of its key stimuli (18,54).In this study, we show that Vegf
and Vegfr2/Flk-1 mRNA levels are significantly upregulated in lung explants cultured at 3%
oxygen.Similar findings have been reported for Vegf levels in human (17) and rat (16) fetal
lung explants cultured at low oxygen.Vedf is indispensable for embryonic development
because it was shown that even haploinsufficiency of Vedf is enough to cause embryonic
lethality (55, 56). In the embryonic lung, Vegf transcripts are mainly detected in the lung
epithelium and its expression increases with advancing gestation and remains high in the
adult lung (57-59). Vedf signals via two endothelial specific, high affinity tyrosine kinase
receptors, Vegfr1 (Flt-1) and Vegfr2 (Flk-1) (60). During lung development, both receptors
are strongly expressed in the embryonic lung endothelium (57). Although alveolar
epithelium expresses Flk-1 (61, 62), exogenous Vegf did not directly induce fetal type I
cell proliferation or surfactant protein production (61). The adjacent expression patterns
of Vegf in pulmonary epithelium and the two Vegf receptors in pulmonary endothelium,
suggest a regulatory signaling loop between the two tissue components during lung
development. This suggestion is supported by findings of Gebb et al. (63) who showed
that the expression of endothelial FIk-1 within the mesenchyme required the presence of
pulmonary epithelium. So far as we know, no oxygen-dependent upregulation of Vegfr2/
FIk-1 expression in the lung has been reported.
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In the present study we observed that inhibition of vascularization with antisense ODNs
targeted against either Hif-1a. or Vegf, reduced epithelial branching morphogenesis.
We chose to target Hif-1a and Vegf because both factors are key factors in the hypoxic
response and in vascular development. Hif-1a is upregulated in response to hypoxia
and in turn upregulates the expression of oxygen-sensitive target genes such as Vegf
(19, 20). Hif-1a. is expressed in the fetal lung (64), whereas Hif-1a-deficient mice die in
utero and exhibit severe vascularization defects (65). We found that both the antisense
knockdown of Hif-1a and Vegf reduced pulmonary vascular development, although the
vascular reduction was more severe in explants treated with antisense Hif-1a. ODN than
with antisense Vegf ODN.The latter is not surprising because Hif-1a regulates many more
genes than Vegf alone (45).Our key finding that the antisense inhibition of vascularization
almost completely abrogated epithelial branching morphogenesis is remarkable and
suggests that vascular development is essential for airway branching. Likewise, several
studies have recently highlighted the importance of endothelial cells for developing
organs (66). Matsumoto and co-workers (67) showed that when livers from Flk-1-deficient
mice, that die early in embryogenesis due to a lack of blood vessel formation (68), were
cultured, initial epithelial layers formed, but subsequent migration of liver epithelial cells
into the surrounding septum transversum failed. Also, Lammert et al. (69) showed with in
vitro and in vivo experiments, that endothelial cells induced essential steps in pancreas
formation, specifically with respect to endocrine differentiation. Moreover, there is some
evidence that distal airway branching and vascular formation are linked during pulmonary
development. Inhibition of neovascularization in an embryonic lung allograft model
with endothelial monocyte activating polypeptide (Emap II), which is an anti-angiogenic
protein, resulted in an arrest of airway epithelial morphogenesis at the canalicular stage
of lung development (26). Similarly, lungs of mice that lack the heparin sulfate-bound
Vedf isoforms 164 and 188, and only express freely diffusible Vegf 120, showed a decrease
in peripheral vascular development with fewer air-blood barriers and delayed airspace
formation (70). Likewise, neonatal mice that were treated with a soluble decoy receptor
for Vegfr1 to block endogenous Vedf signaling, exhibited a dramatic decrease in body and
organ growth and died within 4 to 6 days after birth (71). The lungs of these mice were
immature with simplification of the alveolar region and a decrease in Flk-1 expression (71).
Inhibition of Vedfr signaling using the Vegfr blocker Su-5416 either before or after birth,
also resulted in reduced pulmonary vascularization and alveolarization (72, 73). Based
on published results and the data presented in this study, we conclude that pulmonary
vascular development has a rate-limiting role in epithelial branching morphogenesis.

The aforementioned conclusion does not exclude the finding that pulmonary vascular
development depends on signals from the lung epithelium for its survival (63). One
driving force behind endothelial proliferation and guidance is clearly epithelial-derived
Vedf. Reciprocal, paracrine Vegf signaling was shown to be important for the formation
and vascularization of pancreatic islets (74). In the lung, Raoul and co-workers (5) found
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that the stimulatory effect of Vegf upon fetal type Il cells was not directly, but was exerted
indirectly through reciprocal paracrine interactions, most likely involving mesenchymal
and endothelial cells types (61).Hence, a regulatory loop is established, in which epithelial-
derived Vegdf induces vascular development, upon which the endothelium signals back,
either directly, or indirectly via the mesenchymal compartment, to stimulate epithelial
branching and differentiation.The key finding in our study that the antisense knockdown
of the angiogenic factors Hif-1a and Vegdf results in profoundly arrested airway branching,
adds to this model that vessels play an active and guiding role in pulmonary branching
morphogenesis, and are not merely following the developing airways.
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ABSTRACT

Sonichedgehog (Shh)isamorphogen that plays a major role in many aspects of embryonic
development. Mice that are deficient for Shh die before birth with defects in brain and
neural tube development, cyclopia, and limb defects. Moreover, Shh-deficient mice have
defects in airway development, that is, the trachea and esophagus do not separate,
whereas their lungs are hypoplastic and display a severe lung branching defect. Recent
studies showed that hedgehog signaling is involved in vascular development. In this
study we therefore investigated the possibility that diminished airway branching in Shh-
deficient mice is due to abnormal pulmonary vascular development. Pulmonary vascular
development in Shh-deficient mice was investigated with the use of Shh/Tie2-LacZ
compound transgenic mice. Endothelial cell expression of LacZ and CD31 was studied. In
embryonic day (E)11.5-13.5 Shh-deficient mice, the pulmonary vascular bed is decreased
to the same degree as airway branching. However, when E12.5 Shh-deficient lungs were
cultured for 4 to 6 days, the vascular network deteriorated compared to wild-type lungs.
The expression of vascular endothelial growth factor-A (Vegf) or its receptor Vegfr2 (KDR/
FIk-1), was not different between E12.5-13.5 Shh-deficient and wild-type lungs.In contrast,
mMRNA expression forangiopoietin-1(Ang-1),but notfor Ang-2 orthe angiopoietin receptor
Tie2, was downregulated in lungs of E12.5-E13.5 Shh null mutant mice.Recombinant Ang-
1 alone was unable to restore branching morphogenesis in Shh-deficient lungs in vitro.
Conversely,the angiogenic factor fibroblast growth factor-2 (Fgf2) alone, or in combination
with Ang-1, dramatically increased vascularization and branching morphogenesis of
cultured Shh-deficient lungs. These data indicate that early-stage vascular development,
mediated by Vegf/Vegfr2 signaling, proceeds normal in Shh-deficient mice, whereas later-
stage vascular development, mediated by the Ang/Tie2 signaling pathway, is defective.
Furthermore, we speculate that airway branching morphogenesis in Shh-deficient lungs
is partially restored by Fgf2-induced vascularization.
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INTRODUCTION

The lung is composed of a complex network of airways and vessels and although much
has been learned regarding the mechanisms controlling lung bud formation and airway
branching, the mechanisms involved in vascular formation during lung development
remain somewhat obscure. Three processes are believed to control pulmonary vascular
development:angiogenesis, which is defined as sprouting of new vessels from pre-existing
onesandgivesrise to the central vessels;vasculogenesis,which is de novo synthesis of blood
vessels from blood islands in the periphery of the lung; and the fusion of proximal and
peripheral vessels to form the pulmonary circulation (1-3). Generally, it has been assumed
that pulmonary vessels play a somewhat passive role in pulmonary development, that is,
they merely follow the developing airways. However, in recent studies, the importance
of endothelial cells for the development and differentiation of foregut-organs like the
liver and pancreas, were highlighted (4, 5). Furthermore, more and more studies suggest
that pulmonary vascular development and airway branching morphogenesis are linked,
specifically during the period of alveolar formation. Mice engineered to express only the
vascular endothelial growth factor-120 (Vegf-120) isoform, developed to term, but died
shortly after birth (6). Their lungs showed impaired peripheral vascular development, a
reduced number of air-blood barriers, and delayed airspace formation, suggesting a role
for the heparin-binding Vegf isoforms (-164 and -188) in lung branching morphogenesis.
Likewise, neonatal mice that were treated with a soluble decoy receptor for Vegf (mFlt(1-
3)-IgG) to block endogenous Vegf signaling, exhibited a dramatic decrease in body
and organ growth, and died within 4 to 6 days after birth (7). The lungs of these mice
were immature with simplification of the alveolar region and a decrease in pulmonary
arterial density. In addition, inhibition of vasculogenesis in rat pups with the Vegdf receptor
(Vegfr)-inhibitor Su-5416 resulted in reduced alveolarization (8, 9). Similarly, inhibition
of neovascularization in an embryonic lung allograft model with endothelial monocyte
activating polypeptide (Emap Il), which is an anti-angiogenic protein, resulted in lung
hypoplasia and an arrest of airway epithelial morphogenesis at the canalicular stage of
lung development (10). Although these data indicate a linkage between distal airway
and vascular formation during the later stages of pulmonary development, it is unknown
whether these processes are linked during early lung branching morphogenesis.

Sonic hedgehog (Shh) is an important morphogen known to regulate epithelial-
mesenchymal tissue interactions during embryonic organ development, including the
lung (11-13). Shh-deficient mice exhibit a severe lung branching defect (12, 13). To our
knowledge, the development of the pulmonary vasculature has not been specifically
investigated in these mice. Recently, evidence has emerged that Shh is able to induce
robust angiogenesis in vivo (14), whereas in vitro, Shh induced capillary morphogenesis
of endothelial cells (15). Furthermore, Shh induced the expression of two families of
angiogenic cytokines, including all three Vegdf isoforms and Ang-1 and -2 (16). Thus, it
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is possible that reduced airway branching in Shh null mice is secondary to a defect in
pulmonary vascular development.

In this study, we investigated vascular development in Shh-deficient lungs and observed
that the early pulmonary vasculature develops normal, but that this vascular network
deteriorates at later stages of development, which may be the result of decreased Ang-1
levels.Exogenous Fgf2,in combination with Ang-1, stimulated both vascular development
and airway branching of cultured Shh-deficient lungs, suggesting a role for proper
vascularization in normal branching morphogenesis.

MATERIALS AND METHODS

Mouse mutants

Shh, Gli2,and Gli3 heterozygous (Shh*,Gli2*", Gli3*") mice were obtained from Dr.C.C.Hui,
Hospital for Sick Children, Toronto, ON, Canada. Tie2-LacZ mice (17) were obtained from
Jackson Laboratory (Bar Harbor, MN, U.S.A.). Shh*/, Gli2*", and Gli3*" mice were crossed
with Tie2-LacZ mice and embryos obtained from crossings between Shh*"/Tie2-LacZ
and Shh**/Tie2-LacZ, Gli2*/Tie-LacZ and Gli2*"/Tie-LacZ, and Gli3**/Tie2-LacZ and Gli3*"
/Tie2-LacZ mice respectively, were used for whole mount LacZ staining of embryonic
day (E)11.5-E13.5 lungs and whole organ cultures of E12.5 lungs. The Shh, Gli2, and Gli3
genotypes were determined by PCR analysis of genomic DNA (18). All mouse protocols
were in accordance with CACC guidelines and were approved by the Animal Care and Use
Committee of the Hospital for Sick Children, Toronto, ON, Canada.

Whole lung organ culture

Lung buds were dissected from E12.5 Shh/Tie2-LacZ embryos (day of vaginal plug is E0.5)
and placed on a floating (8 um Whatman Nuclepore polycarbonate) membrane (Integra
Environmental Inc. Burlington, ON, Canada). Explants were grown in DMEM/10% FCS
(Gibco, Grand Islands, NY, U.S.A.) and maintained in 20% 0, and 5% Co, at 37C. rhAng-1
(R&D, Minneapolis, MN, U.S.A.) and rhFgf2 (Promega, Madison, WI, U.S.A.) were added to
the medium in a final concentration of 500 ng/ml and 250 ng/ml, respectively. Medium
and growth factors were changed every other day.

LacZ staining

Shh/Tie2-LacZ, Gli2/Tie-LacZ, and Gli3/Tie-LacZ in vivo-lungs and Shh/Tie2-LacZ lung
explants were fixed (4°C), washed, and stained (37°C) with X-gal (Invitrogen, Burlington,
ON, Canada). For sectioning, lungs were fixed in 4% (w/v) paraformaldehyde (PFA) in
phosphate buffered saline (PBS), dehydrated, and embedded in paraplast. Sections (12
pum) were mounted onto Superfrost slides (Fisher Scientific, Unionville, ON,Canada). Digital
images were taken using a Leica digital imaging system.
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Immunohistochemistry

Lungs were dissected from E11.5-E14.5 Shh**,Shh*", and Shh” embryos, fixed overnight
in 4% PFA in PBS, dehydrated, and embedded in paraplast. Endogenous peroxidase
activity was quenched with 0.15% (v/v) hydrogen peroxide in methanol. Sections were
incubated with trypsin (0.6 mg/ml) for 5 minutes at room temperature (RT). Non-specific
binding sites were blocked with 5% (v/v) normal goat serum and 1% (w/v) bovine serum
albumin, followed by overnight incubation at 4°C with rat anti-mouse Pecam-1 antibody
(1:60; anti-CD31, BD Biosciences Pharmingen, Mississauga, ON, Canada) and incubation
with biotinylated secondary sheep anti-rat antibody (1:300) at RT. Color detection was
performedaccording toinstructionsin the Vectastain ABCand DAB kit (Vector Laboratories,
Burlingname, CA, U.S.A.). Slides were lightly counterstained with Carazzi haematoxylin.

RNA isolation and real-time RT-PCR

Total RNA (1 pg) was extracted from E12.5 (8 Shh**, 17 Shh*",and 17 Shh”; total of 2 sets)
and E13.5 (14 Shh**, 17 Shh*", and 19 Shh”; total of 4 sets) lungs using the RNeasy kit
(Qiagen, Mississauga, ON, Canada) and was reverse transcribed (37°C) using random-
hexamers (Applied Biosystems, Foster City, CA, U.S.A.). The resulting templates (50 ng of
cDNA for our target genes and 5 ng for 18S) were quantified by real-time PCR (ABI Prism
7700).Primers and TagMan probes for total Vegf,Vegf-120,Vegf-164,Vegf-188,Vegf receptor
FIk-1 (kinase insert domain-containing receptor/fetal liver kinase-1; KDR/Flk-1 or Vegfr2),
angiopoietin (Ang)-1, and Ang-2 were similar to previously published sequences (19),
whereas primers and TagMan probes for Pecam-1, Tie2, fibroblast growth factor-2 (Fgf2),
Fgf10, and Fgf receptor-2 (Fgfr2) were purchased from ABI as Assays-on-Demand™ for
murine genes. For each probe a dilution series determined the efficiency of amplification
of each primer-probe set and the relative quantification method was employed (20).
Briefly, relative expression was calculated as 2-(ctgene of interest-Ct185) and experimental and
control data were compared, after normalization with 18S as internal reference, using JMP®
statistical software, by one-way analysis of variance (ANOVA) followed by Student t-tests.
Significance was accepted at p<0.05.

REesuLts

LacZ staining of Shh-deficient lungs

Whole mount LacZ staining revealed that the lungs of both wild-type (Shh*'*) and
heterozygous (Shh*") mice had a branched network of vessels at E11.5 (Fig. 1A, B), which
became more complex at E13.5 (Fig. 1D, E). After sectioning of the E13.5 LacZ-stained
lungs, we observed that the vessels ran close and around the developing airways of the
Shh** and Shh*" lungs (Fig. 1G, H). In Shh-deficient (Shh”) mice, lung hypoplasia was
noticeable as early as E11.5 (Fig. 1C). Whole mount LacZ staining demonstrated, however,
an extensive vascular network surrounding the developing lung buds (Fig. 1C), similar to
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Figure 1.Vascular development in early-stage Shh™- lungs. (A-C): X-gal-stained lungs of Shh/Tie2-LacZ mice at E11.5.
A complex vascular network is present in the lungs of wild-type (Shh**) embryos (A). Although Shh”- lungs (C) are
much smaller than Shh** (A) and Shh*" (B) lungs, an appropriate vascular network is seen in Shh”- lungs. (D-F):
X-gal-stained lungs of Shh/Tie2-LacZ mice at E13.5. The vascular network has extended significantly in Shh** (D)
and Shh*~ (E) lungs; large vessels are running along the trachea (arrows), whereas a dense network of microvessels
cover the proximal (bronchiolar) and distal (alveolar) areas (arrowheads). In Shh”" lungs (F), a comparable dense
vascular network covers the entire pulmonary area (arrowheads), whereas larger vessels are present on both sides
of the tracheoesophageal tube (arrow). Note the small size of Shh”" lungs (F). (G-I): Sections of X-gal-stained Shh/
Tie2-LacZ lungs. Larger vessels are seen in all three lungs (arrows). A comparable microvascular network is found in
the mesenchyme surrounding the primitive epithelial tubules of Shh** (G), Shh* (H), and Shh™ (1) lungs. Intravas-
cular red blood cells are detected in all three sections (arrowheads). Sections were counterstained with eosin. Blue
color is positive X-gal staining in endothelial cells. Bar: 80 um (A-C); 230 um (D, F); 320 um (E); 100 um (G-I).

the vessels that were seen in Shh** and Shh*~ lungs. Lung hypoplasia and reduced airway
branching morphogenesis were more evident in E13.5 Shh” mice (Fig. 1F). The vascular
network, however, was abundant (Fig. 1F) and sections of the E13.5 LacZ-stained lungs
showed that vessels ran in close proximity to the airway tubules and wrapped around
the tips of the tubules (Fig. 11). From these results we conclude that early (E11.5-E13.5)
Shh-deficient lungs have a vascular network that is appropriate for the extent of epithelial
branching.Because Gli2 and Gli3 are thought to be the primary transcriptional mediators
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of Shh signaling in the developing lung (21), we analyzed vascular development in lungs
of mutants using Gli*//Tie2-LacZ compound mice. Similar to findings with Shh”" mice,
deletion of either Gli2 or Gli3 had no influence on early pulmonary vascular development
(not shown).

A
Figure 2. Pecam-1 immunostaining

in early-stage Shh” lungs. In lungs
of E14.5 Shh*" embryos (A), a vascu-
lar network is detected in the mes-
enchyme surrounding the primitive
lung tubules (B). In E14.5 Shh”" lungs,
positive Pecam-1 staining was read-

ily detected in the pulmonary mesen-
chyme (C; right lung lobe; E; left lung
lobe), whereas with higher magnifi-

cation a vascular network is detected

\ ol A that is appropriate to the size of the
' ‘ ‘ primitive lung tubules (D and F, re-

spectively). Note the small size of the

Shh” lung and the dramatic decrease
X in branching morphogenesis of the
o V% epithelial tubules (C and E). Brown
\"K' .",. staining is positive Pecam-1 immu-
: i s‘\‘ nostaining. Bar: 100 um (A, C, E); 40
"- um (B, D, F).(arrow). Note the small
4 . size of Shh”" lungs (F). (G-I): Sections
H of X-gal-stained Shh/Tie2-LacZ lungs.
Larger vessels are seen in all three

Shidfekh: By <L

lungs (arrows). A comparable microv-
ascular network is found in the mesenchyme surrounding the primitive epithelial tubules of Shh** (G), Shh* (H),
and Shh” (1) lungs. Intravascular red blood cells are detected in all three sections (arrowheads). Sections were
counterstained with eosin. Blue color is positive X-gal staining in endothelial cells. Bar: 80 um (A-C); 230 um (D, F);
320 um (E); 100 um (G-I).

Pecam-1 staining of Shh-deficient lungs

To confirm that Shh-deficient lungs develop a vascular network that is appropriate for
the extent of tubular epithelial branching, we performed immunohistochemistry for
endothelial specific Pecam-1 (CD31).In E14.5 Shh** (not shown) and Shh*” (Fig.2A, B) lungs,
immunopositive staining for Pecam-1 was observed in the pulmonary mesenchymal mass
in which it was detected in the endothelial lining of the vasculature in close proximity
to the epithelial tubules. In Shh” lungs, a similar pattern of immunopositive Pecam-1
staining was observed (Fig.2C, D, E, F).Immunopositive vessels ran along the few epithelial
tubules that were present in the hypoplastic Shh” lungs (Fig. 2D, F). Comparison of the
amount of vessels in Shh*~lungs (Fig.2A) to the amount of vessels in Shh” lungs (Fig.2C, E)
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demonstrated that fewer vessels were present in the Shh” lungs. However, looking at the
individual lungs, the relative epithelial bud:vessel ratio was fairly similar in both lungs.To
confirm this observation we performed real-time RT-PCR for Pecam-1 in E12.5-13.5 Shh*~,
Shh*, and Shh” lungs. Comparable levels of Pecam-1 mRNA were found between the
three groups of lungs (Fig. 3A). These results support our observation in Shh”/Tie2-LacZ
lungs that early pulmonary vascular development is not affected in Shh-deficient mice.

A Pecam-1 B Vegf c Vegfr2 (Flk-1)
—~ 20 __20 20
X 4 X
15 * 15 15
L i) 2
Q0 1.0 Q0 1.0 Q0 1.0
205 205 ﬂ 2 05 ﬂ D
12 12 o
0.0 0.0 0.0
+/+ +/- /- +/+ - /- +/+  +/- -/-

Figure 3. Pecam-1,Vegf, and Flk-1 (Vegfr2) mRNA levels in E12.5-13.5 Shh lungs. Message levels were quantified by
real-time(q)RT-PCR. (A): Schematic representation of qRT-PCR results for Pecam-1 expression. No differences were
observed in Pecam-1 mRNA expression between Shh**, Shh*", and Shh”- lungs. (B-C): Schematic representation
of qRT-PCR results for Vegf and Flk-1 (Vegfr2) expression. Message levels for total Vegf (B) and the Vegf isoforms
-120,-164, and -188 (not shown) were similar in E12.5-13.5 Shh*’*, Shh*’, and Shh”- lungs. FIk-1 mRNA levels were
similarly unchanged in Shh” lungs (C).

Vegf expression in Shh-deficient lungs

Recently, it was reported that Shh influences the expression of Vegf, a potent inducer of
vascular development (16). Therefore, we performed real-time RT-PCR for total Vegf in
E12.5-13.5 Shh**, Shh*", and Shh” lungs. No significant differences in total Vegf mRNA
expression were found between Shh*'*, Shh*,and Shh”-lungs (Fig. 3B). Because Vedf exists
in three different isoforms as a result of differential splicing, we tested the possibility that
the expression of these three isoforms was different between the Shh*+, Shh*-, and Shh-
 lungs. However, no significant differences in mRNA expression of any of the isoforms
Vegf-120, -164 or -188 were observed between the three lung groups (not shown). Also,
the Vedf receptor Vegfr2 (FIk-1/KDR) was equally expressed between the three groups
(Fig. 3C). These results indicate that the Vegf/Vegfr2 signaling loop is unaffected and
most likely contributes to the proper vascular network that was seen in early-stage Shh-
deficient lungs (Figs 1 and 2).

Ang expression in Shh-deficient lungs

The Angiopoietins Ang-1 and Ang-2 are a relatively new group of angiogenic cytokines
that have been shown to contribute to vascular maturation and stability (22-24). Ang-2 is
thought to function as the natural antagonist of Ang-1 by binding to, but not activating
the Angiopoietin receptor Tie2 (23). Because it was shown that exogenous Shh induced
the expression of Ang-1 and Ang-2 from interstitial mesenchymal cells in vitro (16), we
performed real-time RT-PCR for Ang-1 and Ang-2 in E12.5-13.5 Shh**, Shh*", and Shh”
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lungs.Ang-1,but not Ang-2, mRNA expression was significantly (p<0.05) decreased in Shh
~lungs compared to Shh**and Shh*-lungs (Fig.4A), whereas no difference was observed
for the mRNA expression of Tie2 (Fig. 4B). As a control experiment for the validity of the
real-time RT-PCR, we compared the mRNA expression levels of Fgf10 and the Fgf receptor,
Fgfr2, between Shh**, Shh*”, and Shh” lungs. Fgf10 and Fgfr2 mRNA expression were
significantly (p<0.05) upregulated in E12.5-13.5 Shh” lungs compared to Shh** and Shh*"
lungs (Fig. 4C, D), a finding that is in agreement with previous reports (12), Altogether,
these data show that early-stage Shh-deficient lungs have an altered balance between
Ang-1 and Ang-2, a finding that may explain the vascular abnormalities that are seen at
later gestation in Shh-deficient lungs.
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Figure 4. Decreased Ang-1 expression levels in E12.5-13.5 Shh”- lungs. (A-B): Schematic representation of real-
time(q)RT-PCR results for Ang-1, Ang-2, and Tie2 mRNA expression. Ang-1 expression (A) was significantly down-
regulated in E£12.5-13.5 Shh” lungs (*p<0.05, compared to Shh** and Shh*), whereas Ang-2 (A) and Tie2 (B) mRNA
levels were not different from those in Shh*’* and Shh*- lungs. (C-D): Schematic representation of gRT-PCR results
for Fgf10 and Fgfr2 mRNA expression.Fgf10 (C) and Fgfr2 (D) expression levels were upregulated in £12.5-13.5 Shh-
lungs compared to Shh** and Shh*" lungs (*p<0.05).

Vascular development in cultured Shh-deficient lungs

Most Shh”" mice die around E14.5 with multiple organ failure (12). To test whether
later (>E14.5) vascular development in Shh-deficient lungs was abnormal because of a
disturbed balance between Ang-1 and Ang-2, we followed vascular and airway branching
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morphogenesis of Shh” lungs in vitro. No differences were noted in explant growth or
vascularization between E12.5 Shh** (not shown) and Shh* (Fig. 5A-C) lungs after 3 to
5 days in culture. Lung explants from E12.5 Shh**/Tie2-LacZ compound mice formed an
extensive and complex pattern of vessels, as visualized by whole mount LacZ staining, after
3 days in culture (Fig.5A). Sections of these lung explants revealed a fine capillary network
in the mesenchyme surrounding developing epithelial tubules (Fig. 5B). After 5 days in
culture, the capillary network was even more extended, whereas the mesenchymal layers
separating the airways had become thinner (Fig. 5C). Cultured E12.5 Shh” lung explants
were severely hypoplastic (Fig. 5D) and lacked airway branching morphogenesis (Fig. 5E).
Also, vascular development dramatically deteriorated in E12.5 Shh”- lung explants after 3
days in culture (Fig.5D). Sections of these lung explants revealed that only a discontinued,
hypoplastic vascular network had remained after 3 to 5 days in culture (Fig. 5E, F). These
data show that pulmonary vascular development is profoundly disturbed in later-stage
Shh” mice.

A 3 days

P

Shh -/- —
Figure 5. Abnormal in vitro vascular development of Shh”- lung explants. Because almost no Shh”-embryos survive
till term, further experiments with Shh”" lungs were carried out in vitro. (A-C): X-gal-stained lungs of E12.5 Shh*"*/
Tie2-LacZ mice after 3 (A-B) or 5 (C) days in culture. A complex vascular network is present in wild-type (Shh**) lung
explants after 3 days in culture (A). After sectioning, a fine vascular network is observed in the mesenchyme sur-
rounding epithelial tubules (B, C). (D-F): X-gal-stained lungs of E12.5 Shh”/Tie2-LacZ mice after 3 (D-E) or 5 (F) days
in culture. In contrast to wild-type lung explants, the vascular network in Shh” lung explants rapidly deteriorates
with further culturing in vitro (A versus D). Upon sectioning of the Shh”- lung explants, the lack of vascular struc-
tures (and epithelial branching morphogenesis) after 3 (E) and 5 (F) days in culture is even more evident. Sections
were counterstained with eosin. Blue color is positive X-gal staining in endothelial cells. Bar: 160 um (A, D); 100 um
(B-C, E-F).
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Rescue of branching morphogenesis of Shh-deficient lungs

We hypothesized that the epithelial branching defect in Shh”" lung explants is partially
the result of reduced vascular development. Because Ang-1 mRNA was found to be
downregulated in E12.5/13.5 Shh” lungs, we attempted a rescue experiment in which
Shh-deficient lung explants were cultured in the presence or absence of rhAng-1 (Fig.
6). E12.5 Shh” lungs, cultured without rhAng-1, showed some branching after 4 days in
culture (Fig. 6Aa-d). However, addition of 500 ng/ml of rhAng-1 to the culture medium
did not increase branching morphogenesis in Shh”" lung explants (Fig. 6Ba-d). Given that
we previously reported that Fgf2 is a potent mitogen for fetal pulmonary microvascular
endothelial cells (25), we then decided to investigate if vascular development in Shh™
lung explants was stimulated by exogenous Fgf2. Total Fgf2 mRNA expression was not
significantly altered in E12.5-13.5 Shh-deficient lungs compared to Shh** and Shh*~ lungs
(Fig. 7A). Addition of 250 ng/ml rhFgf2 to the culture medium of E12.5 Shh*/Tie2-LacZ
lung explants significantly expanded the vascular bed (Fig. 7C versus 7B), indicating that
Shh*- lung explants, which develop indistinguishable from wild-type lung explants, do
respond to Fgf2 with increased vascularization. Exposure of Shh” lung explants to rhFgf2
resulted in a considerable increase of the mesenchymal mass that surrounded the distal
epithelial branches (arrows in Fig. 6Ca-d). From 3 days onwards, the Shh” lung explants
cultured with rhFgf2 exhibited a dramatic increase in airway branching morphogenesis
(Fig. 6Cd) compared to Shh”- lung explants cultured without exogenous Fgf2 (Fig. 6Ad).
Likewise, the pulmonary vascular network as visualized by LacZ staining, was significantly
increased in Shh” lung explants that were cultured with rhFgf2 (Fig.8A versus 8B).Sections
of LacZ-stained Shh”" lung explants that were cultured for 5 days with exogenous Fgf2
showed that the increase in vascular development was associated with a dramatic
increase in epithelial branching morphogenesis (Fig.8C versus 8D). Simultaneous addition
of rhFgf2 and rhAng-1 to the culture medium of Shh” lung explants improved airway
branching morphogenesis even further than with rhFgf2 alone (Fig. 6Da-d). These results
show that Shh” lungs respond to the combination of angiogenic factors Fgf2 and Ang-1
with increased vascularization and airway branching.

DiscussioN

In this study, we report that Shh deficiency in mice results in abnormalities in pulmonary
vascular development.A loss of Shh does not affect early-stage pulmonary vasculogenesis
and angiogenesis, but it reduces the expression of the vascular-stabilizing factor Ang-1and
leads to an abnormal vascular bed at later gestation. Moreover, restoration of the vascular
defectin Shh-deficient lungs with the angiogenic factors Fgf2 and Ang-1 partially recovers
airway branching morphogenesis. From these and earlier (chapter 3) results, we conclude
that proper vascularization is a key factor for normal airway branching morphogenesis.
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Y

Figure 6. Partial restoration of airway branching morphogenesis in Shh”- lung explants by Fgf2. (Aa-d): E12.5
Shh” explants (Aa) are small in size, exhibit reduced branching morphogenesis, and are connected to a single tra-
cheoesophageal tube (arrow). Untreated Shh”" lung explants do occasionally show some branching morphogen-
esis at the distal tips of the explants (Ab-c), but in general, growth and branching morphogenesis remain severely
reduced after 4 days is culture (Ad). (Ba-d): Addition of rhAng-1 (500 ng/ml) to E12.5 Shh” lung explants did not
restore branching morphogenesis (Bb-d, after 1,3,and 4 days, respectively). (Ca-d): When E12.5 Shh”- lung explants
were cultured with rhFgf2 (250 ng/ml), branching morphogenesis increased dramatically (Cb-d, for 1,3 and 4 days,
respectively), whereas the amount of mesenchyme that surrounded the epithelial tubules increased significantly
as a result of exogenous Fgf2 (arrows in Cb-d). (Da-d): Addition of both rhAng-1 (500 ng/ml) and rhFgf2 (250 ng/
ml) simultaneously, increased explant size and the degree of branching morphogenesis to a greater extent than
when rhFgf2 was added alone (Db-d after 1, 3, and 4 days, respectively). Bar: 200 um (a); 155 um (b-d).

Several reports support the idea that Shh is involved in the control of vascularization
during development. Ectopic expression of Shh caused hypervascularization of the dorsal
neural tube in mice (26), whereas Shh-deficient zebrafish fail to form the dorsal aorta
(27). Also, Shh induced robust neovascularization in ischemic hind limbs of aged mice
(16). In cultured fibroblasts, Shh upregulated the expression of all three VegfA isoforms
and of Ang-1 and Ang-2 (16). Although Kanda and co-workers reported that Shh did not
induce proliferation or migration of endothelial cells, they did observe that Shh promoted
capillary morphogenesis of cultured endothelial cells (15).
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Figure 7. Exogenous Fgf2 increases the vascular network in Shh*" lungs. (A): Schematic representation of real-
time(qg)RT-PCR results for Fgf2 mRNA expression in E12.5-13.5 Shh mice. No significant differences were observed
between E12.5-13.5 Shh**, Shh*”, and Shh”- lungs. (B-C): X-gal-stained lungs of E12.5 Shh*//Tie2-LacZ mice after
7 days in culture. A complex vascular network is present in Shh*” lung explants (B). Addition of rhFgf2 (250 ng/ml)
to cultured Shh*" lung explants greatly enhanced the vascular network (C). Blue color is positive X-gal staining in

endothelial cells. Bar: 200 um.

In the present study, we found that early development of the pulmonary vascular network
was unaffected in Shh-deficient mice. Early stages of vascular development require Vegf
and its endothelial cell-specific receptor Vegfr2 because it was shown that disruption of
either gene resulted in early embryonic lethality as a result of vascular defects (28-30).To
overcome this limitation, Galambos et al. (6) engineered knock-in transgenic mice that
expressed only theVegf-120isoform,an experiment thatled toimpaired peripheral vascular
developmentin the lungs,suggesting thatVegfisimportant for pulmonary vascularization.
We found that the expression of total Vegf or any of its three isoforms was unaffected
in E12.5-E13.5 Shh-deficient lungs, a finding that may explain the normal development
of the early primitive vascular network. In contrast, the angiopoietins do not seem to be
important for early vasculogenesis, but instead act at a later stage of vascular development
to elicit vascular stabilization via remodeling of the vasculature into a hierarchical network
of mature vessels composed of endothelial and adventitial cells (22,23,31-36). Ang-1 and
Ang-2 exhibit similar binding affinity for the endothelial Tie2 receptor (23).The binding of
Ang-1 to Tie2 on endothelial cells results in the phosphorylation of Tie2, whereas Ang-2
binding does not phosphorylates Tie2, a finding that makes Ang-2 the natural antagonist
of Ang-1 (23).We found a downregulation of Ang-1, but not of Ang-2, mRNA expression in
E12.5-13.5 Shh-deficient lungs and speculate that this alteration in the balance of Ang-1
and Ang-2 caused vascular destabilization that resulted in the deterioration of the vascular
network in Shh-deficient lungs at later gestation.In human (37) and murine lungs (38), Shh
expression peaks at the late pseudoglandular, early canalicular period of development,
a time that exhibits intense pulmonary vascularization. In this period, a loss of Shh likely
causes a more pronounced reduction of Ang-1 and, therefore, augments the effect on
vascular development, which probably explains why vascular abnormalities were mainly
observed after culturing the E12.5-13.5 Shh” lungs for several days.
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Figure 8. Exogenous Fgf2 restores vascular development in Shh”- lung explants. (A-B): X-gal-stained lungs of E12.5
Shh”/Tie2-LacZ mice after 6 days in culture. Few, disorganized vessels are present in untreated Shh”- lung explants
(A). After sectioning, the scarcity of vessels and the lack of branching morphogenesis are obvious (C). The addition
of rhFgf2 (250 ng/ml) to the culture significantly enhanced the vascular complex in Shh”- lungs (B). Sections of the
X-gal-stained explants revealed a dramatic increase in vascularization and epithelial branching morphogenesis
as a result of exogenous Fgf2 (D). Sections were counterstained with eosin. Blue color is positive X-gal staining in
endothelial cells. Bar: 160 um (A-B); 100 um (C-D).

In E12.5 mouse lungs,Ang-1 mRNA expression is detected in the mesenchyme and smooth
muscle cells surrounding most blood vessels (23).The mesenchymal compartment itself is
a direct cellular target of Shh (12, 13) and Shh was shown to be required for the formation
of smooth muscle cells (39). Whether Shh mediates its effect on these cells via Ang-1
remains to be investigated, but Ang-1 has been shown to play a role in the interaction of
endothelial cells and surrounding support cells such as pericytes and smooth muscle cells
(40).Ang-1 acted as a chemotactic, but not as a proliferation factor for endothelial cells and
this chemotactic effect was abolished by excess soluble Tie2 receptor (41). A reduction in
Ang-1 is a major cause of abnormalities in vascularization, because it was shown that Ang-
1 null mutants have an abnormal vasculature characterized by decreased branching and
impaired recruitment of periendothelial smooth muscle and pericyte cells (35).
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Shh may induce Ang-1 via COUP-TFIl activation in mesenchymal cells (42,43). COUP-TFll is
a member of the steroid-thyroid hormone receptor superfamily, which consists of a large
group of ligand-activated transcription factors (44). During early-stage lung development
COUP-TFIl is expressed in the mesenchyme, however, it is undetectable at later stages of
lung development (45, 46), at the time that pulmonary Shh expression starts to decline
(37).A Shh response element has been identified in the COUP-TFIl promoter that binds to
a factor distinct from Gli (42). Two-thirds of the heterozygous COUP-TFII mice die before
weaning, and a homozygous deletion of COUP-TFII is lethal around 10 days of gestation
(43). Ang-1 is downregulated in COUP-TFIl mutants, whereas angiogenesis and vascular
remodeling are defective in these mice (43). Vasculogenesis appeared normal in COUP-
TFIl mutants, that is, the development of a primitive vascular plexus with appropriate
expression of differentiation marker genes (Vegfr1,Vegfr2,and Pecam-1) was undisturbed
(46). However, the formation of a microcapillary network in these mice was impaired (46).
Ang-1 was downregulated, whereas Tie2 expression appeared normal. These findings
suggest that basal Ang-1 levels are sufficient to maintain Tie2 expression, but not to
maintain an effective vascular plexus (46). Conversely, Vegf was upregulated in E9.5
COUP-TFIl mutants (46). This combination of normal to elevated levels of Tie2 and Vedf,
but decreased levels of Ang-1 expression is very similar to our findings in Shh-deficient
lungs. Thus, further research is needed to investigate the possibility that Shh affects Ang-
1-mediated pulmonary vascularization via COUP-TFII.

The apparent rescue of the abnormalities in vascular and airway branching in Shh-deficient
lungs with rhFgf2 and rhAng-1 is intriguing. Fgf2 and its receptor are expressed in both
the epithelial and mesenchymal compartment of the fetal lung (47-49).Lebeche et al. (50)
showed that Shh did not affect Fgf2 mRNA expression in embryonic lung mesenchymal
cells, which is a finding that is in agreement with the results presented in this study.
However, we cannot exclude Shh-deficiency-induced changes in the spatial expression
of Fgf2. Previous studies have shown that Fgf2 acts primarily as a proliferation factor for
fetal lung epithelium (51) but without inducing branching morphogenesis (47, 52). Fgf2
binds to Fgfr1 and Fgfr2-llic, but only slightly to Fgfr2-lllb, which is the Fgfr2 isoform that
is expressed in lung epithelium (52-54). Fgfr2 binds Fgf-1, Fgf-7, and Fgf-10, which are, in
contrast to Fgf2, implicated in fetal lung epithelial branching (50, 55-58). Thus, the partial
recovery of airway branching in Shh-deficient lungs by rhFgf2 is likely not the result of a
direct action on the epithelium.We speculate that exogenous Fgf2 increases the amount
of mesenchyme that is surrounding the growing buds of Shh” lungs and in that way
provides a tissue base for vessels to grow, stimulated by exogenous Fgf2, Ang-1, and
endogenous Vedf. Indeed, Fgf2 was shown to influence angiogenesis via Vegf and Vegfr2
(59, 60). Alternatively, Fgf2 may stimulate smooth muscle cell proliferation of the vessel
wall (61), allowing Ang-1 to stabilize the vascular bed in Shh-deficient lungs. Altogether,
the increase in airway branching morphogenesis in Fgf2-treated Shh deficient lungs may
be the result of stimulated mesenchymal-vascular growth and stability.
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ABSTRACT

Lung development is a process that is directed by mesenchymal-epithelial tissue
interactions, which coordinate the temporal and spatial expression of multiple regulatory
factors. The Iroquois homeobox (Irx) genes have been implicated in the patterning and
specification of several Drosophila and vertebrate organs, including the heart. Herein, we
investigated whether the Irx genes play a role in lung morphogenesis as well. We found
that Irx1-3 and Irx5 expression were confined to the branching pulmonary epithelium,
whereas Irx4 was not expressed in the developing lung. Antisense knockdown of
pulmonary Irx genes dramatically decreased distal branching morphogenesis in vitro,
which was accompanied by a downregulation of SP-C-positive epithelial cells and a
concomitant increase in CCSP-positive epithelial structures. Furthermore, antisense Irx-
inhibition resulted in the loss of lung mesenchyme and in abnormal smooth muscle cell
formation. Neither fibroblast growth factors-1 (Fgf1), -7, or -10 nor Fgf receptor-2 (Fgfr2)
or bone morphogenetic protein-4 (Bmp4) expression levels were altered in lung explants
treated with antisense Irx oligonucleotides (ODNs). Also, all four Irx genes were correctly
expressed in Sonic hedgehog (Shh) and Gli2-deficient lungs. Collectively, these results
indicate that Irx genes are involved in the regulation of proximal-distal morphogenesis
of the developing lung, but are most likely not linked to the Fgf, Bmp, or Shh signaling
pathways.
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INTRODUCTION

During development, the mammalian lung establishes a large diffusible interface with the
circulation to facilitate gas exchange beginning at birth.To form such a large surface area,
the developing lung undergoes epithelial airway branching and differentiation, whereas
the pulmonary mesenchyme provides the vascular, smooth muscle, and cartilage tissue.
Although the exact molecular signals that guide lung development are unknown, several
morphogenetic factors have been implicated (1, 2). One of them, Sonic hedgehog (Shh),
a vertebrate homologue of Drosophila hedgehog (Hh) is expressed in the lung epithelium
(3).Gli1-3 are the vertebrate counterparts of Cubitus interruptus (Ci), the principal effector
of Hh signaling in Drosophila.In the lung, Gli1-3 are expressed in distinct but overlapping
domains in the mesenchyme, with the highest expression in distal tips (3). Null mutant
mice for Shh and the Gli genes all exhibit a mild or severe lung phenotype, from minor
lobar defects and lung hypoplasia to lung agenesis (4-8). Downstream targets for the Gli
proteins however remain to be elucidated. In Drosophila, Ci may regulate the activity of the
Iroquois-complex of homeobox genes (9).The Drosophila Iroquois complex (Iro-C) contains
three highly related homeobox genes; araucan, caupolican, and mirror,which are members
of an evolutionary conserved family of homeodomain containing transcription factors.The
Iro-C homeoproteins are essential for dorso-ventral patterning of the Drosophila eye, head,
and follicle (10-13). Also, in Drosophila, araucan and caupolican are positive controllers of
the proneural genes achaete and scute and vein-forming genes (9). In turn, during wing
formation, araucan and caupolican are positively controlled by Ci and Decapentaplegic
(Dpp) (14).

Six vertebrate homologues of the Iroquois genes, Irx1-6, have been identified. The six
members are organized in two cognate clusters of three genes each, Irx1, Irx2, and Irx4
and Irx3, Irx5, and Irx6, respectively (15). In most tissues, the pattern of expression of the
clustered genes, especially of Irx1 and Irx2 and of Irx3 and Irx5, closely resemble each other
(16). The Irx genes show temporally and spatially restricted expression patterns during
murine neural and cardiac development (17-22).

During chicken development, Irx4 regulates chamber-specific gene expression (23). In
Xenopus, the amphibian homologues of Iroquois, XiroT and Xiro2, control the expression
of proneural genes; whereas similarly to araucan and caupolican, they are positively
controlled by Ci (24). More recently, Gomez-Skarmeta et al. (25) showed that in Xenopus
neural development, Xirol represses bone morphogenetic protein-4 (Bmp4). Bmp4, a
member of the transforming growth factor-f (Tgf-) superfamily of proteins and the
vertebrate counterpart of Drosophila Dpp, also plays a major role in lung morphogenesis.
Both overexpression andinhibition of Bmp4 signaling resulted in abnormal lung branching
(26-28).
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Based on the reported findings, we investigated whether the Irx genes are part of the Shh-
Gli and/or the Bmp4 signaling pathways that control lung branching morphogenesis. We
found thatIrx1,Irx2,Irx3,and Irx5,but not Irx4,are specifically expressed in developing lung
epithelium during the period of active airway branching. Inhibition of Irx signaling in vitro
resulted in grossly abnormal lungs with decreased branching and instead proximalization
of the lung. Addition of Bmp4 did not recover the observed lung phenotype, a finding that
suggests that Bmp4 is not a downstream target of Irx in the developing lung. Furthermore,
we observed that the Irx genes were normally expressed in Shh” and Gli2” mutant
lungs, suggesting that Irx genes do not function downstream from the Shh-Gli signaling
pathway.

MATERIALS AND METHODS

Animals

Male and female Wistar rats were obtained from Charles River (St. Constant, QC, Canada)
and were bred in our animal facilities. Rats were killed at embryonic days (E) 13.5-20.5 of
gestation (term = E22.5). Shh and Gli2 heterozygous (Shh*~ and Gli2*", respectively) mice
were obtained from Dr. C.C. Hui, Hospital for Sick Children, Toronto, ON, Canada. The Shh,
Gli2,and Gli3 genotypes were established by PCR analysis of genomic DNA (29). All mouse
protocols were in accordance with CACC guidelines and were approved by the Animal
Care and Use Committee of the Hospital for Sick Children, Toronto, ON, Canada.

Organ culture

Rat embryos were obtained from timed-pregnant rats at E13.5 (morning of vaginal plug
is designated as E0.5). Lungs were dissected under sterile conditions and placed on a
floating (8 um Whatman Nuclepore polycarbonate) membrane (Integra Environmental
Inc. Burlington, ON, Canada). Explants were cultured in DMEM (Dulbecco’s Modified Eagle
Medium; Gibco BRL; Grand Islands, NY, U.S.A.) with 10% (v/v) fetal bovine serum and
maintained in 20% 0, and 5% CO,, at 37C. Medium and oligonucleotides (ODNs) were
changed every other day. Antisense, sense, and scrambled Irx ODNs were added to a final
concentration of 20 pM. Recombinant human Bmp4 (R&D Systems, Minneapolis, MN,
U.S.A.) was used in a concentration of 200 ng/ml.

Antisense Irx oligonucleotide inhibition

To inhibit Irx1,-2,-3,and -5 gene expression, we used an antisense phosphorothioate ODN
(5'-ATGTCCTTCCCCCAGC-3') that was targeted against the translation initiation site of
murine Irx3 and had an overlap of 81% with the translation initiation sites of both murine
Irx2 and Irx5 and a 95% overlap with the translation initiation site of murine Irx1.Sense (5'-
GCTGGGGGAAGGACAT-3') and scrambled sequence ODNs (5'-CCGATGGCAGTGGAGA-3’)
were used as controls.
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Probes

cDNA:s for Irx1,-2,-3,and -5 were a gift from Dr.V. M. Christoffels (Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands) and described in Christoffels et al.
(22). Irx4 cDNA was obtained from Dr. B. G. Bruneau (Hospital for Sick Children, University
of Toronto, Toronto, ON, Canada). Plasmid containing mouse Mash-1 cDNA was obtained
from Dr S.E.Egan (Hospital for Sick Children, Toronto, ON, Canada). Murine SP-C and CCSP
cDNA fragments were cloned by RT-PCR. Sense and antisense riboprobes for Irx1 (1050
bp), Irx2 (1800 bp), Irx3 (1000 bp), Irx4 (1050 bp), Irx5 (950 bp), Mash-1 (2.8 kb), SP-C (330
bp), and CCSP (315 bp) were digoxigenin (DIG)-labeled according to a protocol provided
by the manufacturer (Roche, Montreal, QC, Canada).

Semiquantitative Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated by using the RNeasy total RNA kit (Qiagen, Chatham, CA, U.S.A.)
and RT-PCR was performed as described previously (30). Primer sequences (from 5’
to 3'), size of amplification products, number of cycles, and annealing temperature
were described before and as follows: Fgfl (GCCATAGTGAGTCCGAGGACC and
ACCGAGAGGTTCAACCTGCG; 387 bp; 35 cycles; 55° (31)), Fgf7 (CTTCCCTTTGACAGGAATC
CCCTT and ATCCTGCCAACTCTGCTCTACAGA; 509 bp; 35 cycles; 60°C; (32)), Fgf10 (AAGC
TCTTGGTCAGGACATGGTGT and TCCATTCAATGCCACATACATTTG; 458 bp; 25 cycles; 55°C;
(33)), Fgfr2 (AAGGTTTACAGCGATGCCCA and ACCACCATGCAGGCGATTAA; 345 bp; 35
cycles; 47°C; (34)), Bmp4 (TCCATCACGAAGAACATC and TAGTCGTGTGATGAGGTG; 220 bp,
35 cycles, 56°C (28)).

In situ hybridization

Isolated lungs and cultured lung explants were fixed in 4% (v/v) paraformaldehyde (PFA) in
PBS at 4°C for 4-18 hours,dehydrated in ethanol,and embedded in paraplast.Sections of 12
pum were cut and mounted on Superfrost slides (Fisher Scientific, Unionville, ON, Canada).
The lungs were then assayed for non-radioactive RNA in situ hybridization according
to Moorman et al. (35). Briefly, after dewaxing and rehydrating, tissue sections were
permeabilized with proteinase K (20 pg/ml), postfixed in 4% PFA and 0.2% glutaraldehyde,
and pre-hybridized for 1 hour at 70°C. The sections were hybridized overnight at 70°C
with DIG-labeled riboprobes for Irx1-5, SP-C, or CCSP (1 pg/ml). The next day, sections
were washed in 50% formamide in 2x SSC, pH 4.5 at 65°C followed by washes in PBS-T
(PBS containing 0.1% Tween-20). Subsequently, the sections were incubated with anti-DIG
alkaline phosphatase diluted 1:1000 in blocking solution (Roche, Montreal, QC, Canada)
at 4°C.The next day, sections were washed in PBS-T followed by washes in NTM (100 mM
NaCl, 7100 mM Tris, pH 9.5, 50 mM MgCl,) and then incubated with 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium chromogen (NBT/BCIP; Roche, Montreal, QC,
Canada) at room temperature (RT) until purple color appeared (4-5 hours). All slides with
the same probe were stopped at the same time to make comparison over different stages
of development possible. After color development, sections were washed in distilled
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water, dehydrated in a graded series of ethanol and xylene, and mounted with coverslips
using permount (Fisher Scientific, Unionville, ON, Canada). Digital images were taken using
a Leica digital imaging system.

Immunohistochemistry

Lung explants were fixed overnight in 4% PFA in PBS, dehydrated, and embedded in
paraplast. Immunohistochemistry was essentially conducted as described by Hsu and
coworkers (36). Seven um sections were deparaffinized and rehydrated in a graded
series of ethanol. Antigen retrieval was achieved with heating in sodium citrate, pH 6.0.
Endogenous peroxidase activity was quenched with 0.15% (v/v) hydrogen peroxide in
methanol. Non-specific binding sites were blocked using 5% (v/v) normal goat serum
and 1% (w/v) bovine serum albumin followed by overnight incubation at 4°C with a
mouse monoclonal anti-thyroid transcription factor-1 (Ttf-1) (1:50; Neomarkers, Fremont,
CA, U.S.A), a mouse monoclonal anti-hepatocyte nuclear factor family-33 (Hnf3p) (1: 50;
Developmental Studies Hybridoma Bank, University of lowa, U.S.A.),a mouse monoclonal
anti-a-smooth muscle actin (a-sma) antibody (1:1000; Neomarkers, Fremont, CA, U.S.A.), or
a mouse monoclonal anti-vimentin (1:600; Sigma, St. Louis, MO, U.S.A.) antibody, all diluted
in blocking solution (5% NGS and 1% BSA in PBS). Sections were subsequently incubated
with biotinylated secondary antibodies and color detection was performed according
to instructions in the Vectastain ABC and DAB kit (Vector Laboratories, Burlingname, CA,
U.S.A.). Sections were lightly counterstained with Carazzi haematoxylin and mounted in
Permount (Fisher Scientific, Unionville, ON, Canada). Digital images were taken using a
Leica imaging system.

TUNEL Assay

Lung explants that were cultured for 48 hours with (anti)sense ODNs targeted against Irx1-
3,and -5 were fixed in 4% PFA in PBS and then embedded in paraplast. Five ym sections
were dewaxed, rehydrated, and treated with proteinase K (20 pg/ml) for 15 minutes at
37°C. After washing in PBS, the terminal transferase dUTP end-labeling (TUNEL) assay
was conducted according to the manufacturer’s instructions (in-situ cell death detection
[fluorescein] kit; Roche, Montreal, QC, Canada). Sections were mounted with mounting
medium containing DAPI. Digital images were taken using a Leica imaging system.

BrdU labeling of explants

Lung explants that were cultured for 48 hours with (anti)sense ODNs targeted against
Irx1-3, and -5 were incubated for 6 hours with 1 yM 5-bromo-2'-deoxyuridine (BrdU).
Explants were fixed in Carnoy'’s fixative, embedded in paraplast, and 5 uym sections were
cut and mounted on a-aminopropyltriethoxysilane-coated slides. Tissue sections were
then dewaxed in xylene and rehydrated in a graded series of ethanol. The sections were
incubated for 20 minutes in 2 M HCl, transferred to PBS, and incubated for 1 hour in 5% (v/
v) NGS and 1% (w/v) BSA in PBS.The excess of blocking solution was carefully removed and
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tissue sections were incubated overnight at 4°C with 1:20 mouse monoclonal anti-BrdU
antibody (Roche, Montreal, QC, Canada). The tissue sections were washed three times in
PBS,incubated for 1 hour with a 1:100 dilution of biotinylated secondary sheep anti-mouse
IgG, followed by a 1 hour incubation with 1:150 diluted fluorescein isothiocynate (FITC)
streptavidin complex. The tissues were washed again in PBS and mounted with antifade
mounting solution. No immunofluorescense was observed when primary antibody was
omitted. Digital images were taken using a Leica imaging system.

A E13.5 B E16.5 C E18.5

Irx1

D E F

Irx3

G . H I

Irx1 (sense} ) toy elss

Figure 1.1rx1 (A-C) and Irx3 (D-F) mRNA expression in the developing rat lung. In situ hybridization using antisense
DIG-labeled probes showed high Irx1 and Irx3 expression in early-stage (E13.5) rat lung epithelium (A, D).Irx1 mRNA
expression had declined at E16.5 (B), but declined significantly further towards E18.5 (C). Irx3 mRNA expression had
decreased at E16.5 (E), and stayed at comparable levels towards E18.5 (F). No staining was observed in mesenchy-
mal or endothelial tissue, or when sense probes (G-I for sense Irx1; sense Irx2, -3, and -5 not shown) were used. Dark
purple color is positive ISH staining. Bar: 100 um.

REesuLTs

Irx gene expression in the developing rat lung
In situ hybridization analysis revealed that Irx genes -1, -2, -3, and -5 display a temporal
and spatial similar expression pattern during rat lung development (Figs 1 and 2). Irx4
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was not expressed in the developing lung (results not shown). mRNA for Irx1 (Fig. 1A-C),
Irx3 (Fig. 1D-F), Irx2 (Fig.2A-C), and Irx5 (Fig. 2D-F) was expressed at high levels during the
pseudoglandular stage of lung development (E13.5), which is a period of active branching
morphogenesis. MRNA expression of Irx1, -2, -3, and -5 was confined to branching
lung endoderm, whereas no expression was detected in mesenchymal or endothelial
lung tissue. Spatially, Irx mRNA expression was equal throughout the epithelium and
appeared not to be restricted to branch points. Irx mRNA expression declined during the
late pseudoglandular and the canalicular stage (E16.5-E20.5), and was undetectable in
the saccular stage (E20.5-E22.5) of lung development, which is the time that distal gas
exchange units develop. For Irx1 and Irx2, the major decline in mRNA expression occurred
at E18.5 (Figs 1C and 2C), whereas mRNA expression for Irx3 and Irx5 declined at E16.5
(Figs 1E and 2E), and stayed at comparable levels towards E18.5 (Figs 1F and 2F). These
results are in agreement with the finding that in most tissues, the pattern of expression of
especially Irx1 and Irx2 and of Irx3 and Irx5, closely resemble each other (16).No positive in
situ hybridization signal was detected when sense riboprobes were used (Fig. 1G-1). Taken
together, the spatial and temporal expression pattern of Irx genes suggests a role for these
genes in early lung development, especially during the formation of the bronchial tree.

A E13.5 > B E16.5 C E18.5

Irx2

D E F

Irx5 e
Figure 2.Irx2 (A-C) and Irx5 (D-F) mRNA expression in the developing rat lung. In situ hybridization using antisense
DIG-labeled probes showed high Irx2 and Irx5 expression in early-stage (E13.5) rat lung epithelium (A, D). Irx2 mRNA
expression had declined substantially at E18.5 (C). Irx3 mRNA expression had decreased at E16.5 (E), and stayed at
comparable levels towards E18.5 (F). No staining was observed in mesenchymal or endothelial tissue, or when sense
probes were used. Dark purple color is positive ISH staining. Bar: 100 um.

Antisense inhibition of Irx expression reduces lung branching in vitro

To investigate the role of Irx genes during early lung development, E13.5 rat lung explants
were cultured in the presence of an antisense oligonucleotide (ODN) targeted against
Irx1-3, and -5 (Fig. 3). E13.5 rat lungs consist of two epithelial buds (arrowheads), one
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on each side of the trachea (asterisk), which over time in culture undergo progressive
branching (Fig. 3A-C). Treatment of explant cultures with missense Irx ODNs (not shown)
did not affect lung explant growth or branching morphogenesis compared to control (Fig.
3A-C) or sense Irx ODN-treated lung explants (Fig. 3D-F). However, a dramatic inhibition
of lung growth and branching morphogenesis was observed when antisense ODNs
targeted against Irx1-3, and -5 was used (Fig. 3G-l). After 2 days in culture, lung explants
treated with antisense Irx ODNs displayed a normal number of main bronchi and lobes,
but subsequent peripheral branching was reduced (Fig. 3G). With more days in culture,
peripheral branching morphogenesis became even more abrogated, whereas proximal
airway structures appeared dilated (arrows, Fig. 3H,1).

S Irx ODN

AS Irx ODN

Figure 3.Effect of Irx inhibition on lung branching morphogenesis in vitro. Sense or antisense ODNs targeted against
the overlapping translation sequence of Irx1-3, and -5 were added to the cultures in a concentration of 20 uM. Anti-
sense (G-I) Irx ODN-treated lung explants showed a dramatic decrease in distal branching morphogenesis together
with a concurrent expansion of proximal airways (arrows) compared to control (A-C) and sense (D-F) Irx ODN-treat-
ed explants. Asterisks represents trachea, arrowheads point at main bronchi (A). Bar: 250 um (A, D, G); 300 um (B, E,
H); 360 um (G 1).
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To examine the effectiveness of the antisense ODNs targeted against Irx1-3, and -5, we
assessed Irx1,-2,-3,and -5 mRNA expression with non-radioactive in situ hybridization in
rat lung explants cultured with sense (control) or antisense ODNs. After 3 days in culture,
Irx1,-2, -3, and -5 gene expression was detected in the epithelial cells lining the airway
tubules of sense-treated explants (arrows in Fig. 4A, E, C, G, respectively). After 6 days in
culture, the expression of all four Irx genes declined (not shown) similar to what was
observed in in vivo lungs (Figs 1 and 2). When lung explants were treated with antisense
Irx ODNs targeted against Irx1-3, and -5, epithelial mRNA expression for the subsequent
genes was completely abolished after 3 (arrowheads in Fig. 4B, F, D, H, respectively) and 6
days (not shown) in culture. Even prolonged detection times with in situ hybridization did
not reveal any significant levels of Irx1, -2, -3, or -5 transcripts in the antisense Irx ODN-
treated explants. These results indicate that Irx mRNA levels were adequately inhibited
with antisense ODNs and that Irx is involved in proximal-distal airway branching during

Proliferation and apoptosis in antisense Irx-treated lung explants

BrdU incorporation into DNA was used to investigate the proliferation in sense (control)
and antisense Irx ODN-treated lung explants. Proliferation in epithelial and mesenchymal
cells was similar between sense and antisense Irx ODN-treated lung explants after 3 days
in culture (Fig.5Ab and 5Af, respectively). After 6 days in culture,a dramatic decrease in the
number of proliferating cells was noted in the antisense Irx ODN-treated lung explants
(Fig.5Ah) compared to sense ODN-treated explants (Fig. 5Ad).

TUNEL assay was performed to assess apoptosis in lung explants. Apoptosis was
dramatically increased in antisense Irx ODN-treated lung explants after 3 days in culture
(Fig. 5Bd) compared to sense (control) ODN-treated explants (Fig. 5Bb). From figures 5Ah
and 5Bd it appears that proliferation and apoptosis are most affected in the mesenchymal
compartment of the lungs, a finding suggesting that the mesenchyme is a target for Irx
signaling.

Mesenchymal cell markers in antisense Irx-treated lung explants

Because we suggested that the mesenchyme was a target for Irx signaling, we looked
at the protein expression of a-smooth muscle actin (a-sma) and vimentin, which are
normally expressed in the mesenchymal compartment of the lung. In sense (control) Irx
ODN-treated lung explants, a-sma immunopositive staining was detected in a thin layer
around the proximal bronchioles and larger blood vessels after 6 days in culture (Fig. 6A,
B). In the antisense Irx ODN-treated lung explants, the layer of a-sma-positive cells was
severely disorganized after 6 days in culture (Fig.6D). A higher magnification showed that
the a-sma-positive cell layer was repeatedly interrupted and failed to form a smooth layer
supporting proximal bronchioles and larger blood vessels (arrows in Fig. 6E). Additionally,
it appeared that antisense Irx ODN treatment resulted in a loss of mesenchymal mass
(compare Fig.6A to 6D for sense and antisense Irx ODN-treated, respectively).
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Because vimentin is normally expressed throughout the proximal and distal mesenchymal
compartments of the lung, we carried out vimentin immunoanalysis. In sense (control)
Irx ODN-treated lung explants; abundant positive staining for vimentin was observed
throughout the mesenchyme after 6 days in culture (Fig. 6C). In the antisense Irx ODN-
treated lung explants, the mesenchyme had indeed decreased in volume, but exhibited
positive staining for vimentin (Fig. 6F). These immunohistochemical results suggest that
Irx signaling might be involved in the development of the pulmonary smooth muscle cell
layer.

A S Irx ODN B AS Irx ODN Figure 4. Effect of antisense Irx

ODN treatment on the expres-
sion of Irx1, -2, -3, and -5. In situ
hybridization with DIG-labeled
v antisense probes for Irx1 (A, B),
Irx3 (C, D), Irx2 (E, F), and Irx5 (G,
H) genes in lung explants after 3

lrx1 days in culture. All four Irx genes
were expressed in the epithelium
C D of sense Irx ODN-treated explants
. ; (arrows in A, G, E, G), whereas
no substantial expression was
\ " ' detected in the epithelium of an-
< tisense Irx ODN-treated lung ex-
plants (arrowheads in B, D, F, H).
Dark purple color is positive ISH
Irx3 : staining. Bar: 100 um.

Irx2

E | F
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AS Irx ODN

Figure 5. Effect of Irx inhibition on proliferation and apoptosis. A: Explants treated with sense or antisense Irx ODNs
for 3 (Aa-b, e-f) or 6 (Ac-d, g-h) days were pulsed with BrdU for 6 hrs and subsequent BrdU incorporation was visual-
ized by anti-BrdU immunofluorescense (Ab, d, f, h). Cell nuclei were visualized with DAPI (Aa, ¢, e, g). Many BrdU-posi-
tive cells were present after 3 days in sense and antisense Irx ODN-treated lung explants (Ab and Af, respectively).
BrdU immunopositive staining decreased dramatically in antisense Irx ODN-treated lung explants after 6 days (Ah)
compared to sense-treated explants (Ad). B: TUNEL analysis of sense and antisense Irx ODN-treated lung explants af-
ter 3 days in culture (Bb, d). Cell nuclei were visualized with DAPI (Ba, c). Few TUNEL-positive cells were seen through-
out the epithelium of sense Irx ODN-treated explants (Bb). Many TUNEL-positive cells were found in the mesenchyme
of antisense Irx ODN-treated lung explants (Bd). Bar: 100 um (Aa, b, e, f); 40 um (Ac, d, g, h); 100 um (Ba-d).

Endodermal cell markers in antisense Irx-treated lung explants

Because peripheral epithelial branching morphogenesis was severely inhibited in antisense
Irx ODN-treated lung explants, whereas proximal airway structures appeared dilated, we
investigated epithelial cell differentiation using non-radioactive in situ hybridization.
Surfactant protein-C (SP-C), which is a marker for distal respiratory epithelium (37), was
expressed in distal epithelial cells of lung explants treated for 3 to 6 days with sense
(control) Irx ODNSs (Fig. 7A). In the antisense Irx ODN-treated lung explants however, SP-C
mRNA was barely detectable after 3 days in culture (not shown) and only a few mRNA-
positive epithelial clusters were found after 6 days in culture (Fig. 7B). Clara cell-specific
protein (CCSP), which is a marker for proximal non-ciliated cells of the trachea, bronchi
and bronchioles (38,39), was seen after 6 days in culture in sense (control) Irx ODN-treated
explants and its expression was indeed restricted to the proximal airways (Fig. 7C). In the
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antisense Irx ODN-treated lung explants however, almost all epithelial tubules were CCSP-
positive (Fig.7D).Because the expression of SP-C (40) and CCSP (41,42) are regulated by Ttf-
1 and Hnf3p, we then analyzed the protein expression of both transcription factors using
immunohistochemistry. Hnf33 and Ttf-1 are expressed in proximal and distal epithelial
cells during early lung development, whereas at later stages of normal lung development,
the expression of both transcription factors is more pronounced in distal epithelium
(39, 43-45). Positive Ttf-1 immunoreactivity was detected in epithelial cells of both the
sense (control) and antisense Irx ODN-treated lung explants and no obvious differences
were observed in the intensity or pattern of Ttf-1 staining (Fig. 7E, F). Similar results were
obtained for Hnf3f protein expression (Fig. 7G, H). Taken together, these results suggest
that deficient Irx signalling inhibits distal epithelial cell differentiation, whereas the
remaining epithelium exhibits a proximal differentiation phenotype.Moreover, the altered
expression patterns for SP-C and CCSP are not the result of changes in the expression of
Ttf-1 or Hnf3p.

Fgf expression in antisense Irx-treated lung explants

The extended family of fibroblast growth factors (Fgfs) plays a critical role in the
development of many organs, including the lung. Fgf1, -2, -7, -9, -10, and -18 are all
expressed in the developing lung and they play distinct, partly overlapping, roles in airway
expansion (Fgf7) and branching morphogenesis (Fgf1 and Fgf10) (46,47).Only Fgf10 was
shown to be critically necessary for the initiation of lung development, because Fgf10-
deficient mice formed a trachea without any further branching (48, 49). Fgf1, Fgf7, and
Fgf10 are secreted by pulmonary mesenchyme and bind and activate the Fgf receptor-2
(Fgfr2), which is located on pulmonary epithelial cells (50). Because antisense Irx ODN-
treated lung explants exhibit a severe airway branching defect, we investigated whether
the Fgf-Fgfr2 signaling pathway was affected. Using semi-quantitative RT-PCR, we found
no obvious differences in gene expression of Fgf1,-7,-10, or Fgfr2 between control, sense,
and antisense Irx ODN-treated lung explants after 3 or 6 days in culture (Fig.8A). Although
changes in the expression patterns of the Fgf and Fgfr2 genes cannot be excluded, this
finding makes it unlikely that reduced branching morphogenesis in the antisense Irx
ODN-treated lung explants is the result of deficient Fgf-Fgfr2 signaling.

Bmp4 expression in antisense Irx-treated lung explants

The phenotype of antisense Irx ODN-treated lung explants, which demonstrates a
reduction in distal SP-C and enhanced proximal CCSP expression, is very similar to the
lung phenotype described for mice that overexpress either Xnoggin, a Bmp4 antagonist,
or a dominant-negative Bmp4 receptor in distal pulmonary epithelial cells (27). Both mice
displayed a severe reduction in distal epithelial cells and a concurrent increase in proximal
cells. Because reduced Bmp4 signaling results in a lung phenotype consisting of mainly
proximal cell types, we added recombinant Bmp4 to the medium of sense (control) and
antisense Irx ODN-treated lung explant cultures. However, Bmp4 (200 ng/ml) did not
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Figure 6.Effect of Irx inhibition on mesenchymal differentiation.Immunostaining was performed for o.-smooth mus-
cle actin (a-sma; A-B, D-E) and vimentin (C, F) in sense (A-C) and antisense (D-F) Irx ODN-treated rat lung explants
after 6 days in culture. B and E are higher magnifications of A and D, respectively. In sense Irx ODN-treated explants,
vimentin immunoreactivity was present in mesenchymal cells surrounding epithelial tubules (C), whereas anti-c.-
sma stained the smooth muscle cell layer at the base of developing airways (A, B). In antisense Irx ODN-treated lung
explants,vimentin (F) and o-sma (D, E) staining was decreased, whereas the smooth muscle cell layer was frequently

interrupted (arrows in E). Brown color is positive immunostaining. Bar: 250 um (A, D); 40 um (B, E); 100 um (C, F).

restore distal branching morphogenesis in antisense Irx ODN-treated lung explants after
3 (Fig. 8Ba-d) or 6 (Fig. 8Be-h) days in culture. The Drosophila Iroquois genes araucan and
caupolican, which are the counterparts of the vertebrate Irx genes, are positively controlled
by Dpp, which is in turn the Drosophila counterpart of vertebrate Bmp4 (14). Similarly, the
Bmp4 antagonist Noggin controls the Xenopus Irx counterparts Xirol and Xiro2 and it
has been reported that Xirol and Bmp4 repress each other (24, 25). To analyze whether
Bmp4 expression was affected by Irx inhibition in the lung explants, we performed semi-
quantitative RT-PCR. However, no obvious differences in the relative expression of Bmp4
MRNA were detected between control, sense,and antisense Irx ODN-treated lung explants
after 3 or 6 days in culture (Fig. 8C). Together, these results suggest that almost absent
distal epithelial differentiation together with relatively increased proximal epithelial cell
differentiation in antisense Irx ODN-treated lung explants is not related to Bmp4.

Irx gene expression in Shh and Gli mutant lungs

The Shh-Gli pathway plays an important role during lung development (4-7,51). Because
Ci, which is the Drosophila homologue of the vertebrate Gli genes, has been shown to
positively control araucan and caupolican, which are the Drosophila counterparts of the
vertebrate Irx genes, we investigated gene expression of Irx1,-2,-3,and -5 in lungs of Shh
and Gli2 mutant mice. We assessed the developmental (spatial and temporal) pattern of
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B AS Irx ODN Figure 7. Effect of Irx inhibi-

A tion on endodermal differen-
= tiation. In situ hybridization
was performed with DIG-la-
beled antisense probes for
SP-C (A, B) and CCSP (C, D) in
sense (A, C,E,G) and antisense
(B, D, F, H) Irx ODN-treated rat
lung explants after 6 days
in culture. In sense-treated
explants, SP-C mRNA was ex-
pressed in distal pulmonary
epithelium (A). In the anti-
sense-treated lung explants,
SP-C mRNA expression was
dramatically decreased and
expression was only observed
in some remaining distal epi-
thelial clusters (arrowheads
in B). In sense Irx ODN-treated
explants, CCSP was expressed
in proximal epithelial cells,
whereas distal areas were de-
void of staining (arrow in C).
In antisense-treated explants,
CCSP was expressed in virtu-
ally all epithelial structures
(arrowheads in D), whereas
almost no non-staining tis-
sue was detected (arrow in
. D). Dark purple color is posi-
. tive ISH staining. Immuno-
histochemistry for Ttf-1 (E,
F) and Hnf3p (G, H) revealed
epithelial-specific staining in

: FRE e A sense (E, G) and antisense Irx
ODN-treated (F, H) lung explants. No difference was observed between sense and antisense-treated lung explants

for Ttf-1 or Hnf3( protein expression. Brown staining is positive staining. Bar: 250 um (A-D); 100 um (E-H).

Irx1,-2,-3 and -5 gene expression in vivo,in wild-type (CD1) mice using in situ hybridization
and found expression patterns (not shown) that were identical to the expression patterns
in rat lungs (Figs 1 and 2). In situ hybridization analysis showed that Irx1 (Fig. 9B) and -2
(Fig.9E) and Irx3 and -5 (not shown) were normally expressed in distal bronchioles of E13.5
and E14.5 Gli2”" lungs (Fig.9B, E) compared to wild-type lungs (Fig.9A, D). Shh” lungs were
severely hypoplastic, but IrxT and -2 mRNA (Fig. 9C, F) and Irx3 and -5 mRNA (not shown)
expression in these lungs was comparable to the expression of these genes in lungs of
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wild-type littermates (Fig. 9A, D). These results indicate that Irx genes -1,-2,-3,and -5 are
not downstream in the Shh-Gli signaling cascade.

DiscussioN

Herein, we demonstrate for the first time that Iroquois (Irx) homeobox genes play a role
in branching morphogenesis and in proximal-distal epithelial cell differentiation of the
developing lung. Evidence is provided that the Irx genes are not components of well-
known signaling pathways that are critical for lung development such as the Shh, Bmp4,
or Fgf signaling pathways. We speculate that Irx genes are additional transcriptional
components of the complex genetic network directing lung morphogenesis.

We first determined the spatial-temporal expression patterns of the Irx genes in
the developing rat lung and found that Irx1, -2, -3, and -5 are specifically expressed in
developing epithelium during the period of active airway branching.Houweling et al.(16)
showed similar expression patterns for these genes in the developing murine lung. In the
E10.5 mouse lung, Irx1 and Irx2 were expressed at high levels in the mesoderm adjacent
to the endoderm of the laryngotracheal groove, whereas Irx3 and Irx5 expression were
restricted to the endoderm of the groove and foregut (16). From E10.5 onwards (until
E13.5) however, Irx1,-2,-3,and -5 expression was confined to the epithelial layer of murine
lung buds and bronchi (16). Similar expression patterns for Irx1,-2,and -5 during murine
lung development have been reported by others (19, 52, 53). In the E11.5 murine lung,
Irx2 expression was localized to the distal tips of developing bronchi, whereas it was no
longer visible at the end of the pseudoglandular phase (E14.5) of lung development (52).
A comparable expression pattern was found for Irx1, with the difference that Irx1 was still
prominently expressed throughout the lung epithelium at E13.5, but disappeared in the
developing murinelung at the beginning of the alveolar phase (52).In the present study, we
show that Irx1,-2,-3,and -5 are expressed throughout the pulmonary rat lung epithelium
up to E18.5, which is the canalicular phase of lung development and comparable to
E16.5 in mice. Similar to the mouse lung, the intensity of expression of the four Irx genes
decreased with advancing gestational age in the rat lungs. However, in contrast to the
reported findings in the mouse, we did not observe any specific spatial expression pattern
forthelrx genes (thatis,no enhanced Irx2 expression was seen at the tips of the developing
bronchi). This finding may be the result of the different in situ hybridization techniques
employed. Becker et al. (52) used whole mount in situ hybridization to investigate Irx gene
expression,whereas we used in situ hybridization on tissue sections. A possible explanation
for relative prominent distal epithelial staining in later-stage lungs with whole mount in
situ hybridization is diminished penetration of the DIG-labeled probe and/or BCIP/NBT
substrate to the center of the lung tissues.
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Figure 8.Effect of Irx inhibition on Bmp4, Fgf1, Fgf7, Fgfr2, and Fgf10 expression. A: Semiquantitative RT-PCR showed
comparable levels of mRNA expression for Fgfi, Fgf7, Fgf10, and Fgfr2 in control, sense, and antisense Irx ODN-
treated lung explants. B: To determine whether Irx genes were upstream of Bmp4, lung explants were incubated for 3
(Ba-d) or 6 (Be-h) days with 200 ng/ml recombinant Bmp4 (rBmp4). Bmp4 treatment of sense-treated lung explants
(Bb, f) did not result in obvious differences in epithelial branching compared to untreated control explants (Ba, e).
Both antisense (Bc, g) and antisense Irx ODN-treated lung explants cultured with rBmp4 (Bd, h) showed a dramatic
decrease in distal airway branching. rBmp4 did not restore distal branching morphogenesis in antisense Irx ODN-
treated lung explants after 3 (Bd) or 6 (Bh) days in culture. C: Semiquantitative RT-PCR revealed no differences in
Bmp4 mRNA expression between control, sense, and antisense Irx ODN-treated lung explants. RNA integrity and

recovery was demonstrated by 3-actin RT-PCR. Bar: 250 um.

Based on their expression patterns, we hypothesized that the Irx genes are involved in
early lung branching morphogenesis. Because of their overlapping expression patterns,
we decided to inhibit all four pulmonary expressed Irx genes using an in vitro antisense
ODN approach. In vivo-targeting of individual Irx genes has yet not resulted in any major
lung phenotype (53), suggesting that the absence of a single Irx gene is compensated by
others.The use of antisense ODNs targeted against the translation initiation sequence of
Irx1-3, and -5 genes, resulted in a loss of Irx1,-2,-3,and -5 mMRNA expression in E13.5 rat
lung explants. After 6 days in culture, control E13.5 lung explants displayed a complex
branching network with some larger airways in the middle of the explant and more finer
and complex branching in the periphery of the explant.In the antisense Irx ODN-treated
explants however, only the proximal larger airways seemed to develop, whereas hardly
any distal structures were detected. These results indicate that Irx genes do not appear
to be required for bronchial branching, but are involved in the formation of smaller, distal
airways.
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In the present study, mesenchymal and smooth muscle cell markers such as vimentin
and a-sma showed a reduced and disorganized pattern of expression in Irx-deficient
explants. Furthermore, antisense Irx inhibition increased apoptosis in the mesenchymal
compartment of the lung explants, whereas proliferation decreased. Branching of the
lung buds is controlled by epithelial-mesenchymal tissue interactions (54, 55). Distal
pulmonary mesenchyme induces branching morphogenesis and SP-C expression in
epithelial cells, whereas proximal mesenchyme inhibits branching of distal epithelium
(56-58). The epithelium, in turn, is needed for the survival of the mesenchyme, because
lung mesenchyme that was cultured in the absence of endoderm degenerated quickly
(59,60).In the light of these established data, we speculate that Irx genes play a role in the
development of distal mesenchyme, what, in turn, regulates distal epithelial branching
morphogenesis. Additionally, the interrupted smooth muscle cell layer along the proximal
airways may contribute to the dilated appearance of epithelial tubules in antisense Irx
ODN-treated lung explants.
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Figure 9.Irx1 and Irx2 expression in murine Gli2” and Shh”"lungs at E13.5 (A-C) and E14.5 (D-F). In situ hybridization

using antisense DIG-labeled probes showed Irx1 (A-C) and Irx2 (D-F) expression in the epithelial layer of wild-type

lung tubules (A, D). Despite the hypoplastic appearance of Gli2” (B, E) and Shh”- (C, F) lungs, the pattern and level of
expression of Irx1 and Irx2 mRNA were similar compared to wild-type lungs (A, D). Dark purple color is positive ISH

staining. D-F were counterstained with methyl green. Bar: 250 um.

SP-C (37) and CCSP (38, 39) are lung specific differentiation markers for distal and proximal
epithelial cells, respectively. In this study, in situ hybridization analysis revealed that CCSP
was abundantly expressed in the epithelial cells lining the large, dilated airways of the
antisense Irx ODN-treated lung explants, whereas in control lung explants, CCSP was
only expressed in a few larger airways in the center of the explants. In contrast, SP-C was
abundantly expressed in the distal airways of control lung explants, whereas it was barely
detectable in antisense Irx ODN-treated explants. Expression of both SP-C (40) and CCSP
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(41,42) are transcriptionally regulated by Ttf-1 (or Nkx2.1) and Hnf3 (or Foxa2). Ttf-1 is
expressed in pulmonary epithelium from the start of normal lung development (61, 62).
Mice deficient for Ttf-1 die at birth with severely hypoplastic lungs, no thyroid gland, and
brain abnormalities (62). Additional analysis of the rudimentary Ttf-1" lungs revealed
cyst-like structures lined with columnar epithelial cells and an overall proximalized
phenotype (63, 64), a finding which resembles the phenotype of the Irx-deficient lung
explants in the present study. However,immunohistochemical analysis revealed a normal
expression pattern for Ttf-1 in antisense Irx ODN-treated lung explants. Also, Hnf33 was
normally expressed in these lung explants.Thus, Irx proteins appear not to signal via these
transcription factors and we speculate that the observed decrease in SP-C expression is
the result of an absolute reduction in distal epithelial cell types because of Irx-deficiency.

Proximalization of the lung has been described as a consequence of inhibited Bmp4
signaling by Weaver et al. (27). Interestingly, the Drosophila Irx orthologues, araucan and
caupolican, are positively controlled by Dpp, the fly homologue of vertebrate Bmp4. In
Xenopus it was shown that Xiro1, one of the Xenopus Irx orthologues, and Bmp4 control
each other (25).Furthermore, XiroT and Xiro2 are controlled by Noggin,a Bmp4 antagonist
(24). Given the finding that inhibition of Bmp4 signaling results in proximalization of the
lung (27) and the observed interaction between Irx and Bmp4 orthologues in invertebrates
(24), we performed semi-quantitative RT-PCR for Bmp4, but did not find a difference in
Bmp4 mRNA expression between sense and antisense Irx ODN-treated lung explants.
Also, addition of recombinant Bmp4 to antisense Irx ODN-treated lung cultures did not
restore distal branching morphogenesis. These data suggest that the Irx genes are likely
not upstream of Bmp4.

In general, Fgfs are very important for lung development. Without Fgf10, no lung will
develop below the trachea (48, 49) and in vitro, Fgf10 induces outgrowth of two primary
lung buds by chemoattraction (65). Fgf7-deficient mice have no lung abnormalities (66)
however, in vitro studies reveal a role for Fgf7 in widespread epithelial proliferation and
SP-C expression (32,67).The importance of the lllb splice variant of the Fgf2 receptor was
shown when a soluble dominant-negative Fgfr2-lllb was expressed throughout the entire
developing embryo and resulted in lung bud initiation, but no branching morphogenesis
(68). Similarly, when soluble dominant-negative Fgfr2-lllb was overexpressed in distal
pulmonary epithelial cells, a trachea and two unbranched bronchi developed, without
any further lung formation (69). Marker analysis of the latter lung rudiments revealed
CCSP expression in remaining air sacs and no SP-C expression, similar to what we found
in antisense Irx ODN-treated lung explants.Shannon et al. (70) showed that uncommitted
E13.5 rat tracheal epithelium expressed SP-C mRNA when cultured in specified medium
with Fgf1 and Fgf7.However,when cultured without Fgf1 and Fgf7,the tracheal epithelium
was negative for SP-C, but positive for CCSP, suggesting that Fgf signaling is important
for distal epithelial cell differentiation and maintenance. In the present study, loss of Irx
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signaling in the explants did not affect the expression of Fgf1,-7,-10, or Fgfr2, indicating
that the Irx genes are not upstream components of the Fgf signaling pathway in lung
development.

The Shh signaling pathway plays an important role in the development of multiple organs
(71). In the lung, Shh is required for proper branching morphogenesis and endoderm
patterning (4, 5). The three Gli genes code for zinc finger transcription factors that are the
vertebrate counterparts of the gene Ci, which is the principal transducer of Hh signaling in
Drosophila. Gli2”- mice die at birth with severely hypoplastic lungs, consisting of only one
lobe on each side of the trachea (6). Gli3” mice are viable, but exhibit reductions in size
and shape of certain lung lobes (7). Gli2”Gli3” mice have no lung whatsoever; neither do
they form a trachea or esophagus, whereas the presence of one single Gli3 gene restores
the phenotype to a lung consisting of only one hypoplastic lobe (6).In Drosophila, the Iro-C
genes araucan and caupolican, are positively controlled by Ci (14).Furthermore,Becker et al.
(52) showed that Gli1,-2,and -3 and Irx1 and Irx2 genes are co-expressed in the developing
lung in adjacent tissues. These authors suggested that Shh and Gli are upstream factors
in the Irx signaling cascade (52). The hypoplastic phenotype as seen in both Irx depleted
lungs and in Shh and Gli2-deficient lungs, supports an interaction between both signaling
cascades.However, the observation that all four Irx genes (Irx1,-2,-3,and -5) were normally
expressed in both Shh and Gli2 mutant lungs makes it unlikely that the Irx genes are
downstream in the Shh-Gli signaling cascade during lung development.

Bosse and Beckersand co-workers (21,52) suggested arole for Irx signaling in the regulation
of Mash-1 based on their overlapping expression patterns during lung development.
Mash-1 is a bHLH gene, expressed in neural precursor cells, directing terminal neural
differentiation (72). In the lung, Mash-1 is involved in pulmonary neuroendocrine cell
(PNEC) differentiation, because Mash-1-deficient mice failed to develop PNECs (73). Also,
in Drosophila, araucan was shown to regulate the gene activity of the achaete scute-
complex (AS-C), which is the homologue of vertebrate Mash-1 (9). However, in this study
we found that Irx-ablation did not affect the expression of Mash-1 in the lung (not shown).
Altogether, these results indicate that the Irx genes are not upstream or downstream from
Mash-1 or Shh-Gli, respectively, and, although it is still possible that the Irx genes function
upstream in the Shh-Gli signaling cascade, we speculate that they function in an unrelated,
parallel signaling pathway.

A phenotype that resembles the antisense Irx-deficient lungs, was seen in retinoic acid
(RA) treated mouse lung explants (74). In Xenopus, RA increases Xiro expression in the
neural plate, but it decreases Xiro expression outside this plate (24). If we extrapolate these
findings to the present study, it would mean that RA downregulates the Irx genes, which
in turn leads to outgrowth of proximal and inhibition of distal lung structures. Further
investigations are required to explore a putative RA-Irx interaction in lung development.
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In summary, we have demonstrated that Irx1, -2, -3, and -5 are expressed in developing
rat lungs in an epithelial and temporal specific fashion. Antisense inhibition experiments
in vitro revealed that the Irx genes together play an important role in proximal-distal
epithelial differentiation and branching morphogenesis of the lung. The importance of
each individual Irx gene remains to be investigated, but overall Irx signaling appeared not
to be linked to known signaling cascades that are critical for lung development.
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ABSTRACT

The Notch-Notch-ligand signaling pathway is a pathway that regulates cell fate decisions
and patterning in various tissues. Several components of this pathway are expressed in
the developing lung, suggesting that it is important for cellular patterning of the airways.
Fringe proteins, which modulate Notch signaling, are crucial for defining morphogenic
borders in a variety of organs. Their role in controlling cellular differentiation along the
anterior-posterior axis of the airways is unknown. Herein, we report the temporal-spatial
MRNA expression patterns of Lunatic fringe (Lfng) and the Notch-regulated basic helix-
loop-helix factors, Hes1 and Mash-1, during murine lung development. Lfng mRNA was
only expressed during early development in epithelial cells lining the larger airways.
Those epithelial cells also expressed Hes1, but at later gestation HesT mRNA expression
was confined to epithelial cells lining the terminal bronchioles. Mash-1 mRNA displayed
a very characteristic expression pattern. It followed neural crest migration into the early
lung, whereas at later stages Mash-1 was expressed in the neuroendocrine cells of the
lung.To clarify whether Lfng influences airway cell differentiation, Lfng was overexpressed
in distal epithelial cells of the developing mouse lung. Overexpression of Lfng did not
affect the spatial or temporal mRNA expression of Hes1 or Mash-1. Neuroendocrine-
specific cGRP and Pgp9.5 protein expression was not altered by Lfng overexpression. Also,
MRNA expression of proximal (CC10) and distal epithelial cell (SP-C, T1a) markers was not
influenced by an excess of Lfng. Overexpression of Lfng had no effect on mesenchymal
cell marker (a-sma, vVWF, Pecam-1) protein expression. Collectively, the data suggest that
Lfng does not play a significant role in determining cell fate in fetal airway epithelium.
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INTRODUCTION

Pattern formation during embryonic development depends largely on specific cell-
cell interactions and the regulated expression of key signaling molecules. The exact
coordination of pattern formation within the developing lung remains an enigma.
During early pulmonary development, the trachea and lung primordia are determined by
interactions between the foregut endoderm and surrounding splanchnic mesenchyme (1).
At later stages of lung development, epithelial-mesenchymal tissue interactions program
branching morphogenesis of the primitive respiratory epithelium as well as cell growth
and differentiation (2, 3). Some of the morphogenic signaling pathways in the lung have
been identified (4, 5), whereas others remain to be discovered.

The Notch signaling pathway is an evolutionary conserved pathway involved in cell fate
control through cell-cellinteractions (6).The generally accepted function of Notch signaling
is to inhibit differentiation in order to prevent two neighboring cells from taking the same
fate, thereby creating heterogeneity between cells (6). Notch is a transmembrane receptor
that is activated through direct contact with a cell-surface ligand on a neighboring cell
(7). Two vertebrate transmembrane ligands have been described, Delta and Jagged.
Vertebrate CBF1/rJBk (Suppressor of Hairless in Drosophila) is a downstream transcription
factor in the Notch signaling pathway, repressing the genes of the Enhancer of split locus,
Hes1 and Hes5 (6, 8). Both Hes1 and Hes5 encode basic helix-loop-helix (bHLH) proteins
thatare upregulated in response to Notch activation and subsequently affect downstream
targets. One of the targets is the Achaete-Scute complex (Mash-1 in vertebrates), which
is involved in the segregation of neuronal and epidermal lineages (6). In flies, fringe has
been identified as a secreted signaling protein with a key role in dorsal-ventral aspects of
wing formation (9).There is genetic and biochemical evidence that the fringe genes in the
fly modulate the Notch signaling pathway at the extracellular level (10, 11). At the post-
transcriptional level, fringe proteins positively regulate signaling via Delta and negatively
regulate signaling via Serrate in the wing imaginal disc of flies (10). In vertebrates, three
fringe genes have been identified: Manic, Lunatic and Radical fringe (12-14).

Notch signaling has beenimplicated in epithelial-mesenchymal tissue interactions guiding
tooth and kidney development (15, 16). In Drosophila, the Notch signaling pathway is
essential for the development of the tracheal system (17). In zygotic Notch null mutants,
tracheal cells were converted into neuroblasts, leaving only rudimentary branches
with abnormalities in fusion and terminal branching, implying that Notch signaling is
required for tracheal fusion and terminal branching in the fly (17). Recent studies have
demonstrated that several members of the Notch signaling pathway are expressed in the
developing mouse lung (18, 19). Together, these data suggest that the Notch signaling
pathway may be important for mammalian lung development. However, the exact role of
Notch signaling and its regulation during lung morphogenesis are unknown. In this study
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we investigated the spatial and temporal mRNA expression of Notch regulated basic
helix-loop-helix (bHLH) genes such as Hes1 and Mash-1.Both genes have been implicated
in pulmonary neuroendocrine development (20). Because Notch signaling is modulated
by fringe (21), we also investigated whether overexpression of Lunatic fringe (Lfng) in the
distal epithelium of the developing mouse lung would affect lung development.

MATERIALS AND METHODS

Transgene construction

The SPC-Lfng vector was constructed using full-length mouse Lfng cDNA (generous gift
of Dr.S. Egan, Hospital for Sick Children, Toronto, ON, Canada). The 1.2 kb Lfng cDNA was
subcloned 3’ of the 3.7 kb human SP-C promoter (22) and 5’ of the SV40 small T intron
and polyadenylation sequences. The expression cassette was excised with Ndel and Notl,
purified using Glass Milk (Gene Clean Kit Bio101, BioCan, Canada) and Elutip-D columns
(Schleier and Schuell, NY, U.S.A.), and ethanol precipitated.

Transgenic SPC-Lfng mice

Transgenic embryos were generated according to Hogan et al. (23). DNA injections into
the pronuclei of (C57BL/6 x SJL) F2 embryos were carried out at a concentration of 3 ng/
ul. The genotype was established by PCR analysis of genomic DNA that was extracted
from the embryonic tail and confirmed by Southern blot analysis. The primers used were
5'-TCACCTCTGTCCCCTCTCCCTAG-3" and 5-TGGGCCGAGGAGCAGTTGGTGAGC-3. The
annealing temperature was 62°C and 35 cycles were used for amplification.

Probes

The murine cDNAs used as templates for riboprobe generation were a 0.9 kb Hes1 clone, a
2.8 kb full-length Mash-1 clone (provided by Dr.S.Egan, Hospital for Sick Children, Toronto,
ON, Canada), and PCR-cloned fragments for SP-C (330 bp), CC10 (CCSP; 315 bp), and Lfng
(756 bp). Riboprobes were digoxigenin-labeled according to a protocol provided by the
manufacturer (Roche, Montreal, QC, Canada).

Whole mount in situ hybridization

Whole mount in situ hybridization was performed essentially as described before (24).
Briefly, lungs were dissected from E11.5-E13.5 control (CD1) mouse embryos (morning
of plug is designated as E0.5) and fixed in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) at 4°C.Lungs were washed in PBS-T (PBS containing 0.1% Tween-20),
dehydrated in graded series of methanol in PBS-T, and stored in 100% methanol. After
rehydration, lungs were bleached in 6% hydrogen peroxide, treated with proteinase K (20
ng/ml), postfixed in 4% PFA and 0.2% glutaraldehyde, and pre-hybridized for 1 hr at 70°C.
Lungs were then hybridized with the appropriate digoxigenin (DIG)-labeled riboprobe (1
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ug/ml), overnight at 70°C. After washes in 50% formamide, 5x SSC, pH 4.5, and 1% SDS at
70°C followed by washes in 50% formamide and 2x SSC, pH 4.5 at 65°C and Tris-buffered
saline (TBS)-T (TBS containing 1% Tween-20) at RT, lungs were pre-blocked with sheep
serum in TBS-T and subsequently incubated with anti-DIG alkaline phosphatase, 1:5000, in
blocking solution (Roche, Montreal, QC, Canada) at 4°C. The next day, lungs were washed
in PBS-T followed by washes in NTM-T (100 mM NacCl, 100 mM Tris, pH 9.5, 50 mM MgCIz,
0.1% Tween) and then incubated with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium chromogen (Roche, Montreal, QC, Canada) at room temperature (RT) until
purple color appeared. After color development, lungs were washed in NTM-T and PBS-
T, dehydrated in a graded series of methanol in PBS-T, and stored at 4C in PBS-T. Digital
images were taken using a Leica digital imaging system.

Tissue section in situ hybridization

Mouse embryos were obtained from timed-pregnant SPC-Lfng mice (morning of plug is
designated as E0.5). Whole embryos and isolated lungs were fixed in 4% PFA in PBS at 4°C
for 4-18 hrs, dehydrated in ethanol, and embedded in paraplast. Sections of 12 ym were
cut and mounted on Superfrost slides (Fisher Scientific, Unionville, ON, Canada). The lungs
were then assayed for non-radioactive RNA in situ hybridization according to Moorman et
al. (25). Briefly, after dewaxing and rehydrating, tissue sections were permeabilized with
proteinase K (20 ug/ml), postfixed in 4% PFA/0.2% glutaraldehyde, and pre-hybridized for
1 hr at 70°C.The sections were hybridized overnight at 70°C with DIG-labeled riboprobes
for Lfng, SP-C,CC10, Hes1, or Mash-1 (1 ng/ml).The next day, sections were washed in 50%
formamide in 2x SSC, pH 4.5 at 65°C followed by PBS-T washes. Subsequently, the sections
were incubated with anti-DIG alkaline phosphatase, 1:1000, in blocking solution (Roche,
Montreal, QC, Canada) at 4°C. The next day, sections were washed in PBS-T followed by
washes in NTM (100 mM NacCl, 100 mM Tris, pH 9.5, 50 mM MgCl,), and then incubated
with NBT/BCIP (Roche, Montreal, QC, Canada) at RT until purple color appeared (4-5
hours). All slides for one probe were stopped at the same time to make comparison over
different stages of development possible. After color development, sections were washed
in distilled water, dehydrated in a graded series of ethanol and xylene, and mounted with
coverslips using permount (Fisher Scientific, Unionville, ON, Canada). Digital images were
taken using a Leica digital imaging system.

Immunocytochemistry

At embryonic day (E)11.5 to E18.5, SPC-Lfng transgenic and wild-type embryos were
sacrificed and lungs were dissected, fixed overnight in 4% PFA in PBS, dehydrated,
and embedded in paraplast. Immunostaining was performed using the avidin-biotin
(ABC) immunoperoxidase method as described by Hsu et al. (26). Seven pm sections
were deparaffinized and rehydrated in a graded series of ethanol. Antigen retrieval
was achieved with heating in sodium citrate, pH 6.0. Sections were washed in PBS
containing 0.1% Triton and endogenous peroxidase was blocked in 2% H,0, in methanol.
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Sections were incubated overnight at 4°C with mouse monoclonal anti-rat Ttf-1, 1:50,
(Labvision/Neomarkers, Fremont, CA, U.S.A.), hamster monoclonal anti-mouse T1a, 1:50,
(Developmental Studies Hybridoma Bank, University of lowa, U.S.A.,Hybridoma #8.1.1), rat
monoclonal anti-mouse CD31, 1:60, (Pecam-1, BD Biosciences Pharmingen, Mississauga,
ON, Canada), rabbit polyclonal anti-Factor Vlll related antigen, 1:80, (Labvision/Neomarkers,
Fremont, CA, U.S.A.), mouse monoclonal anti-mouse a-smooth muscle actin, 1:1000, (o.-
sma, Labvision/Neomarkers, Fremont, CA, U.S.A.), polyclonal rabbit anti-human Pgp9.5,
1:10000, (UltraClone Limited, Isle of White, U.K.), or polyclonal rabbit anti-rat cGRP, 1:13000,
(Sigma, St. Louis, MO, U.S.A.) antibody, all diluted in blocking solution (5% NGS and 1% BSA
in PBS). Sections were subsequently incubated with biotinylated secondary antibodies
and color detection was performed according to instructions in the Vectastain ABC and
DAB kit (Vector Laboratories, Burlingname, CA, U.S.A.). For Ttf-1, nickel was added to
the DAB solution to enhance black nuclear staining. Sections were counterstained with
haematoxylin, except for Ttf-1, which was counterstained with fast red, and mounted in
Permount (Fisher Scientific, Unionville, ON, Canada). Digital images were taken using a
Leica digital imaging system.

RNA isolation and real-time RT-PCR

Lungs from E15.5 and E16.5 SPC-Lfng transgenic and wild-type embryos were dissected in
ice-cold PBS, snap-frozen in liquid nitrogen, and stored at -70°C. Total RNA was extracted
using the RNeasy kit (Qiagen, Mississauga, ON, Canada). One ug of RNA was reverse
transcribed (37°C) using random-hexamers (Applied Biosystems, Foster City, CA, USA).The
resulting templates (50 ng of cDNA for our target genes and 5 ng for 18S) were quantified
by real-time PCR (ABI Prism 7700). Primers and TagMan probes for Lfng, Hes1, and Mash-
1 were purchased from ABI as Assays-on-Demand™ for murine genes. For each probe, a
dilution series determined the efficiency of amplification of each primer-probe set and
the relative quantification method was employed (27). All measurements were performed
in triplicates. For the relative quantitation, PCR signals were compared between groups
after normalization using 18S as an internal reference. Briefly, relative expression was
calculated as 2-(Ctgeneofinterest-Ct185) Eold change was calculated according to Livak et al.(27).For
comparison between 2 groups we used Student’s t-test. P values <0.05 were considered
significant.
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Figure 1.Lfng mRNA expression in wild-type (A-C, E) and SPC-Lfng (D, F) lungs. Whole mount in situ hybridization

ea and proximal airways of E11.5-E12.5 lungs

(A, B). No staining was detected in the mesenchyme surrounding the developing lung buds (arrows in A, B). At later

gestation (E15.5 and E18.5), Lfng mRNA expression was undetecta

ble with section in situ hybridization (C, E). In

contrast, Lfng mRNA was rapidly detected with section in situ hybridization in the epithelial cells of distal airways

of transgenic SPC-Lfng lungs (D, F for E15.5 and E18.5, respectively).
100 um (A, C-F); 250 um (B).

Dark purple color is positive ISH staining. Bar:
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REsuLTs

Endogenous Lfng expression in murine lungs

Whole mount in situ hybridization demonstrated endogenous Lfng mRNA expression in
the E11.5 epithelium of proximal airways (Fig. 1A). The trachea, stem bronchi, and lobar
bronchi displayed equal intensity of Lfng expression. At E12.5, Lfng showed a similar
expression pattern, that is, expression in the epithelium of trachea and lobar bronchi
(Fig. 1B). No expression was noted in the mesenchyme that surrounded the developing
airways (arrows in Fig. 1A, B). Similar results have been reported by Post et al. (18). Whole
mount in situ hybridization has limited discrimination value in older tissue, and, therefore,
we performed section in situ hybridization for lungs older than E13.5. However, we
were unable to detect any Lfng mRNA in E15.5 and E18.5 lungs (Fig. 1C, E, respectively),
suggesting low or absent Lfng expression at later stages of lung development.

Lfng expression in SPC-Lfng transgenic lungs

To establish a role for Lfng in lung development, we overexpressed full-length mouse
Lfng cDNA in distal mouse lung epithelium using the human SP-C enhancer-promoter
(SPC-Lfng) (28). With in situ hybridization, using an antisense DIG-labeled Lfng probe, we
demonstrated strong Lfng mRNA expressionin E15.5-E18.5 transgenic lungsin an identical
fashion to the expression pattern of endogenous SP-C mRNA (Fig. 1D, F). No endogenous
Lfng transcripts were detected in E15.5 and E18.5 wild-type lungs (Fig. 1C, E). Also, no
expression was detected in SPC-Lfng lungs when a sense DIG-labeled Lfng probe was
used (not shown). These results clearly demonstrate that Lfng is overexpressed in SPC-
Lfng transgenic lungs compared to wild-type lungs. Overexpression of Lfng in distal lung
epithelial cells caused no embryonic or postnatal lethality, neither were the transgenic
mice in obvious respiratory distress.No differences were observed in body or lung weights
between wild-type and SPC-Lfng transgenic littermates (not shown). Haematoxylin-eosin-
stained sections revealed no obvious differences in gross morphology between SPC-Lfng
and wild-type lungs at E15.5 or E18.5 (not shown).

Expression of Hes1 in wild-type and SPC-Lfng transgenic lungs

Hes1 plays a significant role in the Notch signaling pathway and is transcriptionally
activated by Notch signaling (8, 29). Hes1 encodes a bHLH transcriptional repressor
(30), capable of counteracting the activity of bHLH transcriptional activators (31, 32).
Therefore, we first investigated the mRNA expression of Hes1 in the developing murine
lung. Whole mount in situ hybridization showed that Hes1 was predominantly expressed
in airway epithelium during early lung development (Fig. 2A, B, for E11.5 and E13.5 lungs,
respectively). Some Hes1 expression was found in the mesenchyme of early embryonic
lungs (arrows in Fig. 2A, B). Section in situ hybridization confirmed the expression pattern
of Hes1 mRNA in early lung development, that is, enhanced expression in larger airways
and marginal expression in surrounding mesenchyme (Fig. 2C, D, for E11.5 and E15.5,
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respectively). Later in gestation, Hes1 mRNA expression was confined to the epithelial
cells of smaller airways (Fig. 2E, E16.5 lungs) and terminal bronchioles (Fig.2F, E17.5 lungs).
A similar expression pattern of Hes1 in pulmonary non-neuroendocrine cells has been
reported by Ito et al. (20).We then determined whether overexpression of Lf affected Hes1
expression. However, section in situ hybridization showed that Hes1 mRNA was expressed
in a comparable fashion in the bronchiolar epithelium of E17.5 wild-type (Fig. 2G) and
SPC-Lfng transgenic lungs (Fig. 2H).

A wild-typ B wild-type C  wild-type
.: I b 5 N v «%)‘
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Figure 2. Hes1T mRNA expression in wild-type and SPC-Lfng lungs. Whole mount in situ hybridization showed that
Hes1 mRNA was predominantly expressed in early (E11.5-E13.5) airway epithelium, whereas some Hes1 expres-
sion was detected in the mesenchymal compartment (arrows in A, B). Section in situ hybridization confirmed the
expression pattern of Hes1 mRNA in early (E11.5-E15.5) lung development with enhanced expression in larger
airways and weak expression in surrounding mesenchyme (C, D). At later gestation, HesT mRNA expression was
confined to the epithelium of smaller airways (E) and terminal bronchioles (F). Using section in situ hybridization
in E17.5 lungs, no difference in Hes1 mRNA expression between wild-type (G) and SPC-Lfng lungs (H) was found.
Dark purple color is positive ISH staining. Sections (C-H) were counterstained with methyl green. Bar: 100 um (A,
C-F); 250 um (B); 40 um (G, H).
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Figure 3. Mash-1 mRNA expression in wild-type and SPC-Lfng lungs using section in situ hybridization. Mash-1-
positive cells were detected in the mesenchyme surrounding the trachea and esophagus of E11.5 wild-type lungs
(arrows in A). This specific pattern of expression most likely represents the developing neural progenitors invading
into the mesenchyme around the esophagus and trachea. Mash-1-positive cells within the lung were first seen at
E13.5 (arrows in B). At this stage, Mash-1 was expressed in cell clusters or single cells among epithelial cells lining
the larger airways. No Mash-1 expression was detected in the periphery of the lung. At E16.5 (C) and E17.5 (D),
Mash-1-positive cell clusters were detected in larger airways, typically at branch-points (arrow in C), suggestive
of pulmonary neuroendocrine cells (PNECs). At E15.5, SPC-Lfng transgenic lungs (F) had a comparable amount of
Mash-1-positive clusters compared to wild-type lungs (E). Dark purple clusters are positive-staining PNECs. Sec-
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Expression of Mash-1 in wild-type and SPC-Lfng transgenic lungs

The proneural gene Mash-1 is a bHLH factor that activates neural differentiation in the
ectoderm. In E18.5 Hes1-deficient mice, Mash-1 is significantly upregulated, suggesting
that Hes1 represses Mash-1 (20). We investigated Mash-1 mRNA expression in wild-type
and SPC-Lfng transgenic lungs using section in situ hybridization. Mash-1-positive cells
were detected in the mesenchyme surrounding the trachea and esophagus of E11.5 wild-
type mice (arrows in Fig. 3A).This specific pattern of expression most likely represents the
developing neural progenitors invading into the mesenchyme around the esophagus and
trachea (33, 34). The cells are probably neural crest cells that in E11.5 mouse lungs, have
been found on the trachea as well as in the vagus, and in processes extending from the
vagus into the lung (34). Mash-1-positive staining within the lung was first seen at E13.5
(arrows in Fig.3B). At this stage, Mash-1 mRNA was expressed in cell clusters or single cells
among epithelial cells lining the larger airways. No Mash-1 expression was detected in
the periphery of the lung (Fig. 3B). At E16.5 (Fig. 3C) and E17.5 (Fig. 3D), Mash-1-positive
cell clusters were detected in larger airways, typically at branch-points (arrow in Fig. 3C),
suggesting that they represent pulmonary neuroendocrine cells (PNECs) or pulmonary
neuroendocrine bodies (NEBs). This proximal-distal wave of PNEC development is in
agreement with previously published immunohistochemical studies (35-37).At E15.5,SPC-
Lfng transgenic lungs had a similar number of Mash-1 mRNA-positive clusters compared
to wild-type lungs (Fig. 3F versus 3E). Additional markers for PNECs were also normally
expressed in SPC-Lfng transgenic lungs.Both cGRP (arrows in Fig.4A, B) and Pgp9.5 protein
(arrows in Fig.4C, D) were expressed in PNECs of larger airways in wild-type (Fig.4A, C) and
SPC-Lfng transgenic lungs (Fig.4B, D).

Quantitative RT-PCR for Lfng, Hes1, and Mash-1

In order to quantify Lfng overexpression in the SPC-Lfng transgenic lungs, we performed
real-time RT-PCR. At E15.5, Lfng mRNA levels were significantly (>9-fold) increased in SPC-
Lfng transgenic lungs compared to lungs of wild-type littermates (Fig. 5A). The increase
in Lfng mRNA expression in the transgenic lungs was even more pronounced (>44-fold)
at E16.5 (Fig. 5B). However, neither Hes1 nor Mash-1 mRNA expression was altered in SPC-
Lfng lungs compared to wild-type lungs (Fig.5C, D), a finding that is in agreement with our
qualitative in situ hybridization results.

Epithelial differentiation in wild-type and SPC-Lfng transgenic lungs

To investigate whether overexpression of Lfng affected epithelial cell differentiation, we
analyzed the expression of Ttf-1,SP-C,CC10,and T1a in wild-type and SPC-Lfng lungs. Ttf-1
is normally expressed in epithelial cells of the trachea and bronchial tubules and is required
for lung formation (38, 39). Moreover, Ttf-1 regulates the expression of pulmonary genes
like SP- and CC10 (40) and works synergistically with Gata-6 to influence the activity of the
SP-C promoter (41).In E17.5 wild-type littermates, Ttf-1 protein was detected in bronchial
epithelium and in epithelial cells lining the peripheral acinar tubules (Fig.6A).In the lungs
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Figure 4.Immunohistochemical staining for cGRP (E18.5) and Pgp9.5 (E17.5) in wild-type (A, C) and SPC-Lfng trans-
genic (B, D) lungs. Both markers for pulmonary neuroendocrine cells (PNECs) were normally expressed in larger
airways of SPC-Lfng transgenic lungs (B, D). Dark brown spots (arrows) are positive staining PNECs. Sections were
counterstained with haematoxylin. Bar: 40 um (A, B); 50 um (C, D).

of SPC-Lfng transgenic mice, Ttf-1 immunoreactivity was found in a similar pattern (Fig.
6B). Likewise, section in situ hybridization for SP-C (Fig. 6C, D) and CC10 mRNA (Fig. 6E,
F), respectively markers for distal (type Il) and proximal (Clara) pulmonary epithelial cells,
revealed an unchanged pattern of expression of both genes in E18.5 SPC-Lfng transgenic
lungs.Also T1a protein,a marker for distal type | epithelial cells (42), was equally expressed
in lungs of E17.5 wild-type and SPC-Lfng transgenic mice (Fig.6G, H).Taken together, these
results indicate that epithelial differentiation is not affected by an overexpression of Lfng
in distal airway epithelial cells.

Expression of vWF and a-sma in wild-type and SPC-Lfng transgenic lungs

To explore whether the overexpression of Lfng would influence endothelial and smooth
muscle cell development, we immunohistochemically analyzed the protein expression of
FactorVlllrelated antigen (von Willebrand factor; vVWF) and a-smooth muscle actin (o-sma).
vWF is normally expressed in the endothelial cells of larger blood vessels within the lung.
Immunostaining for vVWF was not different between lungs of E17.5 SPC-Lfng transgenic
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and wild-type littermates (Fig. 7B versus 7A). Another endothelial marker, Pecam-1 (CD-
31), which marks the peripheral capillary complex of the lung, was also not changed in
SPC-Lfng transgenic lungs (results not shown). Thus, vascular development appears
not to be affected by overexpression of Lfng. a-sma, which is expressed in pulmonary
smooth muscle cells, was also equally detected in the mesenchyme surrounding the
bronchi, bronchiolar tubules,and larger vessels of E15.5 wild-type and SPC-Lfng lungs (Fig.
7C versus 7D). Together, these results indicate that endothelial and smooth muscle cell
differentiation are not influenced by an excess of Lfng.
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Discussion

Fringe proteins, which modulate the Notch signaling pathway (11), have been shown to
play a crucial role in defining borders in invertebrates and vertebrates. In flies, fringe is
involved in the determination of the dorsal-ventral border of the Drosophila wing disc
(43) and eye (44). In vertebrates, fringe genes play roles in the formation of the apical
ectodermal ridge at the dorsal-ventral border in the limb bud (45), the boundary of the
enamel knot (46), in midline precursor cell fate (47), and in the segmentation of the body
plan (48, 49). Herein, we demonstrate that Lunatic fringe does likely not define epithelial
morphogenic boundaries along the anterior-posterior axis of the airways in the mouse.
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Overexpression of Lfng in distal lung epithelial cells did not influence the expression of
downstream bHLH factors, such as Hes1 and Mash-1. Moreover, epithelial differentiation
of distal and proximal airways as assessed by cell marker analysis was not altered by
overexpression of Lfng.

TR 14 e, v e e 9 pd 7 N - -
Sopet :':,"- dHype =, * e a7 QRC .:',;.:;. Figure 6.Immunohistochemi-
st SR - et T

' cal staining for Ttf-1 and T1o
% (E17.5) and in situ hybridiza-
tion for SP-C and CC10 mRNA
- (E18.5) in wild-type and
Re '_, transgenic lungs. Expression
* ofthe distal type Il cell mark-
' ersTtf-1 (A, B) and SP-C (G, D)
were not different between
SPC-Lfng (B, D) and wild-type
(A, B) lungs. Similarly, expres-
sion of the distal type | cell
marker T1o. (G, H) and proxi-
mal epithelial marker CC10
(E, F) were unaltered in the
SPC-Lfng transgenic lungs
(H, F) compared to wild-type
(G, E) lungs. Black (A, B), dark
purple (C-F) and brown (G, H)
staining are positive signals.
Sections were counterstained
with fast red (A, B) and hae-
matoxylin (G, H). Bar: 50 um
(A,B); 100 um (C-H).

Several Notch signaling components,including the Notch1,Notch2,and Notch3 receptors
and their ligands, Jagged-1, Jagged-2, and Delta-1 (DII1), were reported to be expressed
in the developing murine lung (18, 19), suggesting a role for this conserved signaling
pathway in lung development. In the early mouse lung, Notch1 and DII1 are expressed
within the distal respiratory epithelium (18), whereas Notch2 and Notch3 are expressed
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throughout the mesenchyme (18) and Jagged-1 is found in undifferentiated distal
epithelial and mesenchymal cells (19).Jagged-2 is present in epithelial and differentiated
mesenchymal cells, but not in airway-associated smooth muscle cells (19). Moreover,
Notch1 and Jagged-1 were also found on endothelial cells lining the lung vasculature (50).
Antisense gene silencing experiments in murine lung explants have revealed functional
diversity of Notch and Jagged family members during development with only partial
redundancy (19). Also, overexpression of the activated domain of Notch3 throughout the
peripheral lung epithelium caused abnormal tubular formation with diffuse metaplasia
and perinatal death (51).Type | alveolar epithelial cells did not develop in these lungs (51).
In agreement with previous findings (18) we found that Lfng is solely expressed in the
epithelial cells lining the airways. Interestingly, Lfng mRNA expression was absent at the
time of pulmonary epithelial cell diversification suggesting a potential role in this process.
However, overexpression of Lfng in the developing lung did not influence proximal or
distal epithelial cell differentiation.

§ R .
N\l \:‘.\‘ Nl
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o-sma E15.5 & e

Figure 7. Inmunohistochemical staining for Factor VIIl related antigen (vWF) and a-sma in wild-type and SPC-
Lfng lungs. At E17.5, vWF (A, B) was expressed in the endothelial cell layer of larger pulmonary blood vessels. At
15.5, o-sma (C, D) was detected in the smooth muscle cell layer surrounding larger blood vessels and airways. No
differences for VIWF or a--sma protein staining were detected between wild-type (A, C) and SPC-Lfng transgenic (B,
D) lungs. Brown color is positive staining. Cells were counterstained with haematoxylin (A, B) and fast green (C, D).
Bar: 100 um.
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Lfng has high homology to bacterial glycosyltransferases and acts in the Golgi (52). Lfng
makes a complex with the Notch receptor before being secreted to the cell-surface,
thereby potentiating Dll-induced Notch signaling, whereas inhibiting Jagged-induced
Notch signaling (53, 54). Thus, Lfng needs to be present in the same cell as the Notch
receptor to have an effect on Notch signaling. In the present study, the SP-C promoter
directed Lfng expression towards distal lung endoderm, which is same tissue layer where
Notch1 is expressed (18). Antisense inhibition experiments have implicated Notch1
in the regulation of pulmonary neuroendocrine differentiation (19) and, therefore, we
speculated that Lfng excess in the same cell as Notch1 would modulate Notch signaling
via the bHLH transcription factors Hes1 and Mash-1 (6). We observed that HesT mRNA
was expressed in the early lung endoderm, but with advancing gestation its expression
became restricted to epithelial cells lining terminal branches of bronchioles.This temporal-
spatial expression pattern for Hes1 mRNA was not altered by the overexpression of
Lfng, suggesting that Notch signaling was not affected. Hes5, another bHLH repressor
regulated by Notch (55),is not present in the murine lung (20) and overexpression of Lfng
did not trigger its expression (not shown). It was shown that Hes1 binds directly to the
promoter of Mash-1, a bHLH transcriptional activator, and represses Mash-1 expression
(32). In the lung, Mash-1 is expressed in neuroendocrine cells (20). Neuroendocrine cells
are the first cells to differentiate morphologically before any other epithelial cell type
within the pulmonary epithelium (36, 56). Mash-1 appeared to be specifically necessary
for pulmonary neuroendocrine development, because Mash-1-deficient mice lacked
pulmonary neuroendocrine cells, whereas neuroendocrine cells in other organs were
unaffected (20, 57). In lungs of Hes1-deficient mice, Mash-1 is upregulated and the
number of pulmonary neuroendocrine cells is markedly increased (20). In the present
study, we found Mash-1 mRNA-positive cells localized in isolated clusters in larger airways,
typically at branch-points, suggestive of pulmonary neuroendocrine cells. Overexpression
of Lfng did not affect the temporal-spatial expression of Mash-1 mRNA, a finding which
is in agreement with the observation that Hes1 is not altered by Lfng excess. In addition,
protein expression of pulmonary neuroendocrine markers such as Pgp9.5 and cGRP, was
undisturbed by Lfng overexpression.

In Hes1-deficient mice, the number of proximal epithelial Clara cells appears to be reduced
(20).In line with the finding that Hes1 expression was not affected by Lfng overexpression,
we observed that the temporal-spatial expression pattern of CC10 mRNA, a Clara cell
marker, was not altered by Lfng overexpression. In addition, marker analyses for distal
epithelial and mesenchymal cells revealed no change in their phenotypic expression in
SPC-Lfng lungs.

The lack of any response to Lfng excess was not due to limited overexpression because
we found that Lfng mRNA expression was upregulated 10-40 fold in E15-16 SPC-Lfng
lungs. Radical fringe (Rfng) has been shown to be expressed in the lung endoderm (18)
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and it is possible that it is Rfng that mediates the interaction with Notch1 during lung
development. However, we are not aware of any functional diversity between the fringe
proteins.

In conclusion, Notch signaling regulates cell fate in many branched organs (58, 59)
including the developing lung (19, 20), but in contrast to fringe in other developmental
systems (11), Lfng does not play a crucial role in setting epithelial cell boundaries along
the anterior-posterior axis of the murine airways.
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ABSTRACT

Neonates with congenital diaphragmatic hernia (CDH) suffer from a diaphragmatic defect,
lung hypoplasia,and pulmonary hypertension, with poor lung function forming the major
clinical challenge.Despite prenatal diagnosis and advanced postnatal treatment strategies,
the mortality rate of CDH is still high. CDH has been subject of extensive research over
the past decades, but its etiology remains unknown. A major problem with CDH is the
failure to predict the individual response to treatment modalities like high frequency
ventilation, inhaled nitric oxide, and extracorporeal membrane oxygenation (ECMO).
In this study, we tested the possibility that CDH lungs are surfactant protein deficient,
which could explain the respiratory failure and difficulties in treating CDH infants. We
investigated this hypothesis in the nitrofen-induced CDH rat model and assessed the
cellular concentrations of surfactant protein (SP)-A, -B, and -C mRNA with a quantitative
radioactive in situ hybridization technique. No differences were observed between control
and CDH lungs for SP mRNA expression patterns.The cellular concentration (mean OD) of
SP-A and SP-B mRNA was similar at all stages whereas the mean OD of SP-C mRNA and
the volume fraction of cells (% Area) expressing SP mRNA was higher in CDH lungs at term.
Immunohistochemical analysis revealed no differences between control and CDH lungs
for SP protein expression.No differences in the mean OD or % Area for the SP mRNAs were
found between the ipsi- and contralateral side of CDH lungs.We conclude that there is no
primary deficiency of surfactant proteins in the nitrofen-induced CDH rat model.
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INTRODUCTION

CDH is an anomaly occurring 1in 3000 live births (1).1t is characterized by a diaphragmatic
defect, severe lung hypoplasia, and pulmonary hypertension, and in 40% of the patients
other severe birth defects such as cardiac abnormalities are present (2, 3). Despite years
of extensive research, the etiology of CDH remains unknown (4). Clinically, pulmonary
hypoplasia and pulmonary hypertension form the major problems in CDH (5).

Many CDH studies have focused on treatment modalities such as conventional ventilation
with gentle handling of the fragile lung, high frequency ventilation,ECMO, in utero tracheal
ligation with or without betamethasone injection, inhaled nitric oxide, and prenatal
injections of betamethasone, thyrotropin-releasing hormone or a combination of both
hormones. Although selected centers have reported improved survival (6, 7), the overall
mortality rate, however, is still variably high, so that CDH continues to be a serious problem
in the neonatal and pediatric surgical intensive care unit, with optimal treatment for CDH
still the subject of ongoing debate (5,8-10).

Itis unknown why CDH infants can be so refractory to treatment, which makes it even more
difficult to predict the outcome in the individual patient. Lungs from premature infants
suffering from respiratory distress syndrome (RDS) are surfactant-deficient and major
breakthroughs in the treatment of these infants were prenatal corticosteroid injections
and the postnatal administration of exogenous surfactant (11-14).Surfactantis essential for
properlung function.ltdecreases the surface tensionin the lung, thereby protecting alveoli
against collapse at end-expiration (15).We realize that it is not justified to directly compare
CDH lungs to RDS lungs, but the possibility that CDH lungs are surfactant-deficient is still
not ruled out or proven. In human autopsy material of pulmonary hypoplasia including
CDH, normal levels of SP-A, -B, and -C protein were reported (16). Also, normal levels of
phospholipids and normal lecithin/sphingomyelin (L/S) ratios (used as indicator of fetal
lung maturity) in amniotic and bronchoalveolar lavage (BAL) fluid have been reported (17,
18).Nevertheless, other studies have found decreased amounts of SP-A in human CDH (19,
20). It has to be kept in mind that a secondary surfactant deficiency may develop due to
the negative effects of artificial ventilation on surfactant function after birth (21). So far,
data from human and different animal CDH models (22) failed to report consistent results
concerning the surfactant status in CDH (summarized in Table 1) (17-20, 23-39).

The most common method to determine the amount of RNA in tissue is Northern blot
analysis. This method, however, requires tissue homogenization, with the result that
all cellular relations are lost. Jonker and co-workers (40) have developed a method to
quantify the signal obtained with the in situ hybridization procedure. This quantitative
in situ hybridization technique allows the detection of the concentration of mRNA at the
cellular level within the architecture of the tissue.
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In this study we have used this technique to accurately assess the cellular concentration
of SP-A, -B, and -C mRNA in the nitrofen-induced CDH rat model (41). We observed no
differences in the expression patterns or cellular concentration of the SP mMRNAs between
control and CDH embryonic rat lungs, except for the level of SP-C mRNA, which was higher
in CDH than in control lungs near term (gestational day [E]22). No differences between
control and CDH lungs were found upon immunohistochemical visualization of the
respective surfactant proteins. At term, the volume fraction of SP mRNA-expressing cells
was higher in CDH lungs than in controls. Furthermore, no differences in the expression
pattern, concentration of SP mRNA per cell or the volume fraction of SP mRNA-expressing
cells was found between the ipsilateral (hernia) and contralateral (no hernia) side of a CDH
lung. These results demonstrate that the embryonic rat with nitrofen-induced CDH is not
deficient for pulmonary SP-A, -B, or -C.

Table 1: Surfactant in congenital diaphragmatic hernia*

BAL AF Biochemicalprotein assay RNA assay/RT-PCR
Immunohistochemistry In situ hybridization
vs 1
= (el [17,26]
{
T [37 (E18)]
%PC = [18,25] [27 (E19); 38 (E21)]
\) [23,26,28,36] [19] [24,27 (E21);37 (E20)]
1
%PG = [18,23,25,28] [17,26]
{
il
SP-A = [25,36] [29 (E19-20); 30, 36] [29 (E21);35]
\) [28] [19] [20,29 (E21-22);32,33 (E21); 37 (E20)] [29 (E20); 30,32-34,38 (E21)]
1
SP-B = [36] [35 (E19); 38 (E21)]
\) [28] [32,33 (E21); 36] [31-32,33-35 (E21)]
1
SP-C = [30] [30,34 (E21); 35 (E19)]
{ [32,35,38 (E21)]

*Qverview of surfactant protein expression in human or experimental CDH. Numbers between square brackets indi-
cate citations as listed in the references section. In CDH, lecithin/sphingomyelin (L/S) ratios and phosphatidylglycerol
as percentage of total phospholipids measured (%PG) were always found to be similar to control values. Phosphatidyl-
choline as percentage of total phospholipids (%PC) and SP-A and SP-B protein and mRNA levels were mostly normal in
CDH during early gestation, whereas both normal and decreased levels were reported for late gestation. SP-C protein
and mRNA levels in CDH were reported unchanged in most studies. T, increased; \,, decreased:; =, no difference; E, em-
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bryonic day; BAL, bronchoalveolar lavage; AF, amniotic fluid; RT-PCR, reverse-transcriptase polymerase chain reaction;
Species: human, references (17-20); lamb (surgical-created CDH), references (23, 26, 28, 32, 36); rat (nitrofen-induced
CDH), references (24, 25,27, 29, 31, 33-35, 37, 38); mouse (nitrofen-induced CDH), reference (30).

METHODS

Animals

Adult Wistar rats were purchased from the Broekman Institute B.V. in Someren (The
Netherlands). Rats were mated at the end of the morning (E0). To induce CDH and lung
hypoplasia, 100 mg of 2,4-dichloro-phenyl-p-nitrophenyl ether (nitrofen) dissolved in 1
ml olive oil was administered orally on E10 (term = E23) (38, 41, 42). To determine the
surfactant status of lungs from embryonic rats with nitrofen-induced CDH, we examined
the expression patterns of SP-A, -B, and -C mRNA and protein in control and CDH fetuses
of E15, 18, 20, and 22.In rat, E15 corresponds to the mid-pseudoglandular stage of lung
development, E18 to late pseudoglandular, E20 to late canalicular,and E22 to the saccular
stage of lung development. Animal experiments were performed in accordance with
the guidelines of the animal research committee of the Academic Medical Center of the
University of Amsterdam.

Tissue preparation

At E15-E22, pregnant females were sacrificed and the embryos were dissected from the
uterus.Embryonic thoraxes were fixed in 4% phosphate-buffered formaldehyde (w/v) (4°C,
16-18 hours), dehydrated in a graded series of ethanol solutions, cleared with 1-butanol,
and embedded in Paraplast Plus (Monoject, Kildare, Ireland). Seven micrometer frontal
sections were cut and mounted onto RNAse-free 3-aminopropyltriethoxysilane (Sigma
Chemical Co., St.Louis, MO, U.S.A.) -coated slides. From each embryo, the entire thorax was
embedded and cut, and only embryos that had a visible diaphragmatic hernia and lung
hypoplasia were used for the study.

In situ hybridization

Plasmids containing mouse SP-A and SP-C (both in pGEM3Z) and SP-B (in pBS-SKIl) cDNA
were obtained from Dr. J. A. Whitsett (Division of Pulmonary Biology, Children’s Hospital
Medical Center, Cincinnati, OH, U.S.A.) (43-45). [a-**S]dCTP-labeled antisense probes for
SP-A, -B, and -C were generated with T7 polymerase, after linearization of the plasmids
with Apall, EcoRl, and Hindlll, respectively. The hybridization conditions were as described
elsewhere (46). Exposure time to nuclear autoradiographic emulsion (lIford Nuclear
Research Emulsion G-5; liford, Cheshire, UK) was 14 days for SP-A and 7 days for SP-B and
-C.The development time was 4 min. After developing, the sections were dehydrated in a
graded series of ethanol and xylol,and mounted in Malinol (Chroma-Gesellshaft, Schmidt
Gmbh+Co, K&ngen, Germany).
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Image acquisition and analysis

For image acquisition, a Photometrics cooled-CCD camera (Tucson, AZ, U.S.A,; 12-bit
dynamic range; 1317x1035 pixels), attached to an Axioplan microscope (Carl Zeiss,
Oberkochen, Germany) equipped with a 5x objective (N.A.:0.15), a stabilized power supply
and an infrared-blocking filter was used.The low-power objective was used to assure the
sampling of several respiratory aciniin an image, representing 2.5 mm? of the lung section.
Digital images from the in situ hybridization procedure were recorded using white light
(40). The digital transmission images were converted to optical density (OD) images by
calculating the negative logarithm of the transmission image divided by an image of the
light source (OD = -"’log(l/1 ) for each pixel).This conversion implicitly corrects background
shading.

The OD images were analyzed using the public domain image analysis program from the
National Institutes of Health-Image (available at rsb.info.nih.gov/nih-image; version 1.61).
The areas to be measured were marked by an interactive density slice, which identifies
structures based on a selected lower and upper density value. Tissue background was
defined as non-staining tissue such as esophagus or cartilage tissue. Signal was defined
as specific positive staining due to hybridization (signal in the bronchiolar and alveolar
epithelium) (40, 46). The definitive signal value, expressed as mean OD, is obtained by
subtracting the mean tissue background density from the mean signal density (40,46).The
positive signal is plotted as mean OD (+ SEM) per group and age.The volume fraction of
SP mRNA-expressing cells (% Area) was calculated from the area of positive staining cells
in the section and the total lung area (excluding airspaces). All lung measurements were
carried out three times with a randomized series of images. No differences were observed
between the three measurements and, therefore, a mean value per lung was calculated.

Immunohistochemistry

All antibodies were obtained from Dr. J.A. Whitsett (Division of Pulmonary Biology,
Children’s Hospital Medical Center, Cincinnati, OH, U.S.A.). A guinea pig polyclonal antibody
against rat SP-A, a rabbit polyclonal antibody against mature bovine SP-B (R28031), and a
rabbit polyclonal antibody against human proSP-C (R68514) were applied at a dilution of
1:300, 1:2000, and 1:5000, respectively, to 7 ym deparaffinized sections (47, 48). For SP-A a
Vectastain ABC Peroxidase kit and for SP-B and proSP-C a Vector Elite ABC-DAB kit (Vector
Laboratories, Burlingame, CA, U.S.A.) were used to detect antigen-antibody complexes
(48).The enzymatic reaction product was enhanced with nickel/cobalt to produce a black
precipitate. Sections were counterstained with nuclear fast red. For each different protein,
slides were handled in similar ways concerning the concentration of the antibody and
the times for incubation and detection. Analysis of the pattern and intensity of protein
staining was done blindly by two persons.
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Statistical analysis

Variation in staining intensity due to the different in situ hybridization sessions were
removed by subtracting the session effects calculated from the log-transformed data
with the general linear model ANOVA without interaction (SPSS version 10.0.7; SPSS Inc.,
Chicago, IL,U.S.A.). Differences between groups (control versus CDH) and age (two animals
per group per age for E15,E18, E20,and E22 (control) and three animals per group for E22
(CDH)) and between ipsilateral (hernia) and contralateral (no hernia) lung and age were
tested with a two-way ANOVA.

REsuLTs

In situ hybridization

SP-A and -B mRNA are normally expressed in both bronchiolar and alveolar epithelial cells,
whereas SP-C mRNA is only expressed in alveolar epithelial cells. The patterns of mRNA
expression for SP-A, -B, and -C did not differ between control (Figs. 1-3, panels A, C, E) and
CDH (Figs. 1-3, panels B, D, F) lungs at the gestational ages analyzed (Figs. 1-3). SP-A and -B
MRNA expression started at a very low level at E15 (not shown).SP-A mRNA was expressed
in alveolar epithelial cells and from E20 onwards also at low level in bronchiolar epithelial
cells (Figs. 1-3, panels A, B). SP-B mRNA was expressed in alveolar epithelial cells and from
E20 onwards as well at high level in bronchiolar epithelial cells (Figs. 1-3, panels C, D). At
E15, SP-C mRNA was already expressed at a high level in pulmonary epithelial cells (not
shown). At later stages, SP-C mRNA was expressed only in alveolar (distal) epithelial cells
(Figs.1-3,panels E, F).No differences in the expression patterns of the respective SP mRNAs
were observed between the ipsilateral and the contralateral side of CDH lungs (not shown).
Figure 3 also revealed that at E22 the morphology of the CDH lungs differed substantially
from the control lungs. Although pictures were taken at the same magnification, CDH
lungs (Fig. 3B, D, F) were smaller than control lungs (Fig. 3A, C, E) and contained only a
few visible airspaces, in contrast to the control lungs where airspaces were abundant at
this gestational age. Note also that the airspaces in CDH lungs (Fig. 3B, D, F) are poorly
expanded.

Quantification of the in situ hybridization results

The cellular concentration (mean OD) of SP-A, -B, and -C mRNA in control and CDH lungs
increased with advancing gestational age (Fig. 4). All SP mRNAs increased in cellular
concentration (Fig.4A, C, E), whereas the volume fraction of cells (% Area) expressing the
respective mRNAs also increased (Fig.4B, D, F). Nevertheless, the behavior of the SP mRNAs
differed slightly from each other. SP-C mRNA levels increased early (Fig. 4E) and before
SP-A and SP-B mRNA levels (Fig. 4A, C). The mean OD of SP-A and SP-B mRNA was similar
between control and CDH lungs at all ages (Fig. 4A, C). The mean OD of SP-C mRNA was
similar between control and CDH lungs between E15 and E20,and higher in CDH lungs at
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control

Figure 1. Expression of SP-A (A, B), SP-B (C, D), and SP-C (E, F) mRNA in serial sections of lungs of E18 control (A, C, E)
and CDH (B, D, F) rat fetuses. SP-A, -B, and -C mRNA were expressed in the alveolar epithelial cells of both control and

CDH lungs. Bar: 200 um.

E22 (Fig. 4E; group*age effect, p = 0.007). For SP-A, -B, and -C mRNA, the volume fraction
of mRNA-expressing cells (% Area) was similar between CDH and control lungs until E20
and was higher in CDH lungs at E22 (Fig. 4B, D, F; group*age effect, p = 0.009, p = 0.014,
p = 0.002, respectively). These results show that the cellular concentration (mean OD) of
SP mRNA in the CDH lungs is equal to the concentration found in a similar cell in control
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lungs for SP-A and -B. For SP-C mRNA there is increased expression in CDH lungs at the
end of gestation (E22). Furthermore, the volume fraction of cells (% Area) expressing SP
mRNA as a percentage of total lung tissue (excluding airspaces) is higher near term in CDH

C Lf"**‘z.. o ;*' 3 ".ﬂ ‘, \)-} ‘:"' 4 : %}' lﬁ!"n LN o 'h d ‘g
Figure 2. Expression of SP-A (A, B), SP-B (C, D), and SP-C (E, F) mRNA in serial sections of lungs of E20 control (A, C, E)
and CDH (B, D, F) rat fetuses. In both control and CDH lungs, the three mRNAs were detected in alveolar epithelial
cells. At this stage of development, SP-B mRNA was also detected in bronchiolar epithelial cells of both control and
CDH lungs. Weak SP-A and no SP-C mRNA was detected in bronchiolar epithelial cells. v: blood vessel; b: bronchiole.
Bar: 200 um.
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lungs.In summary these results indicate that there is no deficiency of SP-A,-B or -C mRNA
in CDH lungs.

Because the lung at the side of the diaphragmatic defect (ipsilateral lung) was always
more hypoplastic than the contralateral lung, we investigated the cellular concentration

SPC [t Loasin B R..- R : :

Figure 3. Expression of SP-A (A, B), SP-B (C, D), and SP-C (E, F) mRNA in serial sections of lungs of E22 control (A, C, E)
and CDH (B, D, F) rat fetuses. In both control and CDH lungs, SP-A, -B, and -C mRNA were detected in alveolar epithelial
cells. SP-A and -B mRNA were also expressed in bronchiolar epithelial cells, whereas SP-C mRNA was never detected
in these cells. v: blood vessel; b: bronchiole. Bar: 200 um.
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(mean OD) of SP mRNA (Fig. 5A, C, E) and the volume fraction (% Area) of SP-expressing
cells (Fig. 5B, D, F) between the ipsilateral and contralateral side of a CDH lung. In both the
ipsilateral and contralateral CDH lung, the mean OD of SP-A, -B, and -C mRNA increased
with gestational age and no differences were observed between the two lungs (Fig. 5A,
C, E). Similarly, the % Area of SP-expressing cells increased with gestational age and no
differences were found between the ipsilateral and contralateral side of a CDH lung (Fig.
5B,D, F).

Immunohistochemistry

SP-A (Fig. 6) and SP-B (Fig. 7) proteins were detected in the bronchiolar and alveolar
epithelial cells of both control and CDH lungs. Expression of both proteins increased in
control and CDH fetuses with advancing gestational age and no differences in expression
pattern or staining intensity were observed between the control (Figs.6 and 7, A and Q)
and CDH (Figs.6 and 7, B and D) lungs at E20 (Figs.6 and 7, A and B) or E22 (Figs.6 and 7,
C and D). No differences in the pattern or intensity of SP-A or -B staining were observed
between the ipsilateral (hernia) and contralateral (no hernia) side of E22 CDH lungs (not
shown). Clear proSP-C staining was observed in control (Fig. 8A, C) and CDH (Fig. 8B, D)
lungs at E20, where it appeared higher in CDH (Fig.8B) lungs than in control (Fig.8A) lungs.
However, at E22 (Fig. 8C, D) this difference could no longer be observed. In both control
and CDH lungs, proSP-C was only detected in alveolar epithelial cells. At E22, there was
no difference in intensity or pattern of proSP-C staining between the ipsilateral and the
contralateral side of CDH lungs (not shown).These results show that the respective mRNAs
are properly translated into protein and therefore indicate that lungs of nitrofen-induced
CDH rat fetuses do not have a primary deficiency of surfactant proteins.

DiscussionN

CDH is characterized by a diaphragmatic defect, pulmonary hypoplasia and pulmonary
hypertension. In the CDH neonate, pulmonary hypoplasia is often complicated by
respiratory failure, low lung compliance, increased inspiratory resistance, and hyaline
membrane formation (5). Based on inconsistent results from human and experimental
animal studies with regard to the use of surfactant (prophylactic or rescue therapy) in
CDH, we tested the hypothesis that CDH lungs are surfactant-deficient, which could
explain in part the respiratory failure and difficulties in treating CDH infants. In this study,
we showed that mRNA and protein expression of SP-A,-B,and -C, in both control and CDH
lungs, increased with advancing gestational age and no differences were present in the
cellular concentration (mean OD) of SP-A,-B,and -C mRNA between control and CDH lungs
except for a higher concentration of SP-C mRNA at term (E22) in CDH lungs. The volume
fraction of SP mRNA-expressing cells (% Area) similarly increased with gestational age in
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control and CDH lungs and near term more SP mRNA-expressing cells were found in CDH
lungs than in controls. This increased volume fraction of SP mRNA-expressing cells is in
agreement with the increased number of surfactant-producing type Il cells in CDH lungs.
Using electron microscopy, it was shown that CDH lungs from fetal lambs (36,49) and rats
(50) had increased numbers of pulmonary type Il cells, and more recently it was shown
that those cells exhibit normal type Il cell maturation (35). Furthermore, no differences
were found in the cellular concentration of the SP mRNAs or in the volume fraction of SP
mMRNA-expressing cells between the ipsilateral (hernia) and contralateral (no hernia) side
of CDH lungs. This study therefore demonstrates that there is no primary deficiency of
surfactant proteins in the nitrofen-induced CDH rat model. It is, however, possible that the
total amount of surfactant protein is less because CDH animals have smaller lungs.

A B Figure 4. Quantification of the
in situ hybridization signals for
SP-A (A, B), SP-B (C, D), and SP-C
(E, F) mRNA in control (solid cir-

(]
o
‘\5 cles) and CDH (open squares)

e
3
o

*

it
153
s}

o
)
a

Optical Density

lungs. Mean OD was measured
as described in the “Methods”
section and indicates the cellular
concentration of SP mRNA (A, C,

E15 E18 E20 E22 E15 E18 E20 E22

Optical Density

0.75 ~

0.50 -

0.25 -

[}

S
1

*

% Area

E). The volume fraction of cells
expressing SP mRNA is given
as a percentage (% Area) of the
total lung tissue measured (both
staining and nonstaining lung
tissue, airspaces excluded) (B, D,

0.00 T T T
F). Both parameters increased

with age in control and CDH
lungs.At E22,the mean OD of SP-
C mRNA and the % Area of cells
expressing SP-A,-B,and -C mRNA
was higher in CDH than in con-

=

o
J
*

1.00
1

©
2
0.50 <
®

Optical Density

trol lungs (significant group*age
effect, p = 0.007, 0.009, 0.014,
and 0.002, respectively).

0.00 T T T 1 0 T T T 1

Data on the surfactant status of CDH humans and experimental animals are not consistent.
Both normal and decreased levels for disaturated phosphatidylcholine (DSPC) and SP-A
protein and mRNA were reported in CDH lungs. SP-C protein and mRNA levels were more
often reported normal than decreased, whereas SP-B protein levels were often decreased,
however, normal mRNA levels were also found in CDH compared to control lungs (Table
1). Despite animal data, neither a primary surfactant deficiency nor a beneficial effect
of surfactant replacement therapy has been proven in human CDH infants (18, 51-53).
These apparent discrepancies and the variably high mortality rate of CDH infants led us

153



CHAPTER 7

to investigate the surfactant protein status in the nitrofen-induced CDH rat model using a
novel in situ hybridization technique.
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The key finding in this study was that with quantitative in situ hybridization we showed
that in the same sample, the expression pattern and the cellular concentration of SP-A and
SP-B mRNA did not differ between CDH and control lungs, whereas the expression pattern
of SP-C mRNA was similar, but the level of expression was higher in CDH than in control
lungs at the end of gestation (E22). The quantitative in situ hybridization technique is an
adequate approach to measure differences in mRNA level in the context of changing tissue
architecture or a changing expression pattern of a gene (40, 46, 54). These simultaneous
observations cannot be made with techniques that require tissue homogenization, such
as Northern blot analysis. The advantage of quantitative in situ hybridization is that it is
possible to locate a positive staining cell in the original tissue and that at the same time
it is possible to measure mRNA expression levels per cell. Our study was carried out in
the laboratory where the quantitative in situ hybridization technique was developed
and extensively validated with Northern blot analysis (40, 46). Jonker and co-workers
(40) showed that the integrated OD (mean OD) of silver grains produced in liver and
intestinal sections by the in situ hybridization procedure using *S-labeled riboprobes (i.e.
positive signal) is directly proportional to the signal obtained by quantitative Northern
blot analysis and, more recently, Moorman et al. (55) used the very same technique to
distinguish cardiac specific mRNA expression levels in different parts of the developing
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heart.In further support, the line of increase of SP mRNA levels with advancing gestational
age in control rat lungs in our study is in agreement with published data from Schellhase
etal.(56).These authors used Northern blot analysis to show that in control fetal rat lungs,
SP-A and SP-B mRNA levels are very low before E17 and markedly increase from E18 to
E19 and further increase till E21 (term = E22). Similar to our study (term = E23) they also
showed that SP-C mRNA levels are already high at E17, increase dramatically towards E19,
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lungs. SP-A was expressed in alveolar and bronchiolar epithelial cells of both control and CDH lungs. Note the dif-

ference in morphology between control and CDH lungs at E22.v: blood vessel; b: bronchiole. Bar: 100 um.

We think that the measurement of mMRNA concentration in the cell of interest (via in situ
hybridization), as opposed to the measurement of mRNA levels per tissue volume (via
for example Northern blot analysis) can account for the observed differences between
our study and that of Thébaud and co-workers (38). Using Northern blot analysis, these
latter authors found normal levels of SP-B and decreased levels of SP-A and SP-C mRNA
in nitrofen-induced CDH rats at E21 (term = E22). Northern blot analysis includes all cells,
including non-SP-producing cells, in the tissue base, whereas the in situ hybridization
approach only includes SP-producing cells. In view of the altered morphology of CDH
lungs, the contribution of non-SP-producing cells (for example fibroblasts) is larger
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in hypoplastic CDH lungs than in control lungs, especially near term as was recently
shown by Guilbert and co-workers (35). In this case, the key advantage of quantitative
in situ hybridization is the possibility to avoid the contribution of fibroblast and other
nonsurfactant-producing cells and selectively measure SP mRNA levels in pulmonary
epithelial cells. From the study by Guilbert and co-workers (35) a similar conclusion can
be drawn. These authors used RNA protection assay to measure the different levels of
SP mRNA in nitrofen-induced CDH rats and showed normal SP-A, -B, and -C mRNA levels
in contralateral CDH lungs compared with control lungs at any time and only decreased
levels of SP-B and -C mRNA in ipsilateral CDH lungs at E21 (term = E22), which is the time
when morphologic abnormalities (increased ratio of mesenchyme to epithelium) in CDH
lungs are most apparent (35, 57). However, they also show with in situ hybridization that
SP-C mRNA did not differ between control and CDH lungs at E21, which supports the
results presented in our study.
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Figure 7.Immunohistochemical staining for SP-B at E20 (A, B) and E22 (C,
SP-B was expressed in alveolar epithelial cells of both control and CDH lungs. Some staining is also detected in E20

bronchiolar epithelial cells. At E22, SP-B was expressed at high levels in alveolar and bronchiolar epithelial cells of
both control and CDH lungs. v: blood vessel; b: bronchiole; br: bronchus. Bar: 100 um.
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Using immunohistochemistry, we found no differences in the protein staining pattern
or intensity of SP-A, -B, and proSP-C, indicating that the respective mRNAs are properly
translated into proteins. The surfactant protein antibodies used in this study were
previously shown to be highly specific (16, 48). Our immunohistochemistry results are in
line with results from Zhou et al. (16), who found no differences in the expression of SP-A,
-B, and proSP-C proteins in various cases of human lung hypoplasia, including CDH.
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Figure 8. Immunohistochemical staining for proSP-C at E20 (A, B) and E22 (C, D) in control (A, C) and CDH (B, D)
rat lungs. ProSP-C was expressed in alveolar epithelial cells of both control and CDH lungs. ProSP-C was never

observed in bronchiolar epithelial cells. v: blood vessel; b: bronchiole; br: bronchus. Bar: 100 um.

DSPC is as important for the function of surfactant as the surfactant proteins. Secreted
surfactantis composed of 90% lipids, 9% proteins,and 1% carbohydrate (15).Experimental
animal data support both decreased and normal levels of DSPC in CDH (Table 1).
Interestingly, a recently published paper showed that DSPC synthesis in human CDH
infants on ventilation was not different from control infants (no respiratory disease) on
ventilation (52). Similarly, our group showed that CDH infants had a normal percentage
DSPCintheir BAL fluid (18) and more recently that CDH infants on ECMO are not surfactant-
deficient when compared to infants on ECMO who suffer from meconium aspiration or
with ventilated CDH infants (51).These results indicate that a primary surfactant deficiency
is not likely in CDH infants.
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Thatimpaired lung development and subsequent respiratory distress can develop without
a primary SP deficiency was also shown in an entirely different experimental model (58).
Fetal rats with oligohydramnios suffer from a marked pulmonary hypoplasia; in humans,
this often leads to respiratory distress at birth. However, despite the profound pulmonary
hypoplasia, normal levels of saturated PC (phosphatidyl choline), SP-A, SP-B, and SP-C
mMRNA were found (58).

Although we did not find a primary deficiency in surfactant proteins, it is still possible
that a secondary deficiency develops postnatally due to the nature of the disease with
morphologically immature lungs and/or postnatal ventilation strategies. If (secondary)
surfactant deficiency were a major component in the clinical course of CDH, one would
expect beneficial results from prenatal corticosteroid injections or surfactant replacement
therapy, treatments that have dramatically reduced the mortality rate in surfactant-
deficient RDS infants. Although animal CDH models showed an improvement of lung
morphology after prenatal corticosteroid treatment (59-62), unfortunately, no human
randomized controlled trials for the use of surfactant or prenatal corticosteroids in CDH
have been carried out and only anecdotal data are available (63-65), which, as recently
reviewed (53),do not support a primary surfactant deficiency in CDH.

In conclusion, this study showed that there is no primary deficiency of surfactant proteins
in the nitrofen-induced rat model of CDH. If extrapolation to the human situation is
allowed, it is possible that the respiratory failure in CDH infants does not necessarily result
from biochemically immature lungs but rather from morphologic immaturity and perhaps
vascular abnormalities. Above all, a significant contribution to respiratory insufficiency in
CDH is iatrogenic, as suggested in recent papers and a secondary surfactant deficiency
cannot be excluded under these circumstances (21).
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ABSTRACT

Maternal hypothyroxinemia during early pregnancy poses an increased risk for poor
neuropsychological development of the fetus. We tested the hypothesis that maternal
hypothyroidism before the onset of fetal thyroid function also affects postnatal
development of heart and lungs. This question was addressed in transgenic mice that
express herpes simplex thymidine kinase in their thyroidal follicle cells. Treatment with
ganciclovir rendered these mice severely hypothyroid, because viral thymidine kinase
converts ganciclovir into a cytotoxic nucleoside analog. Because ganciclovir crosses the
placenta, it also destroyed the thyroid of transgenic embryos while leaving the thyroids
of nontransgenic littermates unaffected. Hypothyroidism of both mother and fetus did
not affect prenatal heart and lung development. However, the postnatal switch from - to
a-myosin heavy chain (- and a-MHC, respectively) gene expression and the increase of
SERCA-2a mRNA expression did not occur in the ventricular myocardium of either the
transgenic (thyroid destroyed) or nontransgenic (intact thyroid) offspring of hypothyroid
mothers. Similarly, postnatal animals of the latter two groups retained elevated surfactant
protein (SP)-A,-B,and -C mRNA levels in their alveolar epithelium.In hypothyroid pups from
hypothyroid mothers, these changes were accompanied by decreased alveolar septation.
Our study shows that these effects of maternal hypothyroidism become manifest after
birth and are aggravated by the concomitant existence of neonatal hypothyroidism.
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INTRODUCTION

In mammals, the concentration of fetal circulating thyroid hormone rises only late
in gestation (1), most likely because the placenta partly inactivates maternal thyroid
hormone (2) and the fetal hypothalamic-pituitary-thyroid system matures relatively
late in gestation (1, 3). The association of iodine deficiency, causing hypothyroidism in
both mother and fetus, with cretinism is well established (4). The importance of thyroid
hormone for the developing fetus has nevertheless been questioned because postnatal
substitution of thyroid hormone almost completely prevents the detrimental effects of
congenital hypothyroidism (5). Recently, however, the significance of a normal maternal
thyroid hormone status for proper organ development in the offspring, in particular that
of the brain, has again attracted attention (6-9).It was shown that the fetal brain was most
sensitive to maternal hypothyroxinemia between the 3 and 5" month (10), that is, when
the fetal thyroid is not yet functional.

In addition to the brain, the heart and lungs are known targets of thyroid hormone.In the
heart, thyroid hormone stimulates the transcription of a-myosin heavy chain (a-MHC) and
inhibits that of B-myosin heavy chain (3-MHC) (11-13). Before birth, the ventricles express
high levels of B-MHC and only low levels of a-MHC; whereas after birth, the o-MHC level
increases and virtually replaces B-MHC by postnatal day 7 (13).The postnatal increase in o.-
MHC and decrease in B-MHC expression have been attributed to the postnatal increase in
circulating thyroid hormone (14).Similarly, the sarcoplasmatic reticulum ATPase isoform 2a
(SERCA-2a) and its regulatory subunit phospholamban (PLB) are reciprocally regulated by
thyroid hormone (15-17).SERCA-2a and PLB expression are low in fetal hearts and increase
after birth (18, 19). Neonatal hypothyroidism decreased SERCA-2a levels and increased
cardiac PLB levels, whereas neonatal hyperthyroidism left SERCA-2a levels unchanged, but
decreased cardiac PLB expression (17,19, 20).

In perinatal lungs, the postnatal increase in thyroid hormone availability coincides with
the acceleration of alveolar septation, suggesting that thyroid hormone enhances the
structural development of the lungs (21). In agreement, the lungs of homozygous “hyt
mice, which suffer from congenital hypothyroidism due to a mutation in the thyroid-
stimulating hormone (TSH) receptor (22), become affected only after birth (23). Lungs
of homozygous “hyt” mice contain less saturated phosphatidylcholine and have thicker
alveolar septa and smaller airspaces than euthyroid littermates (23). A role for thyroid

”

hormone in functional development of the perinatal lung is however disputed (24).Thus,
it was both reported that prenatal thyrotropin-releasing hormone or trilodothyronine (T,)
treatment of fetal rat lungs in vitro or in vivo did not enhance surfactant protein (SP)-A,-B,
and -C expression (25-28),and that thyroid hormone stimulated the functional maturation
of the surfactant-producing type Il cells of the lung (29). However, it was also reported
that during early embryonic lung development, thyroid hormone accelerated epithelial
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and mesenchymal cell differentiation at the expense of branching morphogenesis and
lung growth (30), suggesting that an untimely exposure to an effective level of thyroid
hormone can prematurely halt organogenesis and precipitate functional maturation.
Because human fetal lungs express a relatively high level of thyroid hormone receptors
as early as 13 weeks of gestation (31, 32), maternal hypothyroidism in man may also affect
fetal lung development.

Given the effect of maternal hypothyroidism on prenatal brain development, we
hypothesized that maternal hypothyroidism before the onset of fetal thyroid function
could similarly affect heart and/or lung morphogenesis and maturation. In the present
study, we have used “TG-TKT2" transgenic mice to experimentally address this question.
TG-TKT2 transgenic mice harbor a construct, consisting of the bovine thyroglobulin (TG)
promoter coupled to the herpes simplex thymidine kinase type 2 (TKT2) structural gene
(33). The thyroglobulin promoter confers specific expression of the TKT2 gene in the
follicle cells of the thyroid. Because viral thymidine kinase renders the nucleoside analog
ganciclovir cytotoxic by phosphorylation, treatment of transgenic mice with ganciclovir
causes the specific destruction of these follicle cells. Because ganciclovir crosses the
placenta, it can also be used to destroy the follicle cells of transgenic embryos (34, 35).

We demonstrate that hypothyroidism of both the mother and the fetus did not affect
the parameters investigated during prenatal myocardial or pulmonary development.
However, the postnatal switch in the heart from - to a-MHC gene expression and the
increase of SERCA-2a mRNA expression did not occur in either the transgenic (thyroid
destroyed) or nontransgenic (intact thyroid) offspring of hypothyroid dams. Similarly, such
pups retained elevated SP-A, -B, and -C mRNA levels in their alveolar epithelium, whereas
the postnatal hypothyroid pups from hypothyroid mothers also suffered from impaired
morphological development of the lungs.These results indicate that an adequate function
of the maternal thyroid is important for normal postnatal development of both heart and
lungs.

MATERIALS AND METHODS

Animals

Adult transgenic mice of the TG-TKT2 strain (C57BI/6 background) were obtained from the
AFCR Center for Genomic Research, University of Edinburgh (United Kingdom), whereas
wild-type C57BI/6J mice were obtained from the Broekman Institute BV, Someren (The
Netherlands). The mice were kept in a controlled light-dark cycle. Food and water were
supplied ad libitum.Heterozygous TG-TKT2 females were mated with wild-type males.The
day a plug was detected was destined day 1 of gestation (ED1). Transgenic mice were
identified by polymerase chain reaction (PCR) analysis.The forward primer was 5'-GCGTTC
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GGT CAG GCT GCT CGT GC-3'and the reversed primer 5'-GCC AGT AAG TCATCG GCT CGG
G-3)resulting in a PCR product with a length of 234 bp.For control embryos and neonates,
non-transgenic C57BI/6) male and female mice were used. All animal experiments were
carried out in accordance with the guidelines of the local Animal Research Committee of
the Academic Medical Center of the University of Amsterdam.

At embryonic day 14 (ED14), ED16, and ED18 pregnant females were sacrificed and the
embryos were dissected from the uterus.Embryos were fixed after death by cooling on ice.
Neonatal day 1 (ND1) and ND7 animals were fixed after decapitation, removal of the skin,
and opening of the thorax for optimal penetration of the fixative.Heart and lungs of ND14
and ND28 animals were removed en bloc from the body before fixation. All tissues were
fixed at 4°C in 4% phosphate-buffered formaldehyde (w/v) for 16-18 hours, dehydrated
in a graded series of ethanol, cleared with 1-butanol, and embedded in Paraplast Plus
(Monoject, Kildare, Ireland). Serial 7 um frontal sections were cut and mounted onto
RNAse-free 3-aminopropyltriethoxysilane (Sigma Chemical Co., St. Louis, MO, US.A)) -
coated slides.

To ablate the maternal thyroid, nonpregnant female transgenic TG-TKT2 mice were treated
twice daily for 3 days with an intraperitoneal injection of ganciclovir (9-[(1,3-dihydroxy-
2-propoxy)methyllguanine; Cymevene®, Syntex BV, Rijswijk, The Netherlands; 150 ug Na-
ganciclovir/g body weight/injection), starting at least 2 weeks before mating (Fig. 1 and
Wallace et al.(36)). These mice were designated as pretreated mice.Before treatment, blood
samples were taken under light ether anesthesia via an orbital puncture. A blood sample
from the caval vein was taken at sacrifice. The levels of thyroxine (T,) were determined
with a radioimmunoassay (courtesy Department of Endocrinology, Academic Medical
Center, University of Amsterdam, The Netherlands). Pregnant pretreated transgenic mice
were treated twice daily with intraperitoneal injections of ganciclovir (150 pg ganciclovir/
g body weight/injection) on ED13, ED14, and ED15 to ablate the developing thyroids
of transgenic embryos (TT group), while leaving the thyroids of nontransgenic fetuses
unaffected (TNT group) (Fig. 1). Control, nontransgenic mice, were similarly treated before
and during pregnancy.

Immunohistochemistry

All antibodies except that against thyroglobulin were obtained from Dr. J.A. Whitsett
(Division of Pulmonary Biology, Children’s Hospital Medical Center, Cincinnati, OH, U.S.A.).
A guinea pig polyclonal antibody against rat SP-A, a rabbit polyclonal antibody against
mature bovine SP-B (R28031), and a rabbit polyclonal antibody against human proSP-
C (R68514) were applied at a dilution of 1:300, 1:2000, and 1:2000, respectively, to 7 um
deparaffinized sections. For SP-A, a Vectastain ABC Peroxidase kit and for SP-B and proSP-
C a Vector Elite ABC-DAB kit (Vector Laboratories, Burlingame, CA, U.S.A.) were used to
detect antigen-antibody complexes (37). The enzymatic reaction product was enhanced
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with nickel/cobalt to produce a black precipitate. Sections were counterstained with
nuclear fast red. Thyroglobulin antibody was provided by Dr.J.J.M. de Vijlder (Department
of Pediatric Endocrinology, Emma Children’s Hospital, Academic Medical Center, University
of Amsterdam, The Netherlands) and used at a dilution of 1:5000.

TT group TNT group Figure 1. Schematic representation of

ﬁ ﬁ ganciclovir treatment of transgenic

(TG-TKT2) mice. Adult TG-TKT2 fe-

ablated thyroid in normal thyroid in males were twice daily injected intra-
transgenic fetus nontransgenic fetus

ablated thyroid in
transgenic female

peritoneally (ip) with 150 ug ganciclo-
vir/g body weight for 3 days (indicated

day;yg;?ﬁ;i?gy of by black arrows). After 14 days, when

transgenic female birth the follicle cells in the thyroids were

| E13-E15 | destroyed, the hypothyroid transgenic

—_—— U females were mated. At days 13, 14,
14 days and 15 of gestation, the hypothyroid
pregnant mice were again treated

with ganciclovir (indicated by black
dult i . .
- fe'ﬁ,';ff e arrows) to ablate the thyroidal folli-
is 150 pg ganciclovir/ g body weight/ ip injection cle cells Of the transgenic ferSQS (TT

group), while leaving the thyroids

of nontransgenic littermates (TNT
group) unaffected.

In situ hybridization

[0-3>S]dCTP-labeled antisense probes for a-MHC, B-MHC, SERCA-2a, and PLB were
generated as described before (38). Plasmids containing mouse SP-A and SP-C (both
in pGEM3Z) and SP-B (in pBS-SKIl) cDNA were obtained from Dr. J.A. Whitsett (Division
of Pulmonary Biology, Children’s Hospital Medical Center, Cincinnati, OH, US.A) (39-
41). [o-*>S]dCTP-labeled antisense probes for SP-A, -B, and -C were generated with T7
polymerase, after linearization of the plasmids with Apall, EcoRl, and Hindlll, respectively.
The hybridization conditions were as detailed elsewhere (42). Exposure time to nuclear
autoradiographic emulsion (liford Nuclear Research Emulsion G-5) was 14 days for SP-
A and 7 days for SP-B and -C. The development time was 4 min. After development, the
sections were dehydrated in a graded series of ethanol and xylol,and mounted in Malinol
(Chroma-Gesellshaft, Schmidt Gmbh+Co, Kongen, Germany).

Image acquisition and analysis

Forimage acquisition,a Photometrics cooled-CCD camera (Tucson,AZ,USA; 12-bit dynamic
range; 1317x1035 pixels), attached to an Axioplan microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a 5x objective (N.A.: 0.15), a stabilized power supply, and an
infrared-blocking filter was used.The low-power objective was used to assure the sampling
of several respiratory acini in an image, representing 2.5 mm? of the lung section. Digital
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images from the in situ hybridization procedure were recorded using white light (43).The
digital transmission images were converted to optical density (OD) images by calculating
the negative logarithm of the transmission image divided by an image of the light source
(OD = -"log(I/1)) for each pixel). This conversion implicitly corrects background shading.

T, plasma concentration (nM)

40t
30t
20
10

0

\\c

control treated \
c D \_,a»
Figure 2. Effectiveness of ganciclovir treatment. Thyroid glands were stained for the presence of thyroglobulin in
control and ganciclovir-treated transgenic (TT) mice. In control adult (panel A1) and ED16 mice (panel B1), nu-
merous follicles were present. In ganciclovir-treated transgenic (TT) adult (panel A2) and ED16 mice (panel B2),
most follicles had disappeared, leaving a disorganized thyroid with few, usually large follicles behind in the adult.
The two consecutive ganciclovir treatments decreased plasma thyroxine (T,) levels more than threefold in female
transgenic mice (panel C). Ganciclovir-treated transgenic neonates (TT group, panel D, left animal, 4 weeks old)
were hypothyroid and failed to thrive when compared to ganciclovir-treated nontransgenic littermates (TNT
group) that also lacked maternal thyroid hormone but had normal fetal and neonatal thyroid function (panel D,

right animal, 4 weeks old).

The OD images were analyzed using the public domain image analysis program from the
National Institutes of Health-Image (available at rsb.info.nih.gov/nih-image; version 1.61).
The areas to be measured were marked by an interactive density slice, which identifies
structures based on a selected lower and upper density value. Tissue background was
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defined as nonstaining tissue such as esophagus or cartilage tissue. Signal was defined
as specific positive staining due to hybridization (signal in the alveolar epithelium or
myocardium) (42, 43). The definitive signal value, expressed as mean OD, is obtained by
subtracting the mean tissue background density from the mean signal density (42, 43).
The positive signal is plotted as mean OD (+ SEM) per group and age.The volume fraction
of SP mRNA-expressing cells (% Area) was calculated from the area of positive staining
cells in the section and the total lung area (excluding airspaces). All lung measurements
were carried out three times with a randomized series of images. No differences were
observed between the three measurements and, therefore, a mean value per lung was
calculated. For the heart, the resulting specific OD values are displayed using a look-up
table that indicates the intensity of the positive signal as fold tissue background.

Lung morphometry

Sections stained with haematoxylin and azophloxine were analyzed as described (44).
Digital images were recorded with a high resolution CCD-color camera (DXC-151, Sony
Inc., Park Ridge, NJ, U.S.A.) attached to a Microphot-FXA microscope (Nikon Inc., Melville,
NY, U.S.A.) equipped with a 40x objective. The video image was overlain with a 42-point
equidistant counting grid, calibrated with an individual probe length line Z, where Z = 20
pum.Lungs from control and TT mice were evaluated and analyzed in a blinded manner.
Volume fractions were established by counting test points falling on airspaces (volume
fraction of airspaces: Vi) and alveolar septa (volume fraction of airspace walls: VVSept).
Airspace number per unit volume (N, ) was calculated from the formula N, = K(N,)**/ 8
(V)2 where Kis the size distribution coefficient (taken to be 1), f = 1.55, from the Weibel
and Gomez shape constant and N, is the number of airspaces (N ) per unit area of the
counting grid (A, = 15,129 um?). Average airspace volume (AAV) was estimated from the
following formula: AAV = (V| ) / (N, ). Alveoli were defined as closed airspaces divided by
septa in the periphery of the lung.

Statistics

In situ hybridization

Variation in staining intensity due to the different in situ hybridization sessions were
removed by subtracting the session effects calculated from the log-transformed data
with the general linear model ANOVA without interaction (SPSS version 10.0.7; SPSS Inc.,
Chicago, IL, U.S.A)). Differences between treatment and age groups (two animals per
group per age) were tested with a two-way ANOVA. Because of significant age*treatment
interactions,a one-way ANOVA per age group was carried out to determine which groups
differed at that age.
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Figure 3. Effect of prenatal hypothyroidism on myosin heavy chain (MHC) and sarcoplasmatic-reticulum ATPase
(SERCA-2a) gene expression in the heart.The control ventricle switched from expressing B-MHC (panel A, subpanels
A-C) before birth to expressing a-MHC (panel B, subpanels A-C) shortly after birth. Meanwhile SERCA-2a expression
was upregulated (panel C, subpanels A-C). In ganciclovir-treated transgenic (hypothyroid) offspring of hypothyroid
transgenic mothers (TT group), B-MHC expression was maintained postnatally (panel A, subpanels D-F), whereas
a-MHC expression (panel B, subpanels D-F) and SERCA-2a expression (panel C, subpanels D-F) were not upregu-
lated. Note that - and o-MHC expression, as well as SERCA-2a expression in the hearts of ganciclovir-treated non-
transgenic (euthyroid) offspring of hypothyroid transgenic mothers (TNT group) behaved similarly to that in their
hypothyroid transgenic littermates (TT group) (panels A-C, subpanels G-1). Ganciclovir treatment of wild-type mice
did not affect -, a-MHC, or SERCA-2a mRNA levels in the heart (panel D, ND28 hearts). Tissue mRNA staining was
recorded and digital transmission images were converted to OD images.

Lung morphometry

Results are expressed as mean + SEM (two animals per group per age). Statistical analysis of
the morphometric data was performed using the unpaired t test, with p < 0.05 considered
significant.
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REsuLTs

Transgenic dams were treated with ganciclovir before pregnancy to ablate their thyroids
as well as during pregnancy to ablate the thyroids of their transgenic fetuses (Fig. 1). In
this study, three groups of fetuses and neonates were studied.The treated transgenic (TT)
group included transgenic offspring from transgenic mothers. The mothers were made
hypothyroid before pregnancy and the fetal thyroids were ablated in utero. As a result,
the TT group lacked exposure to maternal and their own thyroid hormone. The treated
nontransgenic (TNT) group included the nontransgenic littermates of the TT animals.The
thyroids of TNT mice were not destroyed upon ganciclovir treatment, and as a result TNT
mice lacked exposure to maternal thyroid hormone only (34). The control animals were
offspring from nontransgenic dams and were hence exposed to both maternal and their
own thyroid hormone, as well as to ganciclovir.

The efficacy of the ganciclovir treatment protocol, which was developed by Wallace et
al. (36), was assessed by staining the thyroid remnants for the presence of thyroglobulin
(Fig. 2). In control adult animals (panel A1) and fetuses (panel B1), strong staining for
thyroglobulin was seen in the follicle cells of the thyroid. In the TT animals, the structure
of the thyroid was disrupted and thyroglobulin staining was dramatically decreased and
only seen in some remaining large follicles (panels A2 and B2). In accordance with these
findings, blood T, levels in adult transgenic animals decreased from 41 nmol/l before
ganciclovir treatment to 12 nmol/I 2 weeks after treatment (Fig.2C).Finally, the ganciclovir-
treated hypothyroid neonates (TT group) clearly lagged behind in growth compared to
their nontransgenic littermates (TNT group) (Fig. 2D).

HEART

We studied heart development in control and transgenic mice at ED18,ND1,ND7,ND14,
and ND28.

Myosin heavy chain mRNA

In ED18 hearts, B-MHC was strongly and similarly expressed in the ventricles of control,
TT, and TNT fetuses (Fig. 3A, panels A, D, G). By ND1, B-MHC expression had decreased
dramatically in the control group (panel B) and had become all but detectable at ND28
(panel Q). In neonatal TT ventricles however, B-MHC expression remained unchanged
(panel E). Moreover, B-MHC gene expression did not decrease in TNT neonates (panel H).
AtND28,both TT and TNT animals still showed strong 3-MHC expression in their ventricles
(panels F and I). Ganciclovir treatment of wild-type embryos did not affect postnatal -
MHC expression in the heart (Fig. 3D, panels A and D).
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In ED18 hearts, a-MHC expression in the ventricles was relatively low in all groups (Fig. 3B,
panels A,D,G). At ND1, a-MHC expression was upregulated in the ventricular myocardium
of controls (panel B) and remained high thereafter (panel C). In TT and TNT neonates
however, a-MHC expression did not increase (panels E and H) but instead had even
decreased by ND28 (panels F and I). Ganciclovir treatment of wild-type embryos did not
prevent postnatal a-MHC expression in the heart (Fig. 3D, panels B and E).
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Figure 4. Quantification of SP-A, -B, and -C mRNA levels in perinatal lungs. Cellular concentrations (mean OD) of
SP-A, -B, and -C are shown in panels A, B, and G, respectively. Mean ODs were determined by quantification of the
in situ hybridization signal in the alveolar and bronchiolar epithelium, whereas the volume fraction of cells (%
Area) expressing SP mRNA was calculated as a percentage of total lung tissue (staining and nonstaining tissue,
excluding airspaces). The light absorption by the resulting silver grains and the volume fraction SP mRNA-positive
cells are expressed on the y-axis as mean OD (full lines) and % Area (interrupted lines), respectively. TT mice are
ganciclovir-treated transgenic (hypothyroid) offspring of hypothyroid transgenic mothers, whereas TNT mice are
the nontransgenic littermates that also lacked maternal thyroid hormone, but had their own fetal and neonatal
thyroid function. For mean OD: SP-A: one-way ANOVA at ND28: p = 0.059. SP-B: one-way ANOVA at ND7 and ND28:
both p < 0.05.5P-C:p =0.01 at ND28.The volume fraction of SP mRNA-positive cells (% Area) did not differ between
the three groups except at ND 7 in the TNT group.

Sarcoplasmatic Reticulum ATPase-2a and phospholamban mRNA

In control mice, ventricular SERCA-2a mRNA levels were lower before than 1 day after birth
(Fig.3C,panels A and B).By ND28,SERCA-2a levels had increased only marginally compared
to ND1 (panel C).In hypothyroid TT mice, ventricular SERCA-2a did not increase after birth
(panel E) and had even decreased by ND28 (panel F).In the TNT neonates, SERCA-2a mRNA
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levels had increased slightly at ND1 (panel H), but as in the TT mice, subsequently declined
(panel I). PLB mRNA levels slightly increased perinatally in all groups (not shown), but in
contrast to the controls, PLB mRNA levels did not decline in the next 4 weeks in the TT and
TNT groups (not shown).Ganciclovir treatment of wild-type embryos did not affect fetal or
postnatal SERCA-2a (Fig. 3D, panels C and F) or PLB (not shown) expression in the heart.
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Figure 5. SP-A expression in neonatal lungs. Lungs of control animals (panels A, D, G), ganciclovir-treated trans-
genic (hypothyroid) offspring of hypothyroid transgenic mothers (TT group; panels B, E, H), and their nontransgenic
littermates that lacked maternal thyroid hormone but had their own fetal and neonatal thyroid function (TNT
group; panels C, F, 1) at ND1 (panels A-C) and ND28 (panels D-I). Panels A-F were stained for the presence of SP-A
mRNA, whereas panels G-l were stained for the presence of SP-A protein. Note the increased SP-A mRNA expression
in alveolar epithelium of TT and TNT lungs (panels E, F, respectively) compared to control lungs (panel D) at ND28
and comparable SP-A protein staining intensity between the three groups (panels G-l). “B” represents bronchiole.
Arrows (panels G-1) indicate SP-A-positive cells. Bar (A-F): 200 um and (G-1): 50 um.

LunG

We studied lung development in control and transgenic mice at ED14,ED16, ED18, ND1,
ND7, ND14, and ND28. Before birth the experimental groups showed only marginal
differences. ND7 and ND14 mice have intermediate staining patterns for the different
surfactant proteins between ND1 and ND28 (not shown).
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Surfactant protein mRNA

SP-A mRNA was undetectable at ED14, but its cellular concentration (mean OD) rapidly
increased in the epithelial cells of the lung in all three groups between ED16 and ND1 (Fig.
4A, full lines). After ND1, the cellular concentration of SP-A mRNA declined in the control
and TNT groups, whereas it remained high in the TT group (Fig. 4A, full lines; one-way
ANOVA for difference between groups at ND28: p = 0.059). The volume fraction of cells
(% Area) expressing SP-A mRNA was similar between all three groups (Fig.4A, interrupted
lines). Prenatally (not shown) and during the first postnatal week (Fig. 5, panels A-C),
SP-A mRNA expression was confined to alveolar epithelial cells. In control animals, SP-
A mRNA expression subsequently became concentrated in bronchiolar epithelial cells
(Fig. 5, panel D). However, in TT (Fig. 5, panel E) and TNT lungs (Fig. 5, panel F), SP-A mRNA
remained abundantly expressed throughout the alveolar epithelium, whereas expression
in bronchiolar epithelial cells remained less pronounced than in the control animals. The
SP-A protein staining intensity was comparable among control, TT,and TNT lungs at ND28
(Fig. 5, panels G-I). Note, however, that the alveolar spaces in TT animals were much larger
than in control or TNT animals, indicating abnormal structural development of TT lungs.

Before birth, the cellular concentration (mean OD) of SP-B mRNA increased similarly in all
groups (Fig. 4B, full lines). However, in ND1 neonates, the cellular concentration for SP-B
mRNA was significantly lower in the TT group than in the control or TNT groups (Fig. 4B,
full lines). Due to a steep decline in SP-B mRNA content in control lungs, the SP-B mRNA
contentinTT and TNT lungs became significantly higher than in controls at ND7 and ND28
(one-way ANOVA: both p < 0.05). Pre- and postnatally (Fig. 6, panels A-C), SP-B mRNA was
present in both alveolar and bronchiolar epithelium of all groups. Bronchiolar SP-B mRNA
levels were similar between the three groups, whereas alveolar SP-B mRNA expression
remained high in TT and TNT lungs (Fig.6, panels E and F) when compared to controls (Fig.
6, panel D).The volume fraction of SP-B-positive cells (% Area) was similar in all groups (Fig.
4B, interrupted lines). Also, the staining intensity for SP-B protein was similar in all groups
at all the gestational ages investigated (Fig. 6, panel G-I).

SP-C mRNA was already detectable in ED14 lungs (Fig. 4C, full lines). At that age, SP-C
MRNA was only expressed in alveolar epithelial cells and this expression pattern remained
unchanged throughout lung development in all three groups (Fig. 7, panels A-F). A
pronounced decline in the cellular concentration (mean OD) of SP-C mRNA was observed
in neonatal controls, whereas the mean OD for SP-C mRNA in the TT group remained
high, with the TNT group occupying an intermediate position (Fig. 4C, full lines) (one-way
ANOVA at ND28: p = 0.01). The volume fraction of cells (% Area) expressing SP-C mRNA
was similar in all groups except at ND7 in the TNT group (Fig. 4C, interrupted lines). After
birth, the staining intensity for proSP-C protein was always lower in TT lungs (Fig. 7, panel
H) than in control or TNT lungs (Fig. 7, panels G and |, respectively).
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Figure 6.SP-B expression in neonatal lungs. Lungs of control animals (panels A, D, G), ganciclovir-treated transgenic
(hypothyroid) offspring of hypothyroid transgenic mothers (TT group; panels B, E, H), and their nontransgenic lit-
termates that lacked maternal thyroid hormone but had their own fetal and neonatal thyroid function (TNT group;
panels C, F, 1) at ND1 (panels A-C) and ND28 (panels D-I). Panels A-F were stained for the presence of SP-B mRNA,
whereas panels G-l were stained for the presence of SP-B protein. Note the increased SP-B mRNA expression in the
alveolar epithelium of TT and TNT lungs (panels E, F, respectively) when compared to control lungs (panel D) at
ND28 and decreased SP-B mRNA expression in TT lungs at ND1 (panel B). SP-B protein staining intensity was com-
parable between the three groups (panels G-1).“B” represents bronchiole. Bar (A-F): 200 um and (G-1): 50 um.

Structural development

The morphometric analysis was carried out for the TT (hypothyroid) and the control groups
only. Morphologically, there were no gross differences between control and hypothyroid
lungs before birth. However, after birth, when the alveolar phase of lung development
takes place, the hypothyroid lungs showed progressively larger airspaces, with less alveolar
septa compared to control and TNT lungs (Figs. 5-7; compare panels H (TT group) with
panels G (control group) and | (TNT group). No evidence of hemorrhage or inflammation
was observed in either group.Three morphometric parameters were used to quantify the
morphologic differences between control and hypothyroid lungs:the number of airspaces
per unit volume (NV),the volume fraction of septa (VVSept),and average airspace volume per
um? (AAV). N, was significantly reduced in postnatal hypothyroid lungs (Fig. 8A). At the
same time, the AAV of an individual hypothyroid airspace was three- to fourfold larger
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than in comparable control lungs (Fig. 8B).Together with the two- to threefold decrease in
the contribution ofVVSept in hypothyroid lungs (Fig.8C), these data show that the postnatal
hypothyroid animals have decreased alveolar septation resulting in large saclike alveoli
that resemble emphysema. The apparent inhibition of alveolar septation suggests an

important role for thyroid hormone in the postnatal structural maturation of the lungs.

T

' "IA'N'I"—g‘rBup -

D cont;di o TT group
Figure 7.SP-C expression in neonatal lungs. Lungs of control animals (panels A, D, G), ganciclovir-treated transgenic
(hypothyroid) offspring of hypothyroid transgenic mothers (TT group; panels B, E, H), and their nontransgenic lit-
termates that lacked maternal thyroid hormone but had their own fetal and neonatal thyroid function (TNT group;
panels C, F, 1) at ND1 (panels A-C) and ND28 (panels D-I). Panels A-F were stained for the presence of SP-C mRNA,
whereas panels G-l were stained for the presence of proSP-C protein. Note the increased SP-C mRNA expression in
the alveolar epithelium of TT and TNT lungs (panels E, F, respectively) compared to control lungs (panel D) at ND28
and decreased SP-C mRNA expression at ND1 in TT lungs (panel B). proSP-C protein staining intensity was less in
TT lungs (panel H) compared to control and TNT lungs at ND28 (panels G, |, respectively).“B” represents bronchiole.
Bar (A-F): 200 um and (G-1): 50 um.

DiscussioN

The importance of a functioning thyroid gland for normal postnatal development is
clear from the severe mental retardation that develops in newborns with congenital
hypothyroidism (45). If T, supplementation is started within two weeks after birth, the
athyroid newborn is completely rescued from neurological damage (5,46).Such data have
suggested that the availability of thyroid hormone to the fetus was of minimal importance
for normal prenatal development. The high deiodinase type Il activity of the placenta

180



THyRoOID HORMONE

(47-49), together with the very low circulating T, level in the fetus (50), supported this
line of thought. Nevertheless, the neurological cretinism that results from severe iodine
deficiency during early pregnancy (4,51), clearly demonstrates that thyroid hormone does
play an important role in the normal development of most vertebrate tissues, in particular
the brain (52). Because T, was shown to be present in the fetus before the fetal thyroid is
capable of producing it, it was concluded that thyroid hormone of maternal origin could
pass the placenta despite the high deiodinase activity in this organ (53). More recently,
it was further demonstrated that (subclinical) maternal hypothyroidism during early
pregnancy can cause neurological deficits in the offspring, even when the mother and
offspring are euthyroid at birth (6, 8, 9).

Based on the outcome of these studies, we wondered whether maternal hypothyroidism
during early pregnancy might also affect the postnatal development of organs other
than the brain, that is, heart and lungs. We chose the TG-TKT2 transgenic mouse model as
described by Ellison and co-workers (33) to investigate this question. We demonstrated
that also in our hands the administration of ganciclovir to these transgenic mice resulted
in an almost complete destruction of the thyroidal follicle cells and a dramatic decrease
in circulating T, levels. The earlier conclusion that T, levels became undetectable after
ganciclovir treatment of these mice (36) was due to the lower sensitivity of the assay used
at the time.With the same assay, circulating T, was below the limit of detection in TT pups,
whereas that in TNT littermates was normal (34).

Our study showed that in the heart, the neonatal switch from 3-MHC to a.-MHC expression
in the cardiac ventricles did not occur in either the TT (thyroid destroyed) or TNT (intact
thyroid) group,even though thyroid hormone productioninthe latter group was intact (34).
Similarly, SERCA-2a expression declined postnatally in the TT and TNT groups compared
to controls, although the effect was less pronounced in the TNT than in the TT group.
Tissue architecture of perinatal hearts was not affected by the experimental conditions.
Similarly, lung development up to the saccular phase (ED18-ND5) was not affected by
maternal or fetal hypothyroidism. Our histological data (Figs. 5-7, panels G-l and Fig. 8),in
conjunction with those in the hypothyroid “hyt” mouse model (54), do indicate however
that alveolar formation, that is, postnatal lung development, was affected by postnatal
thyroid hormone deficiency.In agreement with the largely normal structural development
of the lungs in control, TT,and TNT fetuses, we did not observe differences in prenatal SP
expression between these groups. After birth, the cellular concentration of SP-A,-B,and -C
MRNA remained high in the alveolar epithelium of TT and, to a lesser extent, of TNT lungs
compared to control lungs.Had we related the levels of gene expression to a global tissue
base, such as organ weight or protein content, the altered expression pattern of SP-A and
-B in the distal epithelium of the hypothyroid animals would have escaped our attention.
This finding underlines the suitability of the quantitative in situ hybridization technique to
measure differences in cellular mRNA concentration in the context of both the changing
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tissue architecture and the changing topographic pattern of a gene expression (42,43,55).
Despite high cellular SP mRNA levels, the staining intensity for the corresponding proteins
was not increased. In perinatal liver, like the lungs, a derivate of the embryonic foregut,
such comparatively high mRNA-protein ratios reflect immaturity (56). Together, these data
indicate that alveolar morphogenesis is sensitive to postnatal thyroid hormone deficiency,
but that tissue maturation as reflected by cellular SP mMRNA concentrations is, in addition,
also affected by embryonic thyroid hormone deficiency.

Theseobservationsconfirmearlierclaimsthatthyroidhormoneisanimportantdeterminant
for perinatal lung development (57, 58) but at the same time demonstrate that the effects
of hypothyroidism on lung development are virtually undetectable before birth and only
become overt after birth. Also, our results demonstrate that hypothyroidism (maternal
and/or fetal) does result in the maintenance of relatively high mRNA concentrations
and high SP mRNA-protein ratios for all three SPs and no evidence for an SP-A and -B
deficiency after birth. These findings may therefore explain the lack of effect of prenatal
thyroid hormone treatment to prevent postnatal respiratory distress syndrome (59, 60).
The limited role of thyroid hormone in prenatal heart and lung development is also
underscored by the relatively normal prenatal development of mice that are devoid of all
known thyroid hormone receptors (61).

A Figure 8. Morphometry of neonatal lungs. The
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Our key finding that nontransgenic neonates (with intact thyroids) from hypothyroid
mothers have a similar early postnatal phenotype as their transgenic littermates
(with destroyed thyroids) is remarkable. Our observations do not distinguish in
the nontransgenic neonates (intact thyroid) between a hypothyroid state and a
euthyroid state with “peripheral” resistance to thyroid hormone as a result of maternal
hypothyroidism. However, several observations argue in favor of the second mechanism.
At 3 weeks after birth, transgenic pups (destroyed thyroid) from ganciclovir-treated dams
had undetectable levels of T4’ whereas their nontransgenic littermates (intact thyroid)
had normal T, levels (34). Also, growth during the first 10 days after birth was dominated
by the T, status of the dam during gestation (35). Likewise, the brains of wild-type pups
that were born to hypothyroid TG-TKT2 dams were just as deficient in oligodendrocytes
as the brains of their hypothyroid transgenic littermates (62), suggesting that maternal
thyroid hormone acts early in pregnancy to influence oligodendrocyte development and
that the consequences of deprivation of thyroid hormone early in pregnancy on postnatal
oligodendrocyte development are not reversed by thyroid hormone production in the
fetal thyroid. Similarly, administration of inhibitors of thyroid-hormone synthesis to dams
before and during early pregnancy suppressed neuroendocrine-specific protein (NSP-A)
expression in the fetal brain cortex before the onset of thyroid function in the rat fetus on
gestational day 17 (63).

A conceptual context for the development of a euthyroid state with peripheral resistance
to thyroid hormone as a result of maternal hypothyroidism became available when it was
shown that expression of a-internexin persisted in euthyroid fetuses born to hypothyroid
(thyroidectomized) dams, but not in those born to euthyroid dams (64). a-Internexin is
the first neuronal intermediate filament to be expressed in newly differentiating neurons
and constitutes the major neural intermediate filament prior to the onset of fetal thyroid
hormone secretion. Failure of a-internexin to decline in late fetal life may have serious
consequences if not corrected soon after birth, because overexpression of a-internexin
in transgenic mice is associated with deficits in motor coordination (64). Together, these
findings show that the fetal thyroid is not able to rescue the deleterious effects of early
maternal hypothyroidism and argue in favor of a euthyroid state with peripheral thyroid
hormone resistance rather than a deficiency of thyroid hormone itself in postnatal
offspring with an intact thyroid that are born to hypothyroid dams.

A rescue experiment with thyroid hormone supplementation to the pregnant dam
would have added elegance to our arguments. However, such a rescue experiment is not
straightforward because it appears almost impossible to predict T, levels in a fetus upon
T, administration to the dam. Infusion of T, into methimazole-treated hypothyroid dams
resulted in maternal euthyroidism, but fetal plasma T, did not exceed 40% of normal and
plasma TSH remained high (65). Titration of T, over time was also difficult in such rats
because serumT, levelsinitially stayed rather low during T, substitution but then increased
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rapidly but transiently, with TSH remaining high despite T, substitution (66). Moreover,
when T, levels normalized, T, levels remained low and TSH levels elevated, whereas the
transport of T, from plasma to organs was decreased in pregnant thyroidectomized rats
compared to euthyroid pregnant dams, even after thyroid hormone treatment (67). In
our view, a rescue experiment with T, is therefore complex and may not produce clear
answers.

It is obvious that thyroid hormone deficiency is more detrimental to a developing
organism than a deficiency of nuclear thyroid hormone receptors (51, 61, 68). This
conclusion suggests that the detrimental effect of maternal thyroid hormone deficiency
on the fetus is caused by a biological effect of thyroid hormone nuclear receptors that
are not occupied by their ligand (69) or alternatively does not require thyroid hormone
signaling via thyroid hormone nuclear receptors. Additional possibilities are that the
effect is mediated by a different isoform of the steroid hormone nuclear receptor family,
or that maternally derived thyroid hormone determines the set point for the number and/
or the isoform of thyroid hormone receptors expressed in a developing organ. Based on
our key finding that prenatal deficiency of maternally derived thyroid hormone affects
postnatal responses in cardiac and pulmonary gene expression, we favor the first and last
alternatives over the other two possibilities.

Our finding that hypothyroidism during early development does not impair organ
morphogenesis but does affect adaptive responses in gene expression in these organs
postnatally is especially important in the light of recent studies that describe a negative
effect of (undetected) maternal hypothyroidism on brain development (6, 8, 9). A free
T, concentration below the 10™ percentile at 12 weeks gestation was a significant risk
factor for impaired psychomotor development of the children at 10 months of age (9).
Furthermore, children born to women with an undiagnosed (mild) hypothyroidism
performed less well on 1Q tests at 7-9 years of age (8). Accordingly, we hypothesize that
maternal hypothyroidism also causes changes in gene expression in the fetal heart and
lungs that cannot be reversed by fetal and/or neonatal thyroid hormone.
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Discussion

INTRODUCTION

The concept that signaling cascades that pattern the embryo into a functioning human
being are, or can be, possibly be reactivated in neonatal and/or adult life is one of the
reasons to study the molecular basis of normal development.Knowing the exact function
andregulatory cascades of embryonicbuilding pathways could provide us with therapeutic
tools to either reactivate the appropriate cascade to stimulate growth and differentiation
or to interrupt abnormal processes in end stage lung diseases such as chronic obstructive
pulmonary disease (emphysema and chronic bronchitis), pulmonary fibrosis, cystic fibrosis,
lung cancer,and bronchopulmonary dysplasia (BPD) in the newborn.Regeneration of small
airways in order to restore normal gas exchange function could be a valuable therapeutic
option for these lung diseases.Besides lung transplantation, at present there is no method
to regenerate functional gas exchange units in humans. Restoration of damaged lung
units requires the regeneration of the epithelial, mesenchymal,and vascular components,
organized into a proper alveolar architecture. Epithelial airways are rendered useless
without adjacent capillaries, whereas supportive fibroblasts and mesenchyme are crucial
to keep lung structure together.ldeally, all appropriate types of cells should proliferate and
differentiate to restructure the lung.Therefore, it is important to identify the angiogenesis
and branching morphogenetic factors guiding small airway formation during normal
development.

Pneumonectomy and airway regeneration

Probably one of the best established models for airway regeneration is the adult dog
pneumonectomy model,in which either the left or the right lung is removed, which causes
compensatory lung growth, including alveolar development in the remaining lung (1, 2).
The exact mechanism responsible for the compensatory lung growth, however, remains
largely unknown, especially at the molecular level. Mechanical lung strain is thought to
be a major player in compensatory lung growth. Implanting an inflatable prosthesis in
the empty thorax after pneumonectomy prevented a mediastinal shift, but only partially
prevented compensatory lung growth, indicating that other signals than mechanical
strain are implicated in compensatory lung growth as well (3). The observation that left
pneumonectomy performed at different gestational stages in pregnant rats enhanced
fetal lung growth without affecting maturation, led to the suggestion that a lung specific
growth factor is released into the circulation after pneumonectomy, which is responsible
for compensatory lung growth (4).

Recent studies have identified several potential factors to be responsible for postnatal
compensatory lung growth. In 3 weeks old rats, with pneumonectomy of the left lung,
compensatory lung growth was blocked by decoy inhibition of the receptor for native
platelet derived growth factor-B (PdgfB); Pdgf receptor-f (Pdgfrf), using truncated soluble
PdgfrBs, indicating a role for PdgfB signaling via Pdgfr3 in compensatory lung growth (5).
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In contrast, in vivo overexpression of PdgfA in distal airway epithelium doubled lung size
and increased distal branching morphogenesis (6). Tropoelastin and type | pro-collagen
MRNA increased dramatically in the alveolar walls of postpneumonectomy rat lungs
compared to sham-treated controls (7). This is an intriguing finding considering the key
role of tropoelastin in normal alveolar formation and maintenance (8).

At late gestation and early postnatal life, rodent pulmonary fibroblasts contain a
considerable amount of vitamin A (9-11). Before birth, pulmonary fibroblasts contain
retinyl esters, which around birth are converted into retinol and all-trans-retinoic acid (RA),
the active components of vitamin A (10). Both endogenous (12) and exogenous RA (13)
increased levels of tropoelastin mMRNA almost threefold in neonatal rat lung fibroblasts,
whereas inhibition of the production of RA decreased tropoelastin gene expression in
postnatal rat lung fibroblast (12). Further evidence that RA plays a role in lung elastin
maintenance and alveolarization was provided by genetic manipulation of the retinoic
acid receptors RAR and RXR in mice. Compound mice homozygous for a RARy and
heterozygous for a RXRa deletion had a reduced number of alveoli and less elastic fiber
in their alveolar walls (14). Conversely, RARB appears to be an endogenous inhibitor of
septation because RARP null mutant mice showed early onset septation resulting in twice
as many alveoli in null mutant lungs compared to wild-type lungs (15). Most significantly,
RA administration has been shown to increase the number of alveoli in postnatal rats and
even to abrogate decreased alveolarization that was seen after the experimental use of
dexamethasone or elastase, which both decrease alveolar formation.Taken together, these
data provide evidence that RA might be a powerful factor in “alveolar neogenesis” after
lung injury (16-20). Moreover, these results show the importance of RA and tropoelastin
as key regulators of alveolar development and maintenance and therefore their use in
alveolar regeneration should be investigated.

Fibroblast growth factor-7 (Fgf7) was recently shown to significantly enhance
compensatory lung growth after left pneumonectomy in adult rats (21). Compared
to untreated-pneumonectomized rats, weekly systemic injections of Fgf7 increased
lung weight and lung volume, as well as the total volume of the alveolar region and
the alveolar surface area per unit lung volume (21). Moreover, Fgf7 treatment greatly
enhanced postpneumonectomy-alveolar BrdU incorporation, indicating a role in alveolar
proliferation during compensatory lung growth (21).

Hepatocyte growth factor/Scatter factor (Hgf) expression is also upregulated in the
remaining lung after left pneumonectomy in mice (22).Interestingly, Hgf mRNA levels were
transiently upregulated in the liver and kidney as well, findings that suggest the existence
of a systemic factor or response after pneumonectomy.The increase in Hgf expression was
accompanied by a short but dramatic increase in the expression of the Hgf receptor, c-
met/Hgfr (22). A neutralizing antibody against Hgf significantly attenuated DNA synthesis

194



Discussion

as measured by BrdU labeling in the remaining lungs, whereas systemic treatment with
Hgf increased pulmonary BrdU labeling (22). However, Hgf mRNA was also rapidly induced
in adult rat lungs following hepatic or renal injury (23).These results favor a“universal”role
for Hof in organ regeneration (24). In human patients, it was shown that Hgf serum levels
were upregulated after lung resection compared to patients undergoing mastectomy
(25) and in patients with various lung diseases (26), findings that indicate a role for Hgf in
lung regeneration or compensatory lung growth in humans.This is further supported by
the unique characteristics of Hgf, being a mitogen (27), morphogen (28), and inducer of
pulmonary blood vessel formation in vivo (29, 30). During embryonic lung development,
Hgf mRNA is expressed in pulmonary mesenchyme, whereas the receptor c-met/Hgfr
is expressed in adjacent epithelium, an expression pattern indicative of mesenchymal-
epithelial tissue interactions (31). The prenatal influence of Hgf on lung development is
somewhat unclear.Hgf null mice die around E14.5 in utero with no reported abnormalities
of the lungs (32, 33). Exogenous Hgf had no effect on branching morphogenesis of E14.5
rat lung explants in one study (34), but stimulated growth and branching morphogenesis
in another (31). Also, both the addition of antisense oligonucleotides (ODNs) targeted
against Hgf or the addition of anti-Hgf antibodies inhibited branching morphogenesis
of embryonic rat lungs in vitro (31). Similar to Fgf7, Hgf stimulated DNA synthesis and
proliferation of adult rat alveolar type Il cells in primary culture (35).Interestingly, postnatal
dexamethasone therapy to reduce inflammation and subsequent development of BPD
in premature infants reduced Hgf levels in tracheal aspirates (36). Taking into account its
positive effect on lung growth, reduced levels of Hgf may explain the suppressive effect of
dexamethasone on lung development (36).

Endothelial nitric oxide synthetase (eNOS) is another protein, which is upregulated 3 days
after left pneumonectomy, together with an increase in right lung weight and volume,
indicating a role for eNOS in compensatory lung growth (37).Indeed,eNOS-null mice failed
to upregulate lung weight and volume and showed no signs of alveolar cell proliferation
after left pneumonectomy, findings suggesting an impairment of compensatory alveolar
growth in these mice (37). Similar results were obtained when mice were treated with a
NOS inhibitor (L-NAME) after pneumonectomy (37). Because Vedf is known to upregulate
eNOS, an intriguing explanation for these results is that impaired vascular development
prevents compensatory alveolar growth (37). Therefore, it is important to study whether
coordinated stimulation of vascularization can be used as a tool for proper airway
regeneration.

Growth and transcription factors in airway regeneration

Because of their profound influence on embryonic lung development and branching
morphogenesis, Fgfs are excellent candidates to guide regeneration of airways following
injury. The high postnatal expression of both the Fgf receptors (Fgfr) and ligands further
indicates a role in postnatal alveolarization and lung homeostasis (38-41). For example;
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the inhibition of postnatal Fgfr signaling rendered male mice susceptible to oxygen-
induced injury what resulted in increased alveolar-capillary leak, inflammation, surfactant
protein-B (SP-B) deficiency, and mortality (42). Also, the combined inhibition of Fgfr3 and
Fgfrd caused a complete block in the formation of secondary septae what resulted in the
absence of alveoli (41). These results suggest a role for Fgf signaling in postnatal lung
alveolarization and in homeostasis following injury. Important data will be coming from
the conditional overexpression of Fgfs during pre- and postnatal lung development (43).
Conditional overexpression of Fgf7 in the proximal airways of the mouse using the rat
CCSP promoter induced cystadenomatoid malformations when overexpressed in the fetal
lung, but epithelial cell hyperplasia and type Il cell differentiation when overexpressed
postnatally (44). Similar results were obtained with the overexpression of Fgf10 (45). In
embryonic lungs, the overexpression of Fgf10 resulted in adenomatoid hyperplasia and
marked hyperplasia of epithelial cells in small conducting airways, whereas overexpression
of Fgf10 in the postnatal lung caused the formation of multifocal tumors with type Il cell
differentiation (45). Other studies showed that the intratracheal installation of exogenous
Fgf7 in the adult rat lung caused diffuse alveolar cell hyperplasia and a transient increase in
surfactant protein mRNA expression (46, 47). Also, rats receiving intratracheal exogenous
Fgf7 exhibited a dramatic reduction in mortality after exposure to hyperoxia (48). Both
intra-alveolar hemorrhage and exudation were greatly reduced as a result of exogenous
Fgf7 administration (48). Regulated overexpression of Fgf3 in distal epithelial cells of
the adult lung using the human SP-C promoter, resulted in an inflammation reaction
consisting of an influx of alveolar macrophages and an upregulation of interleukin-7 (IL-
7) and granulocyte macrophage-colony stimulating factor (GM-CSF), together with an
intense increase in alveolar type Il cell proliferation,including increased expression levels of
thyroid transcription factor-1 (Ttf-1) and surfactant protein mRNA (49). Both inflammation
and subsequent proliferation recapitulate regeneration after lung injury, suggesting a role
for Fgf3 in this process.

In addition to its role in prenatal lung development, Ttf-1 also regulates postnatal lung
development and homeostasis. Although Ttf-1 expression decreases dramatically after
birth, it remains detectable in adult alveolar type Il cells (50-52). Overexpression of Ttf-
1 in distal lung epithelial cells, using the SP-C promoter, did not affect prenatal lung
development, but perturbed postnatal alveolarization, causing emphysema, severe
inflammation, and fibrosis (53).In human cases of pulmonary hypoplasia, Ttf-1 was found
to be upregulated in proximal airways such as bronchi and bronchioles (54). It has been
suggested that a sustained high expression of Ttf-1 may result in pulmonary hypoplasia
(54). On the other hand, another study reported decreased Ttf-1 and hepatocyte nuclear
factor-3 (Hnf3p or Foxa2) expression in inflamed and atelectic areas of human infant BPD
lungs.Ttf-1,Foxa2 and surfactant proteins,however, reappeared in regions of regeneration,
supporting the possibility that Ttf-1 may be a critical factor in restoration of alveolar
structures after neonatal lung injury (51, 55).
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Tgf-a is @ member of the epidermal growth factor (Egf) family that signals via the Egf
receptor (Egfr) and both were shown to be expressed and involved in pre- and postnatal
lung development (56). The Egfr null mutant dies soon after birth with immature lung
morphology, impaired alveologenesis, and surfactant protein deficiency, which is a
phenotype that resembles human respiratory distress syndrome (RDS) (57,58).Conversely,
the Tgf-a null mutant survived into adulthood without reported lung abnormalities,
indicating that other factors than Tgf-a that signal via the Egfr are important in lung
development (59). However, overexpression of Tgf-a in distal pulmonary epithelial cells
using the human SP-C promoter resulted in disruption of postnatal alveolarization causing
lung emphysema and fibrosis (60). This approach increased proliferation of alveolar
epithelial cells including SP-C-expressing type Il cells, without causing inflammation
(61). Elastin fibers were abnormal in the bronchiolar regions and deficient in alveolar
septae, most likely contributing to the emphysematic lesion of SPC-Tgf-a lungs (60).
Interestingly, Tgf-a is upregulated in a number of lung disorders like RDS, BPD (56), and
idiopathic pulmonary fibrosis (62). Tgf-a-deficient mice are protected from lung fibrosis
after bleomycin instillation, implying that Tgf-a contributes to the pathogenesis of lung
fibrosis after acute lung injury (63). Similarly, Tgf-B1 was increased in bronchiolar alveolar
lavage (BAL) fluid form from infants with RDS that went on to develop chronic lung disease
(CLD) compared to children with RDS that did not develop CLD, indicating that Tgf-p1 may
contribute to the fibrotic response that is observed in the lungs of infants with CLD (64,
65).

Taken together, these results demonstrate the powerful capacity of growth factors and in
particular, of Fgfs, to induce type Il cell proliferation, which places them high up in the list
of potential tools in pulmonary regeneration. It isimportant to realize that the conditional
overexpression-systems allow re-expression of embryonic growth- and transcription
factors in the adult lung.The challenge will now be to use these systems in disease models
like BPD and emphysema to investigate the rescue-potential of embryonic developmental
factors in airway repair and regeneration. Therefore, it is equally important to realize
that the data also indicate that increased proliferation of alveolar type Il cells does not
always results in a better lung. It is clear that both lung development and small airway
regeneration are a fine balance between the right amount of stimulatory and inhibitory
regulating factors.

Vascular development and airway regeneration

Thefinding thatabnormal vascular developmentoccursin diseases like BPD and hyperoxia-
induced lung injury supports our hypothesis that vascular development takes a leading
role in pulmonary development. BPD is characterized by remarkably decreased numbers
of distal respiratory units and abnormal microvessels (66, 67). Infants dying of BPD have
decreased levels of pulmonary Vegf and Pecam expression compared to infants that do
not develop BPD (68). Similarly, it was shown that preterm infants that go on to develop
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BPD had lower Vedf levels in their tracheal aspirates during the first 10 postnatal days
than those preterms that did not develop BPD (69). Also, hyperoxia induced two weeks
after birth reduced alveolarization in the neonatal rat lung (70) and these abnormalities
continued even after recovery in room air (71). In the neonatal and adult rabbit lung,
hyperoxic injury decreased Vegf expression, which however did increase again with
recovery in room-air (72). The initial decrease in Vegf expression as seen in both studies
might well be responsible for the vascular abnormalities in hyperoxic injury.

The above-mentioned findings suggest that stimulating vascular development could be
a potential tool for alveolar regeneration. Exogenous Vegf has been shown to stimulate
airway epithelial cell proliferation and differentiation in human fetal lungs in vitro (73).
Furtherevidenceforapotential use of Vegfto stimulate alveolar development was provided
by a recent study on hypoxia-inducible transcription factors (74). The hypoxia-inducible
transcription factors (Hif), Hif-1o. and Hif-2c, are upregulated in response to hypoxia and
in turn upregulate the expression of oxygen-sensitive target genes such as Vegf (75, 76).
Hif-1a. null mutants die early in gestation, whereas Hif-2a-deficient mice die after birth
with RDS-like symptoms (74, 77). Compared to control mice, lungs of Hif-2a-deficient
mice have decreased Vegf protein levels. Histological analysis of the Hif-2a-deficient
lungs revealed normal numbers of alveoli, but alveolar septae were abnormally thick with
scattered and abnormal alveolar capillaries. Type Il cells were immature and produced less
surfactant phospholipids and proteins (74). When exogenous Vegf was injected either
intra-amniotic or intratracheally one day before preterm delivery, it significantly improved
lung maturation and decreased mortality due to RDS in premature mice (74). Based on
these intriguing observations, it is evident that therapeutic Vegf in a clinical setting needs
immediate attention, if only for the possibility to reduce corticosteroid usage or oxygen
levels in the treatment of RDS (74).

Stem cells and airway regeneration

Lung regeneration in situ likely requires a combined stimulation of angiogenesis and
alveologenesis via induction of branching from existing small airways. This might be
achieved by gene delivery of angiogenesis and/or branching morphogenesis factors via
tissue-specific or multipotent stem cells (78).

Type lI, Clara, and neuroendocrine (PNEC) cells have all been pursued as potential “tissue-
born stem cells” The alveolar type Il cells have been found to have an unlimited potential
to proliferate (79).They serve as the putative stem cells for type | cells and having an excess
of type Il cells during development will ensure that enough type I cells are formed during
alveolarization (79).Type | cells are critical in the maturation of the air-blood barrier during
alveolarization and are solely responsible for gas exchange in human lungs (80, 81). The
pulmonary type Il cell is geared for self-maintenance, terminal differentiation, including
surfactant production,and source for type | cells, all characteristics of a tissue-derived stem
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cell (79).In other words, the type Il cell acts as the “caretaker” of the alveolar compartment.
When vulnerable type | cells are injured, type Il cells react by extensive proliferation, acting
as a progenitor cell for both type | and type Il cells (79). During the resolution phase of the
repair process, type I cells undergo extensive apoptosis (82) to re-establish a functional
air-blood barrier (83).The administration of rhFgf7, a potent mitogen of alveolar epithelial
type ll cells, resulted in type Il hyperplasia (46,84).Restoration of normal alveolar epithelium
after instillation of Fgf7, is accomplished by terminal differentiation into type | cells and
apoptosis of hyperplastic alveolar type Il cells in vivo.Taken together, these results indicate
that pulmonary type Il cells may serve as the putative stem cells for the alveolar region
during regeneration.

Due to their overlapping localization during lung development and regeneration Clara
cells and PNEC have been thought to be potential airway stem cell (85). Naphthalene-
induced lung injury denudes the proximal and terminal bronchioles selectively of their
nonciliated CCSP-positive epithelium, thatis, Clara cells (86,87).Naphthalene is cytotoxic to
Clara cells,because Clara cells contain the cytochrome P-450 2F2 isozyme that metabolizes
Naphthalene to a toxic substance (88). Regeneration after Naphthalene-induced injury
involves re-occurrence of CCSP-positive cells predominantly at bronchiolar bifurcations
(87). On the other hand, PNECs were unaffected by Naphthalene and showed extensive
proliferation in the repair phase of Naphthalene-induced injury, resulting in PNEC
hyperplasia (89). Some “variant” Clara cells that appeared to lack detectable cytochrome
P450 2F2 isozyme protein survived and proliferated after Naphthalene-induced lung injury
in close apposition to hyperplastic PNECs in neuroendocrine bodies (NEBs) located at
bronchiolar branch points (90,91).These results support a role for NEBs in the maintenance
of multiple progenitor cell population in the mature airway. However, other studies do not
support this concept.Transgenic CCtk mice allow the timed and selective ablation of CCSP-
positive cells (92). In these mice, treatment with ganciclovir, which renders the thymidine
kinase (tk) cytotoxic by phosphorylation, resulted in a complete ablation of CCSP-positive
cells, whereas proliferation and hyperplasia of calcitonin gene-related peptide (cGRP)-
positive PNECs was unaffected (92). Regeneration of CCSP-positive cells that normally
occurs in the regeneration phase after Naphthalene-induced lung injury was absent in
these CCtk mice, indicating that PNECs are unable to differentiate into CCSP-positive cells
(91).Also, ciliated bronchiolar epithelial cells similarly disappeared and did not regenerate
in these transgenic mice (92). Moreover, Mash-1 null mutant lungs have no PNECs however,
type Il and Clara cell markers were expressed normally (93). Summarizing, these results
indicate a role for CCSP-positive cells for their own regeneration and the maintenance
of ciliated bronchiolar epithelial cells, but CCSP-positive cells are not important for the
proliferation of PNECs (92). Furthermore, it suggests that PNECs merely function as a self-
renewing population (91).

Kotton et al. (94) have provided some interesting information with respect to the
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use of multipotent bone marrow stem cells in lung repair. Cultured fibroblast-like
GTRosa26 bone marrow-derived stem cells were tail vein-injected into either normal
or intratracheally bleomycin-injured mice. LacZ-positive cells were found 30 days after
injection in subpleural regions of control lungs. In the injured lung, considerably more
LacZ-positive cells were found, predominantly as clusters in the alveolar regions of the
lung. These cells appeared to be type | cells as demonstrated by their morphological
features and positive immunohistochemical staining for type | cell markers. These results
suggest that cultured bone marrow cells can serve as type | cell precursors and that their
engraftment is enhanced when the lung is injured (94). Recently, it has been reported that
type Il alveolar epithelial cells can be derived form murine embryonic stem cells in vitro
(95). Yet, another study strongly argues against the transdifferentiation of hematopoietic
stem cells into non-hematopoietic tissue specific cells making up the lung. In contrast to
the previous study, injected hematopoietic green fluorescent protein (GFP)-positive cells
mainly localized to the hematopoietic system except for a few cells in the liver and a single
cell in the brain.Tissue injury did not push transdifferentiation, because irradiation of the
intestine did not result in the accumulation of GFP-positive intestinal specific cells (96).
Also, long-term joining of the circulatory systems of a GFP-positive and a GFP-negative
mouse (parabiotic system) did not result in GFP-positive cells in GFP-negative organs
other than the hematopoietic system (96). However, another study showed the absence of
significant bone marrow-derived progenitor cell contribution to pulmonary endothelium,
fibroblasts, or smooth muscle cells in compensatory lung growth induced by unilateral
pneumonectomy (97).Thus, whether multipotent bone marrow-derived stem cells can be
used to deliver gene therapy to lung epithelium remains to be seen.

THIS THESIS- INTERPRETATIONS AND FUTURE PERSPECTIVES

The aims of the studies described in this thesis were:
1. To examine the role of vascular development and hypoxia in fetal lung development.

2. To investigate the role of the homeobox transcription factors Irx in lung
development.

3. Tostudy the expression pattern of the genes involved in the Notch signaling pathway
during embryonic lung development and especially the role of Lunatic fringe herein.

4. To investigate the expression of pulmonary surfactant proteins in experimental
congenital diaphragmatic hernia

5. To examine the effect of maternal and/or fetal hypothyroidism on heart and lung
development
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CHAPTER 3

In chapter 3 of this thesis we demonstrate that a low oxygen environment (3% oxygen)
stimulates pulmonary vascular and epithelial branching morphogenesis in vitro. In
Drosophila tracheal development, hypoxia greatly enhanced branching of the terminal
tubules (98). Although Bnl, the fly homologue for Fgf, was identified as the critical signal
in this hypoxic response, no oxygen-dependent differences in the expression of Fgf10
or its receptor Fgfr2 were observed in the presented study. We also showed that the
inhibition of vascularization in vitro resulted in a dramatic decrease in epithelial branching
morphogenesis, suggesting that pulmonary vascular development is a rate-limiting step
for epithelial branching morphogenesis. We did not find the mechanism responsible for
hypoxia-induced branching morphogenesis in mouse lung explants. Although we show
upregulation of potent angiogenic factors like Vegf in hypoxic lung cultures, more research
is necessary to prove that Vegf induces vessel formation and that these vessels in turn are
primary inducers of branching morphogenesis.

Should this hypothesis be true, this information is of great importance and could be
of crucial benefit in the neonatal intensive care unit. In this clinical setting, the lungs of
premature babies are suddenly exposed to high levels of oxygen at birth. However, the
lungs should have developed for several more weeks in the relatively hypoxic environment
of the uterus and compared to this situation is even room air hyperoxic. As suggested from
experimental results in this study and from the clinical picture of BPD (99), high levels
of oxygen could potentially halt pulmonary vascular development, subsequently leading
to an arrest of (alveolar) lung development. Postnatal re-initiation of the same molecular
cascade that is responsible for airway and vascular branching in utero might therefore be
beneficial in the prevention of alveolar hypoplasia as seen in BPD (99).

In this study we did not further address the specific cell types involved in the hypoxic
response of lung explants. Because the driving force behind pulmonary endothelial
proliferation and guidance is clearly epithelial-derived Vedf, it is possible that a regulatory
loop is established in which Vegf is produced by the epithelium, induces vascular
development, and the endothelium signals back either directly to the epithelium or via
the mesenchymal compartment. Such indirect reciprocal paracrine interactions involving
other lung cell types are of crucial information in the understanding of hypoxia-induced
branching morphogenesis.

Clearly, just adding Vegf to the lung is not going to solve the problem because
overexpression of Vegf164 in distal airway epithelium of the developing lung resulted in
gross abnormalities in lung branching morphogenesis and in an increase in peritubular
vascularity (100). Overexpression of Vegf164 using the CCSP promoter in neonatal mice
(day 1-14), caused pulmonary hemorrhage, hemosiderosis and air space enlargement
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together with a 50% increase in neonatal mortality (101). Altogether this illustrates that
vascular development is a highly orchestrated process during lung development, which is
not only regulated by Vegf and that disturbing the fine balance of growth and angiogenic
factors profoundly disturbs lung development.

CHAPTER 4

In chapter 4 we report that in addition to lung hypoplasia (102, 103), mice deficient for the
morphogen Sonichedgehog (Shh) haveabnormalitiesin pulmonaryvasculardevelopment.
Aloss of Shh did not affect early pulmonary vasculogenesis and angiogenesis, but reduced
the expression of the vascular stabilizing factor Angiopoietin-1 (Ang-1), thereby perhaps
leading to diminished stabilization of the primitive vascular network at later gestation.
Intriguingly, restoration of the pulmonary vascular defect in Shh-deficient lungs with
the angiogenic factor Fgf2, also partially recovered the airway branching abnormalities
as seen in Shh null mice. These results may again suggest that proper vascularization is
important for normal branching morphogenesis. The next step in this study is to confirm
functionality of the vessels induced by Fgf2 alone or in combination with Ang-1 by
electron microscopy.The angiopoietins are known for their effect on vascular stabilization
via remodeling of the vasculature into a hierarchical network of mature vessels composed
of endothelial and adventitial cells (104-111). The mesenchymal compartment is a direct
cellular target of Shh (102, 103) in which Shh is required for the formation of smooth
muscle cells (112). Whether Shh mediates its effect on these cells via Ang-1 remains to be
investigated but Ang-1 has been shown to play a role in the interaction of endothelial cells
and surrounding support cells such as pericytes and smooth muscle cells (113).

Ang-1 did not (but Fgf2 did) restore vascular and epithelial branching brings into question
the decrease in Ang-1 as a causative factor in the Shh-deficient lung phenotype. However,
Ang-1 was shown to be a chemotactic, but not a proliferation factor for endothelial cells
(114). One can think of a model in which Fgf2 induces proliferation of endothelial cells
and Ang-1 establishes proper aligning of the epithelial and endothelial layers by means
of chemotaxis. Detailed examination of this model is needed for proof of our hypothesis.
In favor of this hypothesis is however the finding that eNOS-deficient mice die at birth
with respiratory distress and cyanosis. Postnatal lung histology revealed reduced alveolar
formation and inflation, with thick alveolar septae and surfactant deficiency (115). Fetal
eNOS-deficient lungs showed evidence of lung hemorrhaging and had decreased levels
of Ang-1 and Tie2, as well as misalignment of pulmonary vessels, which resembles the
characteristics of alveolar capillary dysplasia (115).Also, the areas of abnormal enlargement
and atelectic parts as found in eNOS lungs are reminiscent of lung histology seen in BPD,
suggesting that abnormal vascular development might partly be responsible for this
neonatal disease (115).
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COUP-TFIlisamember of the steroid/thyroid hormone receptor superfamily,which consists
of a large group of ligand-activated transcription factors (116). Ang-1 is downregulated in
COUP-TFIl mutants and angiogenesis and vascular remodeling are defective in these mice
(117). In COUP-TFII mutants, the combination of normal-elevated levels of Tie2 and Vedf,
but a decreased level of Ang-1 expression is very similar to the present findings in Shh-
deficient lungs. It is therefore warranted to examine the role of COUP-TFII in Shh-deficient
lungs before and after the addition of Fgf2 alone or with Ang-1.

The spatial expression of Fgf2 should be examined together with proliferation and
apoptosis parameters in Shh-deficient lungs with or without Fgf2 because we speculate
that exogenous Fgf2 increased the amount of mesenchymal mass surrounding the
growing lung buds of Shh”-mice. Also,changes in cell types and growth- and transcription
factors in Fgf2-treated explants should be investigated.

In support of our hypothesis that pulmonary blood vessels are required for epithelial
branching are recent data on liver organogenesis presented by Matsumoto et al. (118,
119). These authors used Vegfr2 (FIk-1)-deficient mice that die early in embryogenesis as
aresult of a lack of blood vessel formation (120). Because Vegfr2-deficient mice die before
proper liver formation can occur, the liver bud regions of Vegfr2-deficient mice were taken
into culture. It occurred that the initial liver epithelial layers formed, but that subsequent
migration of liver epithelial cells into the surrounding septum transversum failed (119).
They also showed that cultured wild-type liver bud regions form a considerably amount
of hepatic cells, but treatment with an angiogenesis inhibitor resulted in similar growth
characteristics as cultured Vegfr2-deficient liver buds (119). Pancreatic development was
similarly shown to be regulated by vascular development when instructive signals from
blood vessel endothelium induced endocrine pancreatic differentiation (118, 121, 122).
Together these studies strongly suggest that endothelial cells support the developing
endothelium.

CHAPTER 5

In chapter 5 we demonstrate that Iroquois (Irx) homeobox genes play an important role in
lung branching morphogenesis and proximal-distal epithelial differentiation. Evidence is
provided that the Irx genes are not components of well-known signaling pathways critical
for lung development such as the Shh, Bmp4, and Fgdf signaling pathways. We speculate
that Irx genes are additional transcriptional components of the complex genetic network
directing lung morphogenesis. Based on the early gestational and epithelial specific
expression patterns of the Irx genes, we hypothesized that the Irx genes are involved
in early lung branching morphogenesis. In vitro inhibition of Irx signaling by means
of antisense Irx ODN-treated explants caused a disproportional development of the
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pulmonary airways in which proximal airways developed relatively normal, whereas the
distal structures were almost completely abrogated. The results indicate that Irx genes
are specifically important for the development of the distal airways, which include future
alveolar structures.

Further investigation of the proximal airways should provide information on whether this
epithelium is normal or aberrant, by examining Foxj1 and -tubulin expression, which are
both markers of pulmonary ciliated cells that are normally restricted to the conducting
airways. Also, vascular development in antisense Irx ODN-treated explants should be
examined.The next step in this study will be the in vivo knockdown of Irx genes. From the
Irx2 and Irx4-deficient mice no obvious lung phenotype has been reported so far (123,
124), suggesting that there is high redundancy among the different Irx genes. Knockout
mice for two or more Irx genes should provide further information on the role of Irx genes
from the very start of lung development. Also, it is useful to examine the role of these
transcription factors in lung hypoplasia as seen in congenital diaphragmatic hernia.

In this study we were unable to find a down- or up-stream pathway of Irx genes responsible
for the apparent halt of distal airway development. However, a phenotype resembling the
antisense Irx-deficient lungs was seen in retinoic acid (RA)-treated mouse lung explants
(125).In Xenopus, RA increases Xiro expression in the neural plate, but it decreases Xiro
expression outside this plate (126). If we extrapolate these findings to the present study,
it would mean that RA downregulates the Irx genes, which in turn leads to outgrowth of
proximal and inhibition of distal lung structures. Preliminary results to test this hypothesis
did not reveal a downregulation of Irx genes in RA-treated lung explants (unpublished
results). Nonetheless we did not rule out the possibility that Irx genes function upstream
from RA. Further investigations will be required to explore the putative interactions
between Irx and other key signaling cascades during lung development.

CHAPTER 6

If the mature lung alone consists of at least 40 different cell types (127), one can imagine
the enormous amount of different cell types it takes to built the entire human body with
allits organs. It needs no explanation that (in)vertebrates use complex signaling pathways
that are specifically designed to create these differences. The Notch signaling pathway is
an important evolutionary conserved pathway involved in creating differences between
neighboring cells or groups of cells (128) and regulates cell fate in many (branched) organs
(129,130) including the developing lung (131, 132).

Pulmonary neuroendocrine cells (PNEC) are the first epithelial cells to differentiate in the
primitive lung and it was recently shown that Mash-1, a downstream player in the Notch

204



Discussion

signaling cascade, was necessary for PNEC development (93, 131). Mash-1-deficient mice
specifically lacked PNECs, whereas neuroendocrine cells in other organs were unaffected
(93,131).It therefore is reasonable that the Notch signaling pathway is involved in the very
early differentiation events of the developing lung.

Fringe proteins modulate the Notch signaling pathway (133) and were shown to play a
crucial role in defining borders in (in)vertebrates. We demonstrate however that fringe
proteins do likely not define epithelial morphogenic boundaries along the anterior-
posterior axis of the developing airways. Overexpression of Lfng in distal lung epithelial
cells did notinfluence the expression of downstream bHLH factors,such as Hes1 and Mash-
1.Lfng makes a complex with the Notch receptor before being secreted to the cell-surface
thereby potentiating Dll-induced Notch signaling, while inhibiting Jagged-induced Notch
signaling (134, 135).Thus, Lfng needs to be present in the same cell as the Notch receptor
to have an effect on Notch signaling. In the present study, the SP-C promoter directed
Lfng expression towards distal lung endoderm, which is same tissue layer where Notch1 is
expressed (136). Nonetheless it is possible that the used method of overexpression, using
the SP-C promoter, is not the appropriate way of overexpressing Lfng in distal pulmonary
epithelial cells. Further research to unravel the mechanism involved in the correct
transcription, translation and secretion of Lfng in the lung is needed.

Even so, other members of the Notch signaling pathway like the Notch receptors
themselves or the Hes transcription factors have to be studied to unravel the role of the
Notch signaling pathway in lung development. It is necessary to further study the role of
Notch signaling in the developing lung because in addition to its role in development,
Notch signaling was recently linked to human lung (adeno)carcinoma (137-139).

CHAPTER 7

CDH is characterized by a diaphragmatic defect, pulmonary hypoplasia and pulmonary
hypertension. In the CDH neonate, pulmonary hypoplasia is often complicated by
respiratory failure, low lung compliance, increased inspiratory resistance, and hyaline
membrane formation (140). Based on inconsistent results from human and experimental
animal studies with regards to the use of surfactant (prophylactic or rescue therapy) in CDH,
we tested the hypothesis that CDH lungs are surfactant-deficient, which could explain in
part the respiratory failure and difficulties in treating CDH infants.This study demonstrates
that there is no primary deficiency of surfactant proteins in the nitrofen-induced CDH rat
model. This study however does not provide information on the amount of disaturated
phosphatidylcholine (DSPC) in CDH lungs. DSPC is nonetheless an important component
of secreted surfactant,which is composed of 90% lipids, 9% proteins,and 1% carbohydrate.
Other (human) studies have however failed to proof a DSPC deficiency in CDH lungs,
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let alone an effect of surfactant therapy in CDH infants (141). Obviously, treatment of
CDH infants is neither easy nor always successful despite technical improvements and
enormous efforts of pediatric intensivists. Therefore, CDH should be tackled from the
basic side, investigating molecular, genetic and environmental factors (142). Also, vascular
development should be investigated, especially in the light of pulmonary hypertension,
which is largely responsible for the treatment difficulties in newborns with CDH. A start
has been made with mapping vascular development in CDH (143-148).The recent finding
that both familial and non-familial primary pulmonary hypertension is associated with
mutations in the Bmpr-Il gene, combined with the important role of Bmp4 in embryonic
lung development, makes it tempting to investigate the role of this receptor pathway in
CDH (149).

CHAPTER 8

The importance of a functioning thyroid gland for normal postnatal development is
clear from the severe mental retardation that develops in newborns with congenital
hypothyroidism (150). If T, supplementation is started within two weeks after birth, the
athyroid newborniscompletely rescued from neurologicaldamage (151,152).Nevertheless,
the neurological cretinism that results from severe iodine deficiency during early
pregnancy (153, 154), clearly demonstrates that thyroid hormone does play an important
role in the normal development of most vertebrate tissues,in particular the brain (155).We
decided to study the involvement of thyroid hormone in lung development because earlier
studies showed an effect of thyroid hormone on lung development, thyroid hormone has
been used in clinical trials in an attempt to lower the amount of prenatal corticosteroids
in order to stimulate preterm lung maturation, and because we wanted to know whether
maternal hypothyroidism affects postnatal heart and lung development as was recently
shown for the developing brain (156-158).The study presented in this thesis showed that
in the heart, the physiological neonatal switch from B-MHC to a-MHC expression in the
cardiac ventricles did not occur in hypothyroid pups that had lacked maternal thyroid
hormone.However, neither did the switch occur in pups that had similarly lacked maternal
thyroid hormone but did produce their own thyroid hormone. Lung development up
to the saccular phase was not affected by maternal or fetal hypothyroidism. After birth,
surfactant protein mRNA, but not protein expression remained high in the alveolar
epithelium of pups that had lacked maternal thyroid hormone, irrespective of the ability
to produce their own thyroid hormone. In perinatal liver, like the lungs a derivate of the
embryonic foregut, such comparatively high mRNA:protein ratios reflectimmaturity (159).
The next step in this study will be to investigate the way maternal thyroid hormone affects
postnatal thyroid hormone homeostasis in the neonate. It would be interesting to look at
the expression level of thyroid hormone receptors to investigate whether maternal thyroid
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hormone acts early in development to influence the set point for the number and/or the
isoform of thyroid hormone receptors expressed in a developing organ. Furthermore,
our key finding that hypothyroidism during early development does not impair organ
morphogenesis, but does affect adaptive responses in gene expression in these organs
postnatally, is reminiscent of the hypothesis that several of the major diseases of later
life, including coronary artery disease, hypertension, and diabetes, may originate in
impaired intrauterine growth and development (160).The challenge will be to unravel the
mechanism underlying this prenatal “programming” of postnatal development.
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Chapter 1 reviews the current literature on molecular lung development. The different
phases of lung development are described, highlighting the most important transcription
and growth factors for that specific stage.

Chapter 2 gives an outline of the thesis. Studying normal lung development is central
to our understanding of “pulmonary health” and embryonic signaling pathways could
potentially be re-initiated during postnatal pulmonary injury and disease.

In chapter 3 we demonstrate that a low oxygen environment (hypoxia; 3% oxygen)
stimulates pulmonary vascular and epithelial branching morphogenesis in vitro. Culturing
in 3% oxygen significantly increased vascular endothelial growth factor (Vegf) and Pecam-
1 mRNA levels. In vertebrates, Vedf is one of the most important growth factors involved
in the development of the vasculature.The increase in branching morphogenesis was not
the result of differences in the mRNA expression of fibroblast growth factor-10 (Fgf-10) or
its receptor Fgfr2, which were shown to regulate the hypoxic-induced increase in tracheal
branching in Drosophila. Furthermore, we show that the inhibition of vascularization in
vitro, using antisense oligonucleotides (ODNs) targeted against hypoxia inducible factor-
1a or Vegf, dramatically decreased epithelial branching morphogenesis.We conclude that
a low oxygen environment is important for the branching of both distal lung epithelium
and vascular tissue and that pulmonary vascular development appears to be a rate-
limiting step for epithelial branching morphogenesis.

In chapter 4 we investigate pulmonary vascular development in mice deficient for Sonic
hedgehog (Shh). Shh-deficient mice have severely hypoplastic lungs with extended
branching defects. Early embryonic vascular development in vivo was appropriate for the
degree of epithelial branching in Shh-deficient lungs. mRNA levels for Pecam-1, Vegf, and
its receptor Flk-1 were unchanged as assessed by real-time RT-PCR. However, the mRNA
expression of Angiopoietin-1 (Ang-1), but not Ang-2, or the angiopoietin receptor Tie2
was reduced. Ang-1 has been shown to play a role in the interaction of endothelial cells
and surrounding support cells in order to stabilize the vascular network. At later gestation,
a rapid decline and disorganization of the vascular structures was seen in cultured Shh-
deficient lungs. Intriguingly, partial restoration of the pulmonary vascular paucity in Shh-
deficient lungs with the angiogenic factor Fgf2 also partially recovered airway branching
morphogenesis. We conclude that early vascular development, mediated by Vegf/Vegfr2
signaling, proceeds normally in Shh-deficient mice, whereas vascular development at later
stages, mediated by Ang/Tie2 signaling, is defective, what in turn might be responsible for
the reduction in epithelial branching morphogenesis.
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In chapter 5 we demonstrate that Iroquois (Irx) homeobox genes play an important role
in lung branching morphogenesis and proximal-distal epithelial differentiation.We found
that Irx1,-2,-3,and -5 mRNA were expressed in the epithelial cell layer of early gestational
lungs. In vitro inhibition of Irx signaling with antisense ODNs targeted against Irx1-3 and
Irx 5 caused an almost complete absence of distal epithelial structures, whereas proximal
airways developed relatively normal. In these explants, the smooth muscle cell layer was
abnormal and the mass of mesenchyme was severely reduced. Although Ci, which is the
Drosophila homologue of vertebrate Gli1-3, was shown to positively control the Drosophila
counterparts of the vertebrate Irx genes, we did not observe any difference in Irx gene
expression in Shh or Gli mutant lungs. We conclude that the Irx genes are involved in the
regulation of proximal-distal branching morphogenesis but are not downstream of the
Shh/Gli signaling pathway.

In chapter 6 we demonstrate that Lunatic fringe (Lfng) mRNA is expressed in the early
epithelial cell layer of the lung and rapidly declines with advancing gestational age.Fringe
proteins modulate Notch signaling, which is a signaling pathway that regulates cell fate
decisions and patterning in various tissues during development. Hes1 and Mash-1 are
bHLH factors that are both regulated by Notch. We detected Hes1 mRNA in the early
pulmonary epithelial cell layer and at later stages in epithelial cells of terminal bronchioles.
Mash-1 mRNA expression was specifically detected in the neuroendocrine cells of the
lung. Overexpression of full-length mouse Lfng cDNA in distal pulmonary epithelial cells
did not affect lung development nor did it influence the temporal, spatial, or quantitative
expression of Hes1 or Mash-1 mRNA.We conclude that Lfng does likely not define epithelial
morphogenic boundaries along the anterior-posterior axis of the developing airways.

In chapter 7 we tested the hypothesis that lungs in congenital diaphragmatic hernia
(CDH) are surfactant-deficient, which could explain in part the respiratory failure and
difficulties in treating CDH infants. We used the nitrofen-induced CDH rat model and
found that the spatial and temporal expression patterns of SP-A, -B, and -C mRNA, the
cellular concentration and the volume fraction of SP-expressing cells were unchanged.
Also, at the protein level, no differences in SP expression were observed. To specifically
assess the cellular concentrations of SP mRNA within the architecture of the tissue, we
used a quantitative in situ hybridization technique. This study demonstrates that there is
no primary deficiency of surfactant proteins in the nitrofen-induced CDH rat model.

In chapter 8 we demonstrate that before birth, hypothyroidism of mother and fetus
had no effect on the structural development of the heart and lungs or on the temporal,
spatial, or level of mMRNA expression of - and a-myosin heavy chain (MHC) in the heart
and surfactant proteins in the lungs.The neonatal switch from - to a-MHC expression in
the cardiac ventricles did not occur in hypothyroid pups that had lacked maternal thyroid
hormone (TH).However, neither did the switch occur in pups that also had lacked maternal
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TH but did produce their own TH. Postnatal structural lung development was severely
affected in hypothyroid pups from hypothyroid mothers, but not in euthyroid pups from
hypothyroid mothers. Surfactant protein mRNA expression remained high in the alveolar
epithelium of pups that had lacked maternal TH, irrespective of the ability to produce their
own TH.This study shows that hypothyroidism during early development does not impair
organ morphogenesis, but does affect adaptive responses in gene expression in these
organs postnatally.

Taken together, the data presented in this thesis provide the following new viewpoints in
fetal lung development:

1.

Pulmonary vascular and epithelial branching are regulated by oxygen and vascular
development is a rate-limiting step in epithelial branching morphogenesis.

The vasculature-stabilizing factor Ang-1 is significantly decreased in Shh-deficient
lungs.

Fgf2 partially restores vascular and epithelial branching in Shh-deficient lungs.

The Irx homeobox genes are involved in the regulation of proximal-distal lung
branching morphogenesis.

Lunatic fringe does not play a significant role in the determination of pulmonary cell
fate.

Lungs from rats with nitrofen-induced CDH are not deficient for pulmonary surfactant
proteins.

Maternal thyroid hormone plays an important role in postnatal adaptive gene
expression in neonatal heart and lungs.
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Hoofdstuk 1 reviews de bestaande literatuur op het gebied van moleculaire
longontwikkeling. De verschillende fases van longontwikkeling worden besproken en de
meest belangrijke transcriptie- en groeifactoren voor de betreffende fases worden nader
toegelicht.

Hoofdstuk 2 geeft een kort overzicht van dit proefschrift.In dit hoofdstuk wordt toegelicht
dat het bestuderen van normale longontwikkeling essentieel is voor onze kennis van de
gezondheid van de longen na de geboorte. Embryonale signaal cascades kunnen van
potentieel belang zijn en misschien zelfs “herstart” worden bij postnatale longschade en
-ziekte.

In hoofdstuk 3 laten we zien dat een laag zuurstofgehalte (hypoxie) van de omgeving
(3% zuurstof) het aantal vertakkingen van longvaten en luchtwegen in gekweekte longen
doet toenemen. Kweken in 3% zuurstof verhoogde de mRNA expressie van vascular
endothelial growth factor (Vegf) en Pecam-1 significant. Vedf is in vertebraten één van
de meest belangrijke groeifactoren die verantwoordelijk zijn voor de ontwikkeling van
de bloedvaten. De toename in epitheelvertakkingen was niet het resultaat van een
verandering in de expressie van fibroblast growth factor-10 (Fgf-10) of de receptor Fgfr2,
hoewel van beide bekend is dat zij in Drosophila het aantal trachea vertakkingen doen
toenemen als reactie op hypoxie.We laten vervolgens zien dat wanneer bloedvatvorming
wordt geremd door middel van antisense oligonucleotiden (ODNs) gericht tegen hypoxia
inducible factor-10 of tegenVegfdit een dramatische reductie van de epitheelvertakkingen
geeft.We concluderen dat een laag zuurstofgehalte van de omgeving de vertakkingen van
zowel pulmonale bloedvaten als distale luchtwegen stimuleert en dat de groei van het
pulmonale vaatbed limiterend is voor de ontwikkeling van de luchtwegvertakkingen.

In hoofdstuk 4 hebben we de pulmonale bloedvatontwikkeling in Sonic hedgehog (Shh)
deficiénte muizen bestudeerd.Deze Shh deficiénte muizen hebben zeer onderontwikkelde
longen met een drastisch verminderd aantal luchtwegvertakkingen.We laten zien dat de
vroege embryonale vaatontwikkeling in Shh deficiénte longen relatief normaal verloopt.
Met real-time RT-PCR laten we tevens zien dat de mRNA expressie voor Pecam-1,Vegfen de
Vedf receptor Flk-1 onveranderd is.De mRNA expressie voor Angiopoietin-1 (Ang-1), maar
niet die van Ang-2 of van de angiopoietin receptor Tie2 bleek echter drastisch verlaagd te
zijn. Ang-1 speelt normaal gesproken een rol in de interactie tussen de endotheel cellen
en de omliggende steuncellen om zo het bloedvaten netwerk te stabiliseren. Gekweekte
Shh deficiénte longen vertoonden een snelle achteruitgang van de pulmonale bloedvaten
in zowel complexiteit als structuur. Deze achteruitgang kon gedeeltelijk worden hersteld
met het bloedvatgroei bevorderende Fgf2. Naast een herstel van het pulmonale vaatbed
werd tevens een gedeeltelijk herstel van het luchtwegvertakkingspatroon waargenomen.
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We concluderen dat vroege vaatontwikkeling via het Vegf/Vegfr2 signaal systeem relatief
normaal verloopt in Shh deficiénte longen, maar dat verdere bloedvatontwikkeling en
stabilisatie van het vaatnetwerk inefficiént is door een tekort aan Ang-1/Tie2 signaal
wat op zich een oorzaak zou kunnen zijn van de verminderde ontwikkeling van de
epitheelvertakkingen.

In hoofdstuk 5 beschrijven we de rol van de Iroquois (Irx) homeobox genen in de
ontwikkeling van epitheelvertakkingen met proximaal-distale epitheel differentiatie.
We tonen aan dat in de vroeg embryonale long, Irx1, -2, -3 and -5 mRNA specifiek tot
expressie komt in het epitheel van de luchtwegvertakkingen. Antisense ODNs gericht
tegen de translatie-initiatie plaats van Irx1-3 en Irx 5 veroorzaakten een enorme reductie
in distale epitheelvertakkingen in gekweekte embryonale longen, terwijl de proximale
luchtwegstructuren relatief onveranderd bleven. Met immunohistochemie tonen we
vervolgens aan dat de gladde spiercellaag onderbroken en het totale mesenchyme
oppervlak verminderd is. Hoewel Ci de Drosophila homoloog van Gli1-3 is en positief
gereguleerd wordt door de Drosophila homologen van de vertebrate Irx genen, werden
er geen verschillen in mRNA expressie patronen gezien voor de verschillende Irx genen in
Shh en Gli mutante longen.We concluderen dat de Irx genen een rol spelen in de regulatie
van proximaal-distale longontwikkeling, maar niet gereguleerd worden door de Shh/Gli
signaal cascade.

In hoofdstuk 6 tonen we aan dat Lunatic (Lfng) mRNA tot expressie komt in de
epitheelcellen van de zich ontwikkelende long en verdwijnt tegen de geboorte. Fringe
eiwitten moduleren de Notch cascade, wat een cascade is die essentieel is voor het
afbakenen van morphogene grenzen in een aantal organen.Lfng en Hes1 mRNA expressie
werden beide gezien in de vroeg embryonale epitheliale cellaag. Hes1 and Mash-1 zijn
bHLH factoren die beide gereguleerd worden door Notch. We laten zien dat Hes1 mRNA
tot expressie komt in de epitheelcellen van de zich ontwikkelende long en tegen de
geboorte geconcentreerd wordt in de terminale bronchioli. Mash-1 mRNA expressie was
specifiek in de neuroendocriene cellen van de long. Overexpressie van Lfng in de distale
epitheelcellen had geen effect op de temporele, spatiale of kwantitatieve mRNA expressie
van Hes1 of Mash-1.We concluderen dat Lfng waarschijnlijk geen rol speelt in de regulatie
van proximaal-distale ontwikkeling en differentiatie van de epitheelvertakkingen.

In hoofdstuk 7 beschrijven we een onderzoek naar de expressie van surfactant eiwitten
in longen van ratten met congenitale hernia diaphragmatica (CHD). Een surfactant
deficiéntie zou mogelijk een reden kunnen we zijn voor de problemen bij de behandeling
van respiratoire insufficiéntie bij CHD. We hebben gebruik gemaakt van het nitrofen-
geinduceerde hernia model in de rat. De spatiale and temporele expressie van SP-A,-B en
-C mRNA, de cellulaire concentratie en de volume fractie van cellen die SP tot expressie
brengen waren ongewijzigd in de CHD longen.Deze resultaten werden bevestigd op eiwit
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niveau.Om specifiek de concentratie van SP mRNA op cellulair niveau te bepalen hebben
we gebruik gemaakt van een kwantitatieve in situ hybridisatie techniek. Deze studie toont
aan dat longen in nitrofen-geinduceerde CHD niet primair surfactant deficiént zijn.

In hoofdstuk 8 tonen we aan dat hypothyreoidie van de moeder en het embryo voor
de geboorte geen effect heeft op de embryonale structurele ontwikkeling van hart en
longen. Er was tevens geen effect op de cardiale mRNA expressie van B-myosine heavy
chain (MHC) of a-MHC of op de mRNA expressie van surfactant eiwitten (SP) in de longen.
Na de geboorte vindt normaal gesproken een switch plaats B-MHC naar a-MHC in de
ventrikels van het hart. Deze switch bleef echter uit in de hypothyreote pups van moeders
die zelf ook hypothyreoot waren, maar evengoed trad deze switch niet op in pups die
wel in staat waren hun eigen schildklierhormoon te maken, maar ook niet aan maternaal
schildklierhormoon blootgesteld waren. De structurele longontwikkeling was ernstig
aangedaan in hypothyreote pups van hypothyreote moeders, terwijl de longstructuur
in pups die wel hun eigen schildklierhormoon maakten vergelijkbaar was met die van
controle longen. SP mRNA expressie bleef hoog in het alveolaire epitheel van pups die
maternaal schildklierhormoon gemist hadden, ongeacht of ze zelf in staat waren om
schildklierhormoon te produceren. Deze studie toont aan dat hypothyreoidie tijdens
vroege ontwikkeling geen gevolgen heeft voor de prenatale organogenese, maar wel
voor de postnatale adaptieve veranderingen in gen expressie in hart en longen.

Samengevat geven de data zoals gepresenteerd in dit proefschrift de volgende nieuwe
gezichtspunten in embryonale longontwikkeling:

1. De ontwikkeling van bloedvaten en epitheelvertakkingen in de longen wordt
gereguleerd door zuurstof en de bloedvatontwikkeling speelt een belangrijke
limiterende rol in de ontwikkeling van luchtwegvertakkingen.

2. Angiopoietin-1, wat een bloedvat stabiliserende factor is, komt significant lager tot
expressie in Shh deficiénte longen.

3. Fgf2 gedeeltelijk herstelt zowel bloedvat als epitheelvertakkingen in Shh deficiénte
longen.

4. De Irx homeobox genen zijn van belang voor de regulatie van de proximaal-distale
ontwikkeling van epitheelvertakkingen.

5. Lunatic fringe speelt geen belangrijke rol in de determinatie van pulmonale cel
differentiatie.

6. Longhypoplasie in embryonale ratten met nitrofen-geinduceerde CHD gaat niet
gepaard met een primaire deficiéntie van surfactant eiwitten.

7. Maternaal schildklierhormoon speelt een belangrijke rol in de postnatale adaptieve
veranderingen in gen expressie in neonatale hart en longen.
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