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Summary. In this review the recent findings concerning
the role of fetal breathing-like movements (FBMs) on
lung organogenesis are discussed. We first review the
consequences that the lack of FBMs has on lung
organogenesis and then we discuss the possible
pathways that may be employed in this process.
Specifically, we review the data in support of the notion
that FBMs are required for the cell cycle kinetics
regulation (i.e., cell proliferation and cell death) via the
expression of growth factors, such as platelet derived
growth factors (PDGFs) and insulin growth factors
(IGFs), and thyroid transcription factor 1 (TTF-1).
Moreover, the role of FBMs on biochemical
differentiation of Clara cells, type I and type II
pneumocytes is reviewed. Interestingly, even though
type II pneumocytes are able to synthesize surfactant-
associated proteins (SPs), in the complete absence of
FBMs, they are unable to compile, store and release the
surfactant. Similarly, in spite of the expression of some
early differentiation markers, in the absence of FBMs,
type I pneumocytes are unable to flatten in order to
allow the gas exchange in the lung. In fact, we are
currently employing the cDNA microarray analysis in
search for the molecules that might be specific for the
lacking functions in pneumocytes.
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Introduction

Organogenesis is one of the most critical processes
during development that leads to creation of a fully
functional organ. In addition to well established genetic
regulatory programs that are required for organogenesis,
mechanical forces generated in the embryo also play a
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role in how differentiating tissues respond to gene
instructions. Lack or impairment of the physical forces
has been shown to change the state of the organs (e.g.,
immobilization of the limbs causes muscle atrophy and
bone demineralization) (Skinner, 1989).

Apparently, the lung is enormously subjected to the
mechanical forces both intrauterine and after birth
(Skinner, 1989). A great number of in vitro and in vivo
studies show that mechanical forces influence fetal lung
development through pulmonary distension (Kitterman,
1996; Harding, 1997; Liu and Post, 2000). The
mechanical forces can be categorized in four groups: 1)
adequate intrathoracic space, 2) adequate amount of
amniotic fluid, 3) normal fetal breathing-like movements
(FBMs), 4) normal balance of fluid volumes and
pressures in prospective pulmonary conductive and
respiratory systems (Harding, 1997). Among these
factors, FBMs are produced by rhythmic contractions of
the respiratory muscles with varying frequency and
amplitude. These movements are responsible for
intermittently reducing intrathoracic pressure and
expanding the fetal lung during intrauterine life and are
created by neuronal activities of the respiratory center in
the brainstem that are transferred into the respiratory
muscles (Harding, 1997). FBMs are detected at
embryonic day (E) 14.5 in the mouse (Abadie et al.,
2000) and at 10 weeks gestation in human embryos (de
Vries et al., 1986). FBMs cause lung cells to operate in a
biochemical as well as mechanical environment. Clinical
reports (e.g., fetal akinesia) and laboratory experiments
have revealed that the absence of FBMs in the embryo
leads to pulmonary hypoplasia, indicating that these
mechanical forces are necessary for normal lung
development. However, the mechanochemical signal
transduction pathways that translate mechanical stimuli
to meaningful gene instructions for the pulmonary cells
have yet to be identified. In this review we summarize
the recently found mechanisms that attempt to explain
how mechanical forces produced by FBMs influence
lung growth and pulmonary cell differentiation required
for functional maturation of the lung.
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FBMs and the lung growth

Lung primordia evaginate as endodermally derived
ventral buds into the surrounding splanchnic
mesenchyme (Cardoso, 2000). After budding, the lung
primordium undergoes four main stages of development:
pseudoglandular, canalicular, saccular and alveolar (Ten
Have-Opbroek, 1981). As the name implies, at the
psuedoglandular stage, the primitive lung appears like a
gland and is made of tubular structures called acinar
tubules (Ten Have-Opbroek, 1981). Pulmonary blood
supply and conductive airways develop at the canalicular
stage (Laudy and Wladimiroff, 2000). Saccular stage is
defined by the accelerated increase in the formation of
smooth walled large airspaces named saccules (Laudy
and Wladimiroff, 2000). Eventually, saccules give rise to
the formation of the alveoli after birth (Ten Have-
Opbroek, 1981).

Lack of FBMs has been reported to cause pulmonary
hypoplasia (Liggins et al., 1981; Kitterman, 1996;
Harding, 1997; Tseng et al., 2000; Inanlou and Kablar,
2003, 2005a,b). Lung hypoplasia is a common
congenital problem in lung development among
neonates (Porter, 1998). It is reported to be found in 14%
of perinatal autopsies (Wigglesworth and Desai, 1982)
and is considered to be an important cause of death
within minutes or hours after birth. Hypoplastic lungs
are detected as small lungs in a small or normal thoracic
cavity with the ratio of wet lung weight to body weight
to be less than normal. Compared to a normal lung,
fewer and smaller peripheral airspaces are recognizable
in hypoplastic lungs and they appear to be arrested at
earlier stages of lung development and are histologically
immature for the gestational age (Porter, 1998).

Normal growth of any organ relies on regulated cell
cycle kinetics (i.e., cell proliferation and cell death).
Because of the reduced size of hypoplastic lungs, it has
been hypothesized that the lack of FBMs may contribute
to disturbed cell cycle kinetics. Indeed, insufficiency or
absence of FBMs has been associated with decreased
proliferation and increased apoptosis of pulmonary cells
in the hypoplastic lungs (Tseng at al., 2000; Inanlou and
Kablar, 2003, 2005a,b). Recent data show that the
pathological finding of attenuated lung cell proliferation
in the hypoplastic lungs becomes more prominent with
the advancing gestational age in the absence of FBMs
and this may imply that the role of pulmonary distension
on lung cell proliferation becomes more critical at later
stages of lung development (Tseng et al., 2000; Inanlou
and Kablar, 2003, 2005a,b).

In addition to cell proliferation, programmed cell
death or apoptosis is also vital for normal development
of many organs including lung by balancing cell
proliferation (Vaux and Korsmeyer, 1999) and therefore
an increased rate of pulmonary apoptosis can cause lung
hypoplasia (Tseng et al., 2000; Inanlou and Kablar,
2003, 2005a,b). For instance, according to our recent
findings, mdx:MyoD9th embryos (Inanlou and Kablar,
2003), Myf5-/- embryos (Inanlou and Kablar, 2005a) and

Myf5-/-:MyoD-/- embryos (Inanlou and Kablar, 2005b)
all have a different muscle phenotype and quite similar,
but not identical, lung phenotype. mdx:MyoDO9th
embryos have significantly reduced diaphragm, Myf5-/-
embryos have no rib cage and nonfunctional intercostal
muscles and Myf5-/-:MyoD-/- embryos have no muscles
at all. While mdx:MyoD9th embryos have the least
severe lung phenotype (i.e., the elevated apoptosis is
never an issue), Myf5-/- embryos have a more severe
lung phenotype (i.e., apoptosis starts to be elevated at
E16.5) and, finally, Myf5-/-:MyoD-/- embryos have even
more severe phenotype, as indicated by the elevated lung
apoptotic index as early as E14.5. However, the embryos
of all three genotypes die shortly after birth due to the
lung hypoplasia. Therefore, we think that even though
the end result is the same (i.e., pulmonary hypoplasia
and death), different mechanisms may be involved
leading to that end result. In fact, the double-mutant
embryos’ lung phenotype suggests that to be the case
(Inanlou and Kablar, 2005b). Therefore, even though the
insufficient FBMs lead to decreased proliferation index,
a parallel increase of the apoptosis index is observed
only in the complete absence of FBMs, indicating that
pulmonary cell proliferation pathways are more
susceptible to mechanical factors than apoptosis
pathways (Tseng et al., 2000; Inanlou and Kablar, 2003,
2005a,b).

Lung organogenesis is controlled by mediators
including thyroid transcription factor-1 (TTF-1) and
growth factors, such as platelet derived growth factors
(PDGFs) and insulin-like growth factors (IGFs). TTF-1
is a member of NKX2 family of homeodomain
transcription factors and is found in the thyroid,
forebrain and lung (Lazzaro et al., 1991). Expression of
TTF-1 in the lung is restricted to the epithelium at all
stages of development and no expression can be
identified in the surrounding mesenchyme (Hackett and
Gitlin, 1997). During lung development, TTF-1
expression is suppressed in the epithelium of the
proximal conductive ducts. However, its expression
persists in the epithelium of lung periphery, leading to
the formation of a proximal-to-distal increasing gradient
in the expression of TTF-1 (Zhou et al., 2001). This
gradient has been shown to be disturbed in pulmonary
hypoplasia (Zhou et al., 2001; Inanlou and Kablar, 2003;
2005a,b) (Fig. 1). The exact mechanism(s) through
which TTF-1 plays a role in normal lung organogenesis
is unknown. However, TTF-1 has been recently shown
to regulate the expression of midkine, a 13 kDa growth
factor which mediates various developmental processes
including cell proliferation (Reynolds et al., 2003). The
described difference in the expression of TTF-1 along
the proximal-to-distal axis may influence lung growth by
its effect on the expression of midkine, although the
precise mechanisms of that action are still unknown.

PDGFs serve as mitogenic competence factors that
are composed of two polypeptide chains termed A and
B. Competence growth factors have the ability to initiate
the transition of quiescent (G0), non replicating cells
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into the G1 phase of the cell cycle (Pledger et al., 1977)
and to control cell cycle kinetics. Even though PDGF-
AA is required for pulmonary branch morphogenesis,
PDGEF-BB regulates lung growth. Mechanical stretch has
been reported to up-regulate PDGF-BB and its receptor
(PDGF-6R) in lung cells (Liu et al., 1995). Indeed, lack
of FBMs is associated with down-regulation of PDGF-
BB and its receptor in vivo (Inanlou and Kablar,
2005a,b), explaining a possible mechanism for decreased
cell proliferation in the hypoplastic lungs. In addition to
its role in cell proliferation, other studies show that
PDGFs also prevent cell apoptosis (Desai and Gruber,
1999). Consistently, a consequent increase in cell
apoptosis of pulmonary cells in the absence of FBMs
can be attributed to the down-regulation of PDGF-BB
and its receptor (Inanlou and Kablar, 2005a,b).

The other factors that control cell cycle kinetics are
the IGFs. They are two single chain polypeptides that are
named IGF-I and IGF-II. These factors are expressed in
a great variety of tissues, indicating their autocrine or
paracrine regulatory roles of cellular function. IGF-1 is a
progression growth factor and advances cells through the
remaining hours of G1 phase (Fabisiak and Kelley,
1992). Interestingly, similarly to PDGF-BB, IGF-I
promotes cell proliferation and prevents cell apoptosis
(Baxter, 1988; Barres et al., 1992). Pulmonary expansion
increases the expression of IGF-I in the lung (Joe et al.,
1997). Previous studies have shown that the lack of
mechanical forces in vivo contributes to the down-
regulation of IGFs (Harding et al., 1993; Hooper et al.,
1993; Inanlou and Kablar, 2005a,b), providing an
explanation for the lack of FBMs resulting in decreased
cell proliferation and increased cell apoptosis in the
hypoplastic lungs.

It has been shown that in the absence of FBMs
changes in cell cycle kinetics of pulmonary cells (i.e.,
decreased cell proliferation and increased cell death)
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Fig. 1. TTF-1 expression is disturbed in the absence of FBMs. In the
normal lung, the expression of TTF-1 is suppressed in the epithelium of
proximal conductive ducts and it persists in the epithelium of the lung
periphery, leading to the formation of the proximal-to-distal increasing
gradient of TTF-1 expression. In the absence of FBMs this gradient is
disturbed in the hypoplastic lungs and the epithelium of proximal
conductive ducts continues to express TTF-1.

start at earlier stages of lung development (i.e.,
psuedoglandular and canalicular). However, down-
regulation of PDGFs and IGFs only occurs at the later
stage (i.e., saccular) (Inanlou and Kablar, 2005a,b).
These findings may imply that in addition to PDGFs and
IGFs, other mediators are also involved in the regulation
of cell cycle at earlier stages of lung development. The
identity of these early factors has yet to be revealed.

In conclusion, FBMs seem to be important for lung
growth because of their effects on lung cell proliferation
and death, possibly by establishing the gradient of TTF-
1 expression and regulating the expression of PDGFs
and IGFs.

FBMs and the lung maturation

In addition to lung growth, FBMs are also required
for lung maturation. Maturation of all organs in the body
relies on cell differentiation. Lung is composed of
different cell types including Clara cells, type I and type
II pneumocytes. Biochemical differentiation of lung cells
is defined by the expression of their specific markers.
Expression of a 10 kDa protein termed CC10 is believed
to characterize biochemical differentiation of Clara cells,
the non-ciliated epithelial cells of the pulmonary airways
(Singh et al., 1988). Lack of FBMs does not reveal any
difference in the expression of CC10 between normal
and hypoplastic lungs (Inanlou and Kablar, 2005a,b),
indicating that biochemical differentiation of Clara cells
remains intact in the absence of mechanical stimuli in
vivo.

Surfactant-associated proteins (SPs), that are
synthesized and secreted by pneumocytes type II
(Whitsett and Sever, 1997), are considered to be specific
markers for the biochemical differentiation of type II
cells (Phelps and Floros, 1991). Distribution of SPs
expression has been found normal in pulmonary
hypoplasia caused by the lack of FBMs (Tseng et al.,
2000; Inanlou and Kablar, 2005a,b), suggesting that
mechanical forces are not vital for the biochemical
differentiation of type II cells in vivo. During pulmonary
development, type II cells give birth to type I cells
(Mallampalli et al., 1997). One of the specific markers of
type I cells is Tla (or Gp38) (Williams, 2003), an apical
membrane protein of unknown function. Even though in
different stages of development this protein is found in
several organs, in the lung it is exclusively expressed by
type I cells. Previous in vitro studies report that
mechanical distension up-regulates RTI40, a rat
homologue of Tlo (Dobbs and Gutierrez; 2001). By
contrast, in our mouse in vivo models of pulmonary
hypoplasia it appears that Tla is not influenced by
FBMs (Inanlou and Kablar, 2005b), suggesting that the
early differentiation of type I pneumocytes is also
independent on FBMs.

In addition to the early biochemical differentiation,
in some studies the later morphological differentiation of
type I and II pneumocytes is reported to be intact in the
absence of FBMs (Alcorn et al., 1980; Tseng et al.,
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2000). However, others believe that final differentiation
of these cell types is dependent on mechanical stimuli in
vivo (Nagai et al., 1988; Benachi et al., 1999; Inanlou
and Kablar, 2005a,b). Maturation of type II pneumocytes
is reported to be associated with a decrease in the
cytoplasmic glycogen and a simultaneous increase in the
number of intracellular organelles called lamellar bodies.
Lamellar bodies are composed of layers of membranes
surrounding a non-lamellar proteinous central core and
they are required for assemblage and storage of
surfactant (Chi, 1985; Ten Have-Opbroek et al., 1990).
Cytoplasmic glycogen is used by type II cells as a
substrate for surfactant assemblage (i.e., compiling of
surfactant-associated proteins and phospholipids)
(Bantenburg, 1992). Periodic acid Schiff (PAS) staining
for detection of cytoplasmic glycogen has revealed that
type II cells are unable to utilize glycogen for the
synthesis of the surfactant. Consistently, transmission
electron microscopy (TEM) shows that the number of
cytoplasmic lamellar bodies per cell is significantly
reduced in the hypoplastic lungs (Nagai et al., 1988;
Brandsma et al., 1993; Inanlou and Kablar, 2005b),
while the intraalveolar lamellar bodies are scarce, loose
and disorganised (Inanlou and Kablar, 2005b). To form a
phospholipid monolayer upon alveolar surfaces, lamellar
bodies are transformed to intermediate structures called
tubular myelins (Williams, 1977). Compared to the
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Fig. 2. FBMs, lung growth and functional maturation. FBMs seem to
play a role in lung growth through their effects on lung cell cycle kinetics
by regulating the expression of growth factors, such as PDGFs and
IGFs, and establishing the gradient of TTF-1 expression at the last
stage of lung organogenesis (i.e., “late” mediators). It is also suggested
that FBMs influence the expression of other unknown growth factors
(i.e., “early” mediators), that are responsible for changes in cell cycle
kinetics at earlier stages of lung development. FBMs appear to also be
required for the accomplishment of the morphological differentiation of
type | and type Il pneumocytes.

normal lungs, tubular myelins are hard to find and their
structure seems to be loose and disorganized in the
hypoplastic lungs (Inanlou and Kablar, 2005b). These
findings suggest that type II cells are unable to complete
their morphological differentiation and consequently
synthesis, assemblage and secretion of the surfactant are
disturbed.

Type I cells are the other group of pulmonary cells
that are morphologically characterized by a flattened
nucleus and an extended cytoplasm containing
numerous, well defined small cytoplasmic vesicles
(Williams, 1990). In the absence of FBMs no cells with
the characteristics of differentiated type I cells is found
in the hypoplastic lungs and instead of squamous type |
cells, cuboidal cells are found without well-defined
cytoplasmic vesicles. These findings indicate that type I
cells are unable to complete their morphological
differentiation and consequently are non functional
(Inanlou and Kablar, 2005b).

In summary, FBMs appear to affect pulmonary
development by influencing both lung growth and lung
cell differentiation. Lung growth appears to be regulated
by the FBMs via growth factors (e.g., PDGFs and IGFs)
and TTF-1 that act upon cell cycle kinetics. Lung cell
differentiation apparently also requires FBMs, since the
accomplishment of morphological differentiation of type
I and type II cells is not possible in the complete absence
of respiratory muscles (Fig. 2).

Currently, we are comparing the lung of embryos
that contain type I and II pneumocytes arrested as
described at different stages of differentiation (i.e., the
lung of Myf5-/-:MyoD-/- embryos that develop
pulmonary hypoplasia) to the lung of normal control
embryos, using cDNA microarray analysis (Pastorian et
al., 2000). By way of this approach, it is possible to
perform molecular comparisons (e.g., the type of the
gene and the amount of the gene expressed) between the
mutant and the control tissues. Molecules that are not
present in the mutant lung are assumed to be specific for
the lacking differentiation steps of type I and II
pneumocytes. For example, we have identified two
molecules that are very likely important for type I and II
pneumocyte differentiation. One gene is found to be
more than 12 times down-regulated in the mutant lung
tissue and is probably relevant to type II differentiation
steps. Previous studies have identified this gene as
important in lung vasculogenesis during development
(Wani et al., 1999). The second gene is also found down-
regulated in the mutant lung tissue and is probably
relevant to type I differentiation steps. Previous studies
have revealed that this gene plays a role in cell
locomotion and cytokinesis (De Hostos, 1999).

In conclusion, we believe that the identification of
molecules responsible for pneumocyte I and II
differentiation will allow us to perform numerous
follow-up experiments, which in turn will increase our
understanding of processes that lead to pulmonary
hypoplasia, an important cause of neonatal morbidity
and mortality.
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