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Epithelial Transformations in the
Establishment of the Blood–Gas Barrier in the
Developing Chick Embryo Lung
A.N. Makanya,1,2 R. Hlushchuk,2 H.-R. Duncker,3 A. Draeger,2 and V. Djonov2*

The tall epithelium of the developing chick embryo lung is converted to a squamous one, which participates
in formation of the thin blood–gas barrier. We show that this conversion occurred through processes
resembling exocrine secretion. Initially, cells formed intraluminal protrusions (aposomes), and then
transcellular double membranes were established. Gaps between the membranes opened, thus, severing the
aposome from the cell. Alternatively, aposomes were squeezed out by adjacent cells or were spontaneously
constricted and extruded. As a third mechanism, formation and fusion of severed vesicles or vacuoles below
the aposome and their fusion with the apicolateral plasma membrane resulted in severing of the aposome.
The atria started to form by progressive epithelial attenuation and subsequent invasion of the surrounding
mesenchyme at regions delineated by subepithelial �-smooth muscle actin–positive cells. Further epithelial
attenuation was achieved by vacuolation; rupture of such vacuoles with resultant numerous microfolds and
microvilli, which were abscised to accomplish a smooth squamous epithelium just before hatching.
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INTRODUCTION

In contrast to mammals, the mecha-
nisms underlying development of the
chick embryo lung have received little
attention, probably due to the complex
morphology of the avian lung. From a
simple lung bud at embryonic day 4
(E4), a complex gas-exchanging lung
is accomplished by day 20–21 of incu-
bation, when the chick emerges from
the shell. This is a complex process, by
which the epithelium of the avian
lung in the sprouting parabronchi is
converted from a tall columnar to a
squamous one with an estimated har-

monic mean thickness of the blood–
gas barrier of 0.318 �m (Duncker and
Guentert, 1985; Maina et al., 1989).
This is just approximately half of that
reported for the adult rat lung by Ka-
lenga et al. (1995). Among the extant
vertebrate taxa, the avian lung is re-
puted to be the most complex and ef-
ficient gas exchanger (Duncker, 1971;
King and McLelland, 1989). The es-
tablishment of a thin blood–gas bar-
rier by the time of hatching remains
enigmatic, despite several studies on
the developing avian lung (Gallagher,
1986a,b; Maina, 2003a,b, 2004). Ear-

lier studies have established that the
avian lung arises from the primitive
pharynx at approximately 3–4 days
after incubation (Duncker, 1978; Bel-
lairs and Osmond, 1998). The pharyn-
geal endoderm gives rise to the bron-
chial system, the mesenchyme forms
the muscles, connective tissue, and
the lymphatics that accompany the
bronchi (Bellairs and Osmond, 1998).
The chick lung by E12 comprises blind
ending outgrowths of the parabronchi
surrounded by mesenchyme. The
growing tips of the tertiary parabron-
chi bifurcate so that parabronchial cir-
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cuits are formed by anastomoses of
adjacent branches (Jones and Radnor,
1972; Duncker, 1971, 2000). The para-
bronchi by E13 are hollow tubes lined
by columnar cells and surrounded by
mesenchymal tissue. Reportedly, the
smooth cross-sectional outline of the
tertiary parabronchi starts to disap-
pear by E14 as outpouchings start to
develop from the epithelium. These
are made of epithelial strands, which

become canalized, so that several di-
verticula arise from the central lu-
men.

During the late growth phase the
parabronchi increase in girth, the
atrial outpouchings form and give rise
to a network of air capillaries. There is
reduction of the epithelial cells of the
air capillaries to squamous type, while
in the atrial region the cells are con-
verted to granular pneumocytes or

avian inclusion body cells (Jones and
Radnor, 1972). Lung development has
been revisited recently by Maina
(2003a) with the observations that
parabronchi sprout from secondary
bronchi from E8, become encircled by
mesenchymal cells and by E13, the
basement membrane becomes con-
spicuous. At around this time, para-
bronchial epithelial cells tend to
project into the lumen; posses mi-
crovilli, club-like and arm-like process
in addition to having abundant inter-
cellular spaces (Maina, 2003a). The
latter author recently has shown that
the thin barrier is formed by extensive
attenuation of the epithelial cells as
the air capillaries invade the mesen-
chymal tissue matrix (Maina, 2004).
The latter event coupled with mesen-
chymal tissue degradation brings the
air capillaries and the blood capillar-
ies in close proximity (Maina, 2004).
Scheuermann et al. (1998) indicated
that superfluous cells of the develop-
ing parabronchial epithelium are dis-
charged into the lumen and undergo
vacuolar degeneration. However, the
precise sequence of events and the
driving forces leading to the morpho-
phenotypes described above, as well
as the mechanisms by which the tall
columnar cells are converted into a
rather thin and broad squamous epi-
thelium of the blood–gas barrier are
unknown. In the current study, we
have investigated the processes char-
acterizing the avian lung epithelial at-
tenuation, from the time the para-
bronchi sprout to the time a thin
blood–gas barrier is established. Un-
like what has been reported before
(Gallagher, 1986b), the chick lung
uses strategies in its morphogenesis
that are dissimilar to those that have
been elucidated previously in develop-
ing mammalian organs. We report
here that processes resembling exo-
crine secretion, albeit phenotypically
distinct are adopted to attenuate the
lung epithelium during embryological
development.

RESULTS

During the early developmental
stages the chicken lung was charac-
terized by loose mesenchyme contain-
ing occasional isolated blood vessels
and numerous developing parabron-
chi. The parabronchi underwent dra-

Fig. 1. Micrographs of semithin sections showing the structural changes in the parabronchial
epithelium of the developing chick embryo lung between embryonic day 8 (E8) and E18. a,b: At E8,
the parabronchi (Pb) were lined with a cuboidal epithelium, which became tapered by E10, and
transformed to a high columnar one. The first signs of pseudostratification were depicted by apical
relocation of some nuclei (black arrowheads in b). The surrounding mesenchyme contained
occasional developing feeding and draining vessels (asterisk in a) and few blood capillaries (white
arrowhead in b). Subepithelial cells became aligned along the basement membrane (black arrows
in a and b). c,d: By E11 (c), the parabronchial epithelium was pseudostratified and the apical parts
of the cells appeared club-like (arrowheads in c). By E12, these apical parts were severed such that
they appeared to fall off into the parabronchial lumen (arrowheads in d). Notably, the arrangement
of the subepithelial cells associated with the parabronchial basement membrane (BM) changed
their continuous appearance (dark arrows), so that, from E11, regions of the BM devoid of such
cells were detectable (white arrows). e,f: The atria (At) had already formed by E16, the epithelium
had thinned out, and the number of vascular profiles (arrows in e) increased in the mesenchyme.
At early E18, the infundibula (arrowheads in f) started to invade the mesenchyme. The interpara-
bronchial septum was well formed (arrows in f).
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matic changes affecting both their
three-dimensional structure as well as
their epithelial morphology. An over-
view of the changing epithelial mor-
phology in the developing lung is pre-
sented in Figure 1. At embryonic day 8
(E8), the epithelium of the parabron-
chial tubes was cuboidal to low colum-
nar (Fig. 1a), becoming high columnar
by E10, and at the same time, cells
acquired pointed apices (Fig. 1b).
From E11, cells with tapering luminal
apices and debris of rounded cell blebs
were encountered (Fig. 1c). Further-
more, the epithelium was transformed
into a pseudostratified one, appar-
ently due to multiplication and en-
largement of epithelial cells such that
some cells were squeezed out of phase.
By E12, the nipping process continued
so that these apical parts of the cells
were severed and extruded into the
parabronchial lumen (Fig. 1d). Some
of the subepithelial cells changed
their orientation and came to lie par-
allel to the basement membrane,
forming a continuous layer at early
stages, which later became inter-
rupted by narrow gaps through which
migrating epithelial cells of the incip-
ient atria emerged (Fig. 1a–d). The
parabronchi by E16 were no longer
simple-surfaced cylinders, because
the internal aspects were now inter-
rupted by the formative atria (Fig. 1e).
The atria arose probably by mesen-
chyme invasion and attenuation of the
epithelium without additional prolif-
eration. After the formation of the
atria, at E18 (Fig. 1f) the mesenchy-
mal invasion progressed by formation
of multiple infundibula covered by
very thin epithelium. At the same
time point, the mesenchyme was mas-
sively reduced so that thin interpara-
bronchial septa containing the major
supplying and draining parabronchial
vessels were formed.

An overview of the parabronchial
mucosal surface with the scanning mi-
croscope between E10 and E19 re-
vealed the progressive events of epi-
thelial transformations and the
development of the atria. At E10, the
lumen was lined with tall apically ta-
pering cells many of which bore club-
like luminal protrusions (Fig. 2a). The
tapering apices were progressively
nipped, and by E12, they began to be
liberated into the lumen (Fig. 2b). The
first signs of atria formation were ev-

Fig. 2. Scanning electron photomicrographs of the embryonic pulmonary tissue illustrating the
various changes characterizing the developing parabronchi between embryonic day 10 (E10) and
E19. a,b: At E10, the parabronchial epithelium consisted of tall columnar cells with smooth rounded
luminal apices. Occasional club-like protrusions of variable sizes were apparent (arrowheads in a).
By E12, the epithelium was rather rugged and club-like apical protrusions at different stages of
development were abundant (arrowheads in b). See also Figures 1 and 5 and 10 for comparison.
c,d: An overview of the parabronchial mucosa at E13 and E14 revealed the progressive develop-
ment of the atria. These inaugurated as shallow depressions on the mucosal surface (arrowheads
in c) separated by ridges of the mucosa (asterisks in c) and gave the mucosa a folded appearance.
By E14 (d), the depressions were converted to circular excavations (Ex) surrounded by irregularly
shaped cells (arrows), which gave the surface of the intervening mucosa a rugged appearance. e,f:
The atrial excavations (At) at E15 were much deeper, the surrounding cells became more regular in
height and broadened, presenting a general flat surface (asterisks in e). By E16 (f), the atria had
broadened tremendously and showed secondary depressions, which were the incipient infundibula
(arrows in f). The floor of the nascent infundibula was characterized by sparse tall cells or portions
thereof, projecting conspicuously above the general surface of the atrial floor (arrowheads in f). The
mucosa between the atria was now remarkably smooth (asterisks). g,h: The pulmonary tissue at
E19 generally resembled the structure of adult birds with almost evenly spaced parabronchi (Pb)
lined by numerous openings to the atria (At). The interatrial septa (asterisk in h) had largely thinned
out and separated the entrances to the contiguous atria (arrows in h). Notice also an artery (Ar in
g), giving rise to interparabronchial vessels.
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ident at E13. These began as shallow
depressions on the mucosal surface
lined by epithelial cells and separated
by broad mounds of rugged mucosa,
which gave the mucosal surface an un-
dulating appearance (Fig. 2c). The ep-
ithelial invaginations deepened, so

that by E14 they converted to circular
excavations surrounded by irregularly
shaped cells (Fig. 2d). The surface of
the mucosa by E15 remained rugged
but had less cellular debris and club-
like cellular projections were re-
stricted to the atrial depressions. The

mucosa separating the various incipi-
ent atria at E15 started to become
thinner and smooth, the foldings were
lost, and only a few cells around the
atrial openings showed irregular
heights (Fig. 2e), and by E16, atria
were well formed, the interatrial mu-
cosa was smooth, and the infundibula
started to form as depressions at the
floor of the atria (Fig. 2f). The inter-
atrial septa were uniformly smooth
apart from the atrial floor where some
cell processes jutted out prominently
into the atrial lumen (Fig. 2f). The
appearance of the lung at E19 resem-
bled that described for the adult bird
with regularly arranged parabronchi
and intervening blood vessels (Fig.
2g). The internal surface of the para-
bronchi was characterized by evenly
spaced atria, which further opened
into the infundibula, and the mucosae
were remarkably smooth (Fig. 2h).

The events, processes, and mecha-
nisms that transformed the develop-
ing lung epithelium were captured in
details at the transmission electron
microscopy level. The progressive and
successive epithelial alterations were
monitored between E8 and E21 (Figs.
3, 5–8). The first signs were apparent
at late E8 with the cells becoming
morphologically polarized, i.e., they
tapered toward the lumen and elec-
tron-dense bands appeared to sepa-
rate the tapered apical part from the
rest of the cell (Fig. 3a,b). By E10, the
epithelium became tall columnar, ta-
pering was accelerated, and the cells
enlarged and appeared to squeeze
their immediate neighbors (Fig. 3c,d).
The electron-dense bands were seen to
constitute a double membrane and, at
such double membranes, the apical
portion of the cell was separated from
the basal part (Fig. 3e,f). Apical inter-
cellular junctions opened up so that
the apical portions (aposomes) of ad-
jacent cells were clearly delineated
(Fig. 3f). The cell separation became
more prominent at E11 (Fig. 3g–i).
Additionally, tapering apical parts of
some cells were squeezed out by the
better-endowed neighboring cells (Fig.
3h). Concomitant with these pro-
cesses, apical intercellular spaces be-
came broadened, separating the api-
cal processes and in so doing pushed
the apical cell junctions basally (Fig.
3g–i). The processes attendant to cell
attenuation in the avian lung involved

Fig. 3. Transmission electron microscopy (TEM) images illustrating the mechanisms involved in
cell attenuation during parabronchial development between embryonic day 8 (E8) and E11. a,b: At
E8, the epithelium was cuboidal to low columnar and the nuclei were mainly basal. Small dome-
shaped cell projections, which were separated from the main cells by electron-dense bands (arrows
in b), were occasionally encountered. The basement membrane was amorphous. c–f: By E10, some
regions of the epithelium appeared pseudostratified and the apical parts of the cells demonstrated
club-like formations (asterisks in c). Some cells appeared to squeeze out the apical portions of their
neighbors (arrows in c, d). The development of transcellular electron-dense bands (arrows in e, f)
was followed by separation of the double membranes (arrowheads in e, f), which extended the
intercellular spaces, severing the apical parts of the cells from the basal ones to form attenuation
bodies (cell blebs). g–i: The process of cell nipping (arrowheads) and squeezing by neighboring
cells (arrows in h) was evident by E11 and contributed to the number of extruded attenuation bodies
(asterisks). Opening of the intercellular spaces (double arrowheads in g and inset) shifted the
intercellular junctions basally. Spontaneous constriction of the apical part of the cell (arrows in g)
resulted in formation of club-like processes.
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cell cutting (secarecytosis) and cell
pinching (peremerecytosis) as de-
scribed below. During these two pro-
cesses, apical tapering of cells and
basal relocation of lateral cell junc-
tions occur as demonstrated in Figure
3 by transmission electron microscopy
and by Alexa–phalloidin staining for
filamentous actin (f-actin) in Figure 4.

The first signs of atria formation
were evident at E13 when the now
stratified epithelium showed desig-
nated areas with accelerated cell nip-
ping (Fig. 5a,b), mainly by the pro-
cesses described above. Consequently,
numerous rounded aposomal bodies
were released into the parabronchial
lumina (Fig. 5a,b). By E14, the epithe-
lia had thinned out to irregular cuboi-
dal in the formative atria, which were
now invading the surrounding mesen-
chyme (Fig. 5c,d) and the epithelium
was further reduced in size by cell nip-
ping or loss of entire cells by squeez-
ing. The epithelium by E15 had
largely thinned out to low cuboidal
with short microvilli (Fig. 5e). At the
same time, the first infundibula
started to form by excavation of the
cuboidal epithelium (Fig. 5e,f).

As soon as the infundibula had been
formed, they gave rise to the air cap-
illaries by formation and subsequent
fusion of intraepithelial vesicles, as
may be inferred from the presence of
many short microvilli (Fig. 5g). Often,
cells located at the infundibular en-
trance at the bottom of the atria
showed intraluminal projections of
different sizes (Fig. 5h). The atrial ep-
ithelium at E16 had changed from
cuboidal to low cuboidal. Some of the
cells bore irregularly shaped apical
processes jutting out into the lumen
(Fig. 6). Subsequently, electron-dense
bands developed at the bases of the
projections, followed by spaces with
the ultimate separation of the projec-
tion and formation of cell attenuation
bodies (blebs; Fig. 6a–d). The projec-
tions appeared as club-like processes
(Fig. 6d–h) projecting into the atrial
space. Many such projections were
severed by spontaneous strangula-
tion, which involved progressive con-
striction of the basal part of such a
portion of a cell (Fig. 6a–h). Some of
the projections were severed by vesic-
ulation and subsequent fusion as can
be deduced from the many short mi-
crovilli on the remaining epithelium

and on the discharged aposomes (Fig.
6a–d).

From E15, a new mechanism aug-
mented the process of cell attenuation
and this entailed formation of many
small vacuoles in the epithelium (Fig.
7a–d), and in subsequent steps, the
vacuoles enlarged and their mem-
branes fused with the apical plasma
membrane so that the vacuoles rup-
tured releasing their contents into the
lumen. Rupturing of the vacuoles left
many microfolds and microvilli of
varying shapes and sizes on the apical
plasma membrane. In an alternative
step, contiguous vacuoles coalesced
and fused with each other and with
the lateral plasma membranes and in

so doing cut off large parts of the api-
cal portions of the cells with the result
that more aposomal bodies were re-
leased into the lumen (Fig. 7e,f). The
epithelia of air capillaries at E18 still
contained many lamellar bodies (Fig.
8). Such lamellar bodies were ex-
truded by bulging onto the apical
plasma membrane with subsequent
rupture of the membrane (Fig. 8b,c).
Alternative methods of eliminating la-
mellar bodies entailed formation of
vacuoles underneath the lamellar
bodies with subsequent rupture of the
vacuoles so that the lamellar bodies
were discharged together with part of
the cytoplasm (Fig. 8d). The by-prod-
ucts of epithelial attenuation, which

Fig. 4. Photomicrographs of serial sections of two parabronchi from embryonic day 12 (E12) chick
embryos labeled with Alexa–phalloidin outlining actin filaments (a and b). The two series show
tapered epithelial cells. Actin filaments delineate the apical and basolateral borders (arrowheads in
a) of individual epithelial cells (ep) and mark the aposomal protrusion (arrows). At higher magnifi-
cation (b), the aposomal body and the incomplete separation from its epithelial cell by a narrow
actin demarcation line is visible (arrows in b). Scale bars � 5 �m m in a; 1.5 �m in b.
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included lamellar bodies and cellular
debris, were cleared by pulmonary
macrophages (Fig. 8e). Notably at the
time of hatching (E21), type II pneu-
mocytes were restricted to the region
of atrial openings (Fig. 7f). Further
attenuation of the now low cuboidal
epithelium proceeded through vesicu-
lation as described above, an event
that resulted in many microvilli and
microfolds (Fig. 8a–d). The microfolds
and microvilli were subsequently sev-
ered by the same process of strangu-
lation at the base (Fig. 9a–d) so that,
at E20, the epithelium had thinned to
approximately 1 �m and was virtually
devoid of microvilli (Fig. 9e,f).

As depicted in Figure 10, cells that
were immunoreactive for �-SMA (�-
smooth muscle actin) formed a subep-
ithelial layer surrounding the para-
bronchi (Fig. 10a). The latter layer
then became discontinuous, forming
gaps that delineated the migration
routes for the formative atria. The
first epithelial colonies started to
emerge through the gaps between the
�-SMA–positive cells by E12 (Fig.
10b). The number of epithelial cells in
the invading colonies increased deep
into the surrounding mesenchyme
(Fig. 10c,d). The invasion process was
accomplished by E16, and the epithe-
lial cells reduced in height forming a
lumen and covering the formative
atria as a monolayer (Fig. 10e,f). At 2
to 3 days before hatching, the large
atria were separated by thin septa
and were wide open. The tips of the
interatrial septa were supported by
the �-SMA–positive cells, and their
epithelia spread out into the mesen-
chyme, giving rise to the infundibula
(Fig. 10g,h). Immediately before
hatching, the number of �-SMA–posi-
tive cells was reduced so that they
were restricted to the tips of the inter-
atrial septa.

The number of apoptotic epithelial
cells during the whole period of chick
lung development remained remark-
ably negligible. Incidentally, apoptotic
epithelial cells were not encountered,
which means that programmed cell
death was not one of the mechanisms
of epithelial attenuation. Isolated
apoptotic cells were observed during
the entire embryonic period in the
mesenchyme with the number of
such cells increasing between E14 to
E18, a period associated with mesen-

Fig. 5. Transmission electron photomicrographs illustrating the various mechanisms involved in
initiation of atrial formation and further epithelial attenuation during parabronchial development.
a,b: By embryonic day 13 (E13), the process of cell nipping (arrowheads) became accelerated so
that the cell blebs in the lumen became numerous (asterisks). The epithelial excavation by the
nipping process became exaggerated in the regions of the future atria so that shallow depressions
with rounded cell blebs became apparent (see asterisks in b). See also Figures 1 and 2 for
comparison. c,d: The atrial depressions became deeper by day 14, and the epithelium thinned out
to irregular cuboidal as a result of progressive nipping (arrowheads) and squeezing (double arrows
in c). Few cells still remained tall (asterisks) and jutted out into the atrial lumen. Notice that the
lumen of the formative atria (At) as well as parabronchial lumen are filled with a dark staining fluid.
e,f: The atrial epithelium had transformed to low cuboidal by E15 with an irregular luminal surface
studded with short irregular microvilli (arrows) and showed the first signs of infundibula formation
(arrowheads). The number of attenuation bodies (asterisks) in the parabronchial lumen was re-
duced. g,h: The first infundibula (If) and air capillaries (arrows) became evident at E15. The air
capillaries started to invade into the epithelium (arrows) and tended to approach the blood
capillaries (Ca). At this time point, sparse cell projections (asterisk in h) protruded into the atrial
lumen and above the attenuating epithelium (EP). See also Figures 1 and 2 for comparison.

BLOOD–GAS BARRIER FORMATION IN CHICK LUNG 73



chymal reduction during atria and
air capillary formation (Fig. 11).
These were located in the mesen-
chyme ahead of the migrating epi-
thelial tubes, including parabronchi,
atria, and also in the walls of devel-
oping blood vessels.

DISCUSSION

The avian lung has a volume, which is
only three quarters that of mammals
of comparable size, whereas the gas
exchange surface area is 15% greater
(Maina et al., 1989). For corporate
data of different avian families, see
Duncker and Guentert (1985) and
Duncker (2000). This means that, dur-
ing lung development, the bird has to
pack more surface area in a smaller
noncompliant lung. This phenomenon
calls for ingenious mechanisms of cell
attenuation. Notably, the air capillar-
ies in birds grow by radiating into the
mesenchymal tissue (Maina, 2004),
quite unlike the alveoli in mammalian
lungs, which are formed by successive
and alternating phases of air space
expansion and septation (Pohland,
1986; Duncker, 1990; Makanya et al.,
2001; Schittny and Burri, 2003).

Epithelial Attenuation
During Mammalian Lung
Development

In mammalian lungs, the thin blood–
gas barrier is formed by conversion of
type II cells to type I cells (Kauffman
et al., 1974; Mercurio and Rhodin,
1976, 1978; Makanya et al., 2001). Pu-
tative superfluous cells are lost
through apoptosis (Schittny et al.,
1998; Stiles et al., 2001). Additionally,
interstitial tissue diminution brings
the capillary endothelium closer to the
alveolar epithelium and, in this way,
accomplishes a thin blood–gas bar-
rier, which is requisite for efficient gas
exchange (Burri and Weibel, 1977;
Makanya et al., 2001; Burri et al.,
2003). In the developing rat lung, at-
tenuation during pseudoglandular
stage inaugurates with shifting of
tight junctions from apical regions to-
ward the cell base (Burri and Weibel,
1977; Burri and Moschopulos, 1992).
However, mechanisms governing for-
mation of the thin barrier are poorly
understood (Duncker, 2000; Schittny

Fig. 6. Transmission (a–d) and scanning (e–h) electron photomicrographs illustrating the various
mechanisms involved in attenuation of the gas exchange epithelia during development of the
infundibula and air capillaries at E16. a–d: The epithelium lining the forming atria and infundibula
was of a low cuboidal type. Some of the cells sent long apical processes into the lumen (asterisks).
Electron-dense bands (double membranes) then developed at the bases of the projections (arrows
in a, c). The two leaves of the double membrane subsequently separated in the formation of cell
attenuation bodies. Short microvilli (arrowheads in b, d) were conspicuous at this stage. e–h:
Scanning electron photomicrographs showing a zoom-in on the club-like intraluminal cell pro-
cesses encountered during formation of the infundibula (If). These processes were mainly at the
base of the atria, whereas the rest of the epithelium was generally flattened. The processes had a
rounded apical part (asterisks in f, g, h), and a remarkably narrowed basal part (arrows). Numerous
microvilli and microfolds (arrowheads) were typical on the apical projections and the rest of the cell
surface.
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and Burri, 2003). It has been shown
that extrusion of lamellar bodies and
stretching of the type II cells (Ma-
kanya et al., 2001) contribute to for-
mation of the squamous pneumocytes.
Notably, programmed cell death was
not one of the mechanisms employed
by the avian lung during develop-
ment. Mechanical forces are impor-
tant for fetal alveolar epithelial cell
differentiation. However, the signal
transduction pathways regulating
this process and the genetic mecha-
nisms and molecules governing epi-
thelial differentiation remain largely
unknown.

Epithelial Attenuation
During Avian Lung
Development

The chick lung undergoes dramatic
embryonic development resulting in a
complex system of conducting airways
and gas exchanging compartments
(Figs. 1, 2). The mechanisms underly-
ing the formation of the remarkably
thin blood–gas barrier seen in the
adult avian lung has, for a long time,
remained enigmatic. The findings in
the current study indicate that the
avian lung uses mechanisms closely
related to those of exocrine secretion,

albeit in a programmed, time-limited
manner. In general, they result in cut-
ting or decapitation of the cell until
the required thickness is attained. In
the first step, the high columnar epi-
thelium undergoes dramatic size re-
duction and loses morphological polar-
ization by two main processes:
secarecytosis (cell decapitation by cut-
ting) and peremerecytosis (cell decap-
itation by squeezing, spontaneous
constriction, or pinching off). Alter-
nating and successive steps of secare-
cytosis and peremerecytosis reduce
the epithelial height.

Secarecytosis: Cell
Attenuation by Cutting

Here, we collectively describe the pro-
cesses that entail cell cutting under
one proposed name, secarecytosis,
adopted from the Latin word, secare,
which means to cut. Secarecytosis is a
process of cell cutting and subsequent
liberation of the apical cellular part,
which leads to the reduction in cell
height. It has at least two facets: cell
double-membrane formation followed
by separation between such mem-
branes or cell cutting by vesiculation
and/or vacuolation.

Secarecytosis by double
membrane formation.

This process starts by E8 so that an
apical portion of the polarized cells
protrudes into the lumen (Fig. 3). Si-
multaneously, there is shifting of lat-
eral cell junctions basally so that the
apical intercellular spaces open,
clearly delineating the apical projec-
tion. Subsequently, a transcellular
double membrane forms to separate
the apical from the basal part. A gap
develops between the membranes pro-
gressively separating the apical and
basal portions of the cell with the re-
sult that the apical part of the cell is
released into the lumen (see Fig. 3 and
also Figs. 11–14 in Testa-Riva and
Puxeddu, 1980). This process gener-
ally leads to formation of intraluminal
blebs of varied shapes and sizes. Early
during development (E11–E14), the
blebs were notably rounded and
closely resembled those of aposecre-
tion, safe for the presence of or-
ganelles in the rounded aposomal bod-
ies. Although this process occurs
predominantly during the earlier

Fig. 7. Transmission electron photomicrographs illustrating the additional mechanisms of epithe-
lial attenuation that occur as from E15. a–d: From embryonic day 15 (E15), the process of cell
attenuation entailed formation of many large and small vacuoles or vesicles (V and small arrows in
a respectively) in the epithelium. In subsequent steps, the vacuoles enlarged (V in b) and fused with
the apicolateral plasma membrane (V and arrows in C) and in so doing, left microfolds and microvilli
of varying shapes and sizes (arrowheads in d). Ac denotes air capillaries, whereas Ca stands for
blood capillaries. Note the varied heights and distribution of the apical cell projections (see
arrowheads in d), quite unlike microvilli found in epithelia. e,f: In an alternative step, contiguous
vacuoles coalesced and fused with their neighboring cognates (arrowheads in e) and, in so doing,
cut off large parts of the apical portions of the cells (asterisks in e, f). Although the events described
above cannot be unequivocally demonstrated on still pictures, the appearance of vacuoles and
vesicles (a–c), their subsequent disappearance and formation of microvilli and microfolds (d) and
formation of intraluminal blebs (f), plausibly depict the processes of secarecytosis by vacuolation
and vesiculation.
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stages of cell attenuation, it continues
at a lower level during the entire em-
bryonic development. Formation of tu-
bules above the dividing membrane
parallel to the membrane probably
leads to separation of the aposome
from the basal part of the cell. A sim-
ilar phenomenon has been described
in apocrine glands, where tubules
form parallel to and above the mem-
branes and the subsequent detach-
ment of the protrusion occurs
(Schaumburg-Lever and Lever, 1975;
Hashimoto, 1978; Zeller and Richter,
1990; Gesase and Satoh, 2003). Posi-
tive staining for f-actin at the inter-
phase between the protruding apo-
some and the basal part of the cell
strongly supports this hypothesis for
the developing lung epithelium (see
Fig. 4).

Secarecytosis by coalescing
vesiculation and vacuolation.

The quintessence of decapitation by
vesiculation is formation of vesicles in
rows below the cell portion to be sev-
ered. Such vesicles (endocytic cavities
smaller than 50 nm in diameter) fi-
nally fuse with their neighboring cog-
nates and then with apicolateral
plasma membrane and, in so doing,
sever the aposomal projection from
the rest of the cell (see Fig. 7). This
process occurs much later and appears
to target mainly attenuation of the
low cuboidal epithelium in the forma-
tive atria as well as in the migrating
air capillaries. Notably, the released
aposomal bodies contained abundant
organelles and had several microfolds.
Plausibly, the microvilli/microfolds re-
sulted from the fusion of contiguous
vesicular membranes (see Figs. 6,
7e,f), at the interphase between the
aposome and the basal part of the cell,
hence discharging the aposome. Simi-
lar demarcating vesicles have been re-
ported during aposecretion in exocrine
glands (Smith and Hearn, 1979; Ge-
sase et al., 1996; Gesase and Satoh,
2003), with the notion that the demar-
cating vesicles were morphologically
different from secretory vesicles
(Smith and Hearn, 1979). Secarecyto-
sis by coalescing vacuolation is similar
to the processes described above, the
difference being in the size of the par-
ticipating endocytic cavities (greater
than 50 nm in diameter). This process

is contemporaneous with secarecyto-
sis by vesiculation and mainly atten-
uates the low cuboidal epithelium in
the formative atria as well as in the
migrating infundibula and air capil-
laries. Notably, the released aposomal
bodies contained abundant organelles
and had several microvilli. The mi-
crovilli/microfolds resulted from the
fusion of contiguous vacuoles, as may
be deduced from the thin membranes
separating contiguous vacuoles. A

similar process has been described by
Satoh et al. (1992) and Gesase et al.
(1995), which was dubbed “massive
exocytosis” due to the absence of api-
cal protrusions that are characteristic
of classic aposecretion. This process
was later qualified to nonprotrusion
aposecretion by Gesase and Satoh
(2003), because portions of the cyto-
plasm trapped between vesicles were
released into the glandular lumen,
leaving cup-like concavities.

Fig. 8. Transmission electron photomicrographs illustrating the mechanisms involved in cell
attenuation during conversion of the granular pneumocytes (type II cells) to squamous pneumo-
cytes. Air capillaries are denoted Ac and blood capillaries Ca. a–c: The epithelia of air capillaries at
embryonic day 18 (E18) still contained many lamellar bodies (arrow in a and asterisks in b, c,). Such
lamellar bodies were extruded by bulging onto the apical plasma membrane with subsequent
rupture of the membrane (arrowheads in c). The process of attenuation by rupturing vacuolation
(see V in a and b) entailed development of vacuoles and fusion of their membranes with apical
plasma membrane with subsequent release of vacuolar contents. d: An alternative method of
eliminating lamellar bodies entailed formation of vacuoles beneath the lamellar bodies with sub-
sequent rupture of the vacuoles (arrow), so that the lamellar bodies were discharged together with
part of the cytoplasm. e: The cellular debris and the resultant lamellar bodies (asterisks) discharged
into the lumen were plausibly cleared by pulmonary macrophages (PM), as may be inferred from the
presence of numerous lamellar bodies in the latter cell. f: In the later stages of development of the
maturing lung, the type II cells (asterisks) with lamellar bodies (arrowheads) were confined to the
atrial region only. At, atria separated by interatrial septa.
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Secarecytosis by Rupturing
Vacuolation and Vesiculation

In this case, vacuoles (membrane
bound cavities larger than 50 nm in
diameter) are formed at the apical
part of the cell, the vacuoles enlarge,
putatively by accumulation of fluid
from the cell and, therefore, tend to
protrude toward the lumen above the
general cell surface, then the vacuolar
membrane fuses with the apical
plasma membrane, releasing its con-

tents into the lumen and forming shal-
low concavities separated by micro-
folds and microvilli. Alternatively, the
cell may form vesicles (tiny vacuoles
less than 50 nm in diameter) in a des-
ignated region. Fusion of such vesicles
with the apical plasma membrane re-
sults in rupture and formation of tiny
microvilli but with concomitant reduc-
tion in cell height. The microfolds/mi-
crovilli formed as a result of vacuola-
tion and vesiculations are then

severed by progressive thinning and
constriction at the base with ultimate
formation of a smooth, squamous epi-
thelium (Fig. 9). Successive phases of
formation of such vacuoles and vesi-
cles, their rupture, consequent forma-
tion, and severance of microvilli plau-
sibly discharges substantial portions
of the fluid and solid portions of the
cell so that, at the time of hatching,
the respiratory epithelium is thin,
smooth, and squamous.

Physiological secretion during exocy-
tosis is known to occur through fusion of
the vesicular membrane with the apical
cell membrane forming small pores
(Kliewer et al., 1985). However, during
secarecytosis by rupturing vacuolation,
the fusion of the vacuole membrane
with the apical plasma membrane re-
sults in rupture of the vacuole, dis-
charge of the entire contents, and for-
mation of microvilli and microfolds, as
may be deduced from the disappear-
ance of the vacuoles and the resultant
microvilli and microfolds. Notably, nu-
merous microvilli are formed during se-
carecytosis, but such are noted to disap-
pear during both apocrine and
nonapocrine secretion (Gesase and Sa-
toh, 2003). Decapitation of microvilli
during avian lung development occurs
as a final step, through constriction at
the base.

Peremerecytosis: Cell
Decapitation by Squeezing,
Constriction, or Pinching Off

Peremerecytosis is morphologically dis-
tinguished by apical club-like cell pro-
trusions (see Figs. 3, 6). In spontaneous
peremerecytosis, the cells become ta-
pered, intercellular spaces between the
apical parts of the cells widen, and the
cells become constricted at the supranu-
clear region until the apical part is
squeezed out. In some cases the better-
endowed cognate neighbors squeeze a
sandwiched cell out until the apical por-
tion is ejected. In either case, progres-
sive thinning of the stalk of the protru-
sion results in severing of the aposome.
Aposecretion by pinching off has been
described in glands (Gesase and Satoh,
2003). Classic aposecretion is character-
ized by bulging of the apical cytoplasm,
absence of subcellular structures, and
presence of membrane bound cell frag-
ments, the so-called aposomes (Deyrup-
Olsen and Luchtel, 1998). However,

Fig. 9. Transmission electron photomicrographs showing the terminal mechanisms involved in cell
attenuation during the development of a thin blood–gas barrier. a,b: Continued vesiculation and
vacuolation, fusion, and rupture of vacuoles and vesicles resulted in numerous cell attenuation bodies
of varied sizes and shapes (arrowheads in a) within the air capillaries (Ac) as well as microfolds and
microvilli of irregular shapes and sizes (arrows). The blood capillaries (Ca) approached the thinning
epithelium (E) to form a thin blood–gas barrier. c,d: The cell attenuation bodies became fewer in air
capillaries (Ac) by embryonic day 19 (E19), and the microfolds and microvilli (arrows) were reduced in
number and much shorter. Notice the blood capillaries (Ca) now approximated the air capillaries (Ac)
epithelium to form the thin blood–gas barrier. The microfolds and microvilli were severed by the process
of spontaneous strangulation (arrowheads in d). e,f: By E20, there were virtually no microfolds or
microvilli. The mesenchyme was reduced, and numerous air capillaries (Ac) were closely apposed to
blood capillaries (Ca) forming a thin blood–gas barrier (arrowheads e). All the microvilli and microfolds
had disappeared so that the only distinguishing feature between the air capillaries and the blood
capillaries was the presence of red blood cells (Er) in the latter. EC, endothelial cell.

BLOOD–GAS BARRIER FORMATION IN CHICK LUNG 77



this differs from the current observa-
tions in that the decapitated portion of
the cells during development contains
major organelles; sometimes an entire
cell is squeezed out. The mechanisms
that cause thinning of the aposomal
stalk are unknown (Gesase and Satoh,
2003), but actin filaments are probably
involved (Metzler et al., 1992; Aumuller
et al., 1999; Stoeckelhuber et al., 2000,
see also Fig. 4).

Role of �-SMA–Positive Cells
During Parabronchial
Development

The establishment of a thin blood–gas
barrier occurs concomitantly with para-
bronchial expansion and formation of
atria, infundibula, and air capillaries.
Early during development (E8) �-SMA–
positive cells become associated with
the basal aspects of parabronchial epi-
thelial cells and surround the latter.
However, such cells are interrupted by
gaps through which the formative atria
sprout. As soon as the atria are pat-
terned, the �-SMA staining intensity
declines dramatically, probably due to
the reduction of �-SMA–positive cells
by apoptosis and/or their transforma-
tion to fibroblasts. The driving mecha-
nisms involved in the pattering of
�-SMA–positive cells are at the moment
unclear. Putatively, �-SMA–positive
cells participate in the patterning of the
formative atria but finally are restricted
to supporting the interatrial septa in
the prehatch embryo.

Contractile cells have been associated
with apocrine and holocrine secretion
(Aumuller et al., 1999). During milk se-
cretion, for example, myoepithelial cells
are known to squeeze the secretory ep-
ithelium and, in so doing, facilitate the
release of milk into the secretory acinus
(Furuya et al., 2004; Macuhova et al.,
2004). The association of �-SMA–posi-
tive cells with the parabronchial epithe-
lium during the time of secarecytosis
and peremerecytosis probably is impor-
tant in facilitating these aposecretion-
like cell attenuation processes.

Putative Mechanisms in
Physiological Secretion,
Secarecytosis, and
Peremerecytosis

Mechanisms in aposecretion have
been reviewed recently by Gesase and

Fig. 10. Immunohistochemical staining (dark brown coloration) for �-SMA (�-smooth muscle actin, a
protein found in smooth muscle cells) of lung specimens at different developmental stages. a,b: At the
formative stages of the parabronchi (embryonic day 8, E8), the epithelium was surrounded by a layer of
�-SMA–positive mesenchymal cells interrupted by intervening gaps (arrowheads in a). By E12 (b), the
gaps between the �-SMA–positive cells were smaller but occurred more frequently and were more
regularly spaced. The first strands of migrating epithelial cells (arrows in b), which represented the
sprouting atria, invaded the mesenchyme through gaps delineated by the �-SMA–positive cells. c,d: By
E14, columns of parabronchial epithelial cells had penetrated deeper into the surrounding mesenchyme
(arrows). Note that d is an inset of c at higher magnification showing the migrating atrial cells (arrows).
e,f: The atria (At) at E16 formed through the gaps between the �-SMA–positive cells (arrows in e), and
the latter cells marked the incipient interatrial septa.. The �-SMA–positive cells formed a network or
honeycomb-like pattern surrounding the parabronchus as depicted in e� (inset). At a higher magnifica-
tion (f), the formative atria (At) opening into the parabronchial lumen (Pb) were clearly delineated by the
dark staining immunopositive cells. g,h: By E18 (g,h), the interparabronchial septum was thin (arrows in
g) but well endowed with blood capillaries. The atria (At in h) were well formed, continuous with the
infundibula (arrowheads in h), and separated by prominent interatrial septa whose tips were reinforced
with �-SMA–positive cells (arrows in h). Pb denotes parabronchial lumina. Note that h is an inset of e
at a higher magnification.
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Satoh (2003), with the notion that the
biochemical and physiological path-
ways regulating aposecretion as well
as the plasma membrane dynamics
are poorly understood. This is compli-
cated by the fact that, in most occa-
sions, aposecretion is accompanied by
exocytosis. Physiological release of
surfactant occurs through elliptical
cell surface pores averaging 0.2 � 0.4
microns in size on the alveolar lumi-
nal side of type II cells. In the atten-
uating epithelium of the chicken lung,
entire lamellar bodies were released
either through large apical pores or
together with part of the cytoplasm by
abscising vacuolation (secarecytosis).

The plasma membrane dynamics
during apocrine secretion have not
been extensively investigated (Gesase
and Satoh, 2003). Participation of cy-

toskeletal proteins, such as myosin
and gelsolin (Aumuller et al., 1999) or
even actin (Stoeckelhuber et al., 2003)
in the pinching off of the apical pro-
trusion during aposecretion has been
implicated. In the chick embryo lung,
the presence of actin filaments in the
constricting aposome has been demon-
strated in the current study. These
actin filaments putatively participate
in aposomal constriction during pere-
merecytosis. Furthermore, actin fila-
ments are known to be associated with
the cell adhesion belt (Volberg et al.,
1986) and, in the current study, have
been used as indicators for distal relo-
cation of cell junctions. During embry-
onic development, ingressing cells are
known to change shape and their api-
ces constrict, putatively through acti-
nomyosin contraction (Shook and

Keller, 2003). Such a constriction dis-
places the organelles basally in readi-
ness for migration (Shook and Keller,
2003). Physiologically, aposecretion is
archetypical in the reproductive sys-
tem and is controlled by hormones and
muscarinic innervation (Aumuller et
al., 1999). Apparently, formation of
the thin blood–gas barrier in the
avian lung follows mechanisms differ-
ent from those reported for mammals.

Apoptosis and Formation of
the Thin Blood–Gas Barrier

It is obvious, that active cell death is
not directly involved in the attenua-
tion of the chicken lung epithelium.
Despite this finding, the process is
very important in the formation of the
thin blood–gas barrier. The dying

Fig. 11. Terminal transferase-mediated dUTP nick-end labeling (TUNEL) assay illustrating the type and location of the dying cells (dark coloration)
during chick embryo lung development. a,b: At embryonic day 10 (E10), the apoptotic cells were localized in the mesenchyme surrounding the
parabronchi (arrowheads) or occasionally in the blood vessels (arrow). At higher magnification, it was obvious that they occurred in the regions between
the �-smooth muscle actin–positive cells, which were the passageways for the sprouting atrial tubes (arrows). c,d: At E15, the apoptotic cells were
located in the mesenchymal tissue between the atria (arrowheads) and seldom at the tip of the interatrial septa (arrow).
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mesenchymal cells give way to the ex-
panding and migrating epithelial
tubes. Putatively, this process has a
precise temporospatial regulation. It
is intriguing how the mesenchymal
cells immediately ahead of the migrat-
ing epithelial tubes become the initial
targets of apoptosis. During atria for-
mation, mesenchymal cell apoptosis is
responsible for diminution of the in-
terstitium between the epithelial
tubes and, hence, participates in the
approximation and subsequent appo-
sition of the attenuated epithelium to
the capillary endothelium and the ul-
timate establishment of a very thin
blood–gas barrier.

EXPERIMENTAL
PROCEDURES

Experimental Animals

Brown Leghorn eggs were incubated
at 37°C and a humidity of 65%. Em-
bryos covering Hamburger and Ham-
ilton stages 19 to 45 were obtained
and processed according to the meth-
ods described below.

Microscopy

For both light microscopy and trans-
mission electron microscopic studies,
lungs were fixed using a solution of
2.5% glutaraldehyde in 0.1 M cacody-
late buffer (pH 7.4, 350 mOsm). Tis-
sue blocks were postfixed in osmium
tetroxide, block-stained using uranyl
acetate, dehydrated through ascend-
ing concentrations of ethanol, and em-
bedded in epoxy resin. Semithin sec-
tions were obtained at a nominal
thickness of 5 �m, stained with tolu-
idine blue, and viewed under a Leica
or Coolscope light microscope. Ultra-
thin sections were obtained at 90 nm,
counterstained with lead citrate, and
viewed on a Philips EM-300 micro-
scope. For the scanning electron mi-
croscopy, the lungs were fixed by in-
tratracheal infusion of the same
fixative as above or total immersion of
the specimen into the fixative. Se-
lected lung specimens were dehy-
drated through ascending concentra-
tions of ethanol, critical point-dried in
liquid carbon dioxide, and mounted on
aluminium stubs. The specimens were
sputter-coated with gold and viewed
under a Philips XL 30 FEG scanning
electron microscope.

Immunohistochemistry for
�-SMA

Specimens destined for immunohisto-
chemistry were fixed by intratracheal
infusion of 4% paraformaldehyde, or
total immersion into the same fixa-
tive, rinsed in 15% sucrose solution,
and then stored in 70% ethanol. Tis-
sue blocks were embedded in parafin
wax and sections were obtained at a
nominal thickness of 3 �m. Paraffin
sections were transferred to gelati-
nized microslides and air-dried over-
night at 37°C. They were dewaxed in
xylene (three changes), rehydrated in
graded series of ethanol, and rinsed
twice in Tris-buffered saline (TBS) 50
mM Tris/HCl (pH 7.4), containing 100
mM sodium chloride. After incubation
with the first antibody diluted in TBS,
mouse anti-SMA (1:200; Sigma,
Buchs, Switzerland), sections were ex-
posed to an affinity-purified biotinyl-
ated second antibody (anti-mouse EO
433, Dako; Glostrup, Denmark; di-
luted 1:200 in TBS) for 45 min at am-
bient temperature, washed three
times in TBS, then treated with the
avidin–biotin–horseradish peroxidase
complex (P355, Dako, Glostrup, Den-
mark) for a similar period. The reaction
products were visualized by exposing
the sections to 3-amino-9-ethylcarba-
zole or 3,3-diaminobenzidine (Sigma
Chemicals Company, St. Louis, MO) for
10 min. Negative controls were pre-
pared using nonspecific mouse sera.

Terminal Transferase-
Mediated dUTP Nick-End
Labeling Assay

The terminal transferase-mediated
dUTP nick-end labeling (TUNEL) as-
say is used as a marker of apoptosis.
The method applied is based upon
that described by Schittny et al.
(1998). Briefly, 3-�m-thick paraffin-
embedded sections were dewaxed in
xylene (three changes), rehydrated in
ethanol, rinsed twice in TBS, and in-
cubated in a solution of proteinase K
(20 �g/ml of TBS) for 15 min at ambi-
ent temperature. Endogenous peroxi-
dase activity was suppressed by treat-
ment with 0.3% hydrogen peroxide for
10 min at ambient temperature. The
sections were then incubated first
with terminal deoxynucleotidyl trans-
ferase (TdT) for 60 min at 37°C and

then with a peroxidase-conjugated an-
ti-digoxigenin antibody for 30 min at
ambient temperature. The reaction
was visualized by exposing sections to
the enzyme substrate diaminobenzi-
dine for 8 min at ambient tempera-
ture.

Alexa–Phalloidin Staining
for F-actin

Chick embryo lungs were dissected
out on E12, snap frozen in isopentane,
and cooled in liquid nitrogen. Cryostat
sections (8 �m) were prepared and in-
cubated for 30 min with Alexa fluor–
phalloidin 488 (Molecular Probes) di-
luted 1:500 in phosphate-buffered
saline (PBS). After a rinse in PBS, the
sections were fixed in 4% paraformal-
dehyde in HEPES buffer and then
washed and mounted in gelvatol. The
specimens were viewed in a ZEISS
LSM Meta 510 confocal microscope.
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