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Abstract

Background: During development of the avian lung, the initially terminally

branched epithelial tree later forms a continuous network of airways. This

occurs via a large-scale epithelial fusion event, wherein airways that originate

proximally collide with those that originate distally to form one continuous

lumen.

Results: Here, we found that prior to fusion, the epithelium of the embryonic

chicken lung undergoes a shape change to permit the initiation and extension

of new branches which contain the cells that initiate contact. These changes in

epithelial shape coincide with the differentiation of smooth muscle cells that

wrap the airways. From these nascent epithelial branches, individual cells

form cytoskeletal protrusions that extend toward and form a bridge with their

target airway. Additional cells then join the fusion site, forming a bilayered

epithelium. During this process, the basement membrane around the

prefusion epithelium degrades and then reforms after fusion. The epithelial

bilayer then undergoes apoptosis, clearing the path between the two lumens.

Conclusions: The process of airway epithelial fusion in the developing

chicken lung constitutes a novel mechanism for the generation of complex

multicellular tubes and suggests a conserved role for smooth muscle in the

shaping of airway epithelia.
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1 | INTRODUCTION

Transitioning from fully aquatic to terrestrial life presents a
multitude of evolutionary challenges, with perhaps the
largest being the need for a new organ with which to
extract oxygen from the air and expel carbon dioxide from
the blood. In the absence of water to keep them inflated,

the delicate structures of the gills collapse and thus renders
these gas exchangers useless for fully terrestrial organisms.
The solution to this gas-exchange problem first emerged as
small, vascularized esophageal pouches,1 which over mil-
lions of years evolved into the variety of lung structures
that exist today. In contrast to the bronchoalveolar struc-
ture of the mammalian lung, wherein the terminally
branched airways form cul-de-sacs for gas exchange, the
avian lung consists of a continuous network of inter-
connected airways that promote the unidirectional flow of

Abbreviations: Par3, partitioning defective 3 homolog; αSMA, alpha-
smooth muscle actin.
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air.2 This organization allows for cross-current gas
exchange, which is more efficient than the alveolar system
of the mammalian lung.3 The continuous network of air-
ways is generated by epithelial fusion or anastomosis, a
process that was first appreciated more than a century ago4

but that has largely been ignored since.
The capacity of the developing avian lung to fuse its

proximal and distal airways to form a continuous circuit
allows an airflow pattern that is unique to archosaurs
and more efficient at exchanging oxygen and carbon
dioxide with the blood than the alveolar lungs of mam-
mals. Unidirectional airflow was first thought to have
evolved in theropod ancestors of birds as an adaptation to
maintain endothermic metabolism and to allow the
transport of oxygen necessary for flight.5 However, it is
now believed that this flow pattern appeared in sac-like
lungs much earlier in the archosaur lineage, with the
complex respiratory system observed in modern birds
evolving to more robustly facilitate unidirectional flow.6

In order to form these structures, the avian lung transi-
tions from a terminally branched tree to a closed circuit
of airways via a large-scale epithelial fusion event.

Despite differences in their mature structures, the
avian and mammalian lungs both begin their develop-
ment by the ventral outpouching of a primordium from
the foregut endoderm.2,7 At the earliest stages of morpho-
genesis, the gross architectures of both the avian2 and
mammalian8 airways are generated by domain
branching, a process wherein a new branch forms later-
ally from the side of an existing epithelial tube. The
mammalian lung also ramifies its airways through termi-
nal bifurcation, in which the tip of a parent branch splits
to form two daughter branches.8 In contrast, the early
avian airways are formed primarily via domain
branching.2,9 These domain branches give rise to the pri-
mary, secondary, and tertiary bronchi (parabronchi)
found in the avian lung.2

The importance of reciprocal signaling between the air-
way epithelium and its surrounding mesenchyme is well
appreciated in mammalian lung development.10 While sig-
nificantly less is known about this cross-talk during devel-
opment of the avian lung,2 the signaling that generates
early branching appears to be conserved between mam-
mals and birds, as similar expression patterns have been
detected for Sonic hedgehog,11 fibroblast growth factors,12

and canonical Wnt13 in the embryonic lungs of mice and
chickens. Nonetheless, the cellular behaviors and physical
forces that generate domain branches are distinct between
the two classes of vertebrates: whereas branches appear to
be sculpted passively by mechanical stresses exerted by dif-
ferentiation of airway smooth muscle in the mouse,14,15

they fold themselves actively by apical constriction of the
epithelial tube in the chicken.16 The cellular behaviors that

drive airway anastomosis during later stages of develop-
ment in the avian lung are unknown.

Epithelial fusion yields the final structures of a variety
of different lumen-containing tissues, including the Dro-
sophila trachea17 and the mammalian pancreas.18 All epi-
thelial fusion events require mechanisms to guide two
distinct epithelial structures toward one another, mecha-
nisms to enable the two epithelia to sense and form con-
tacts with each other, and mechanisms that allow the
cells to reorient themselves in both location and polarity
to form a continuous lumen through the newly fused
tube. Complications can arise when structures fail to
merge in the correct location. In pancreas divisum, the
pancreatic ducts fail to properly fuse,19,20 which can
result in chronic pancreatitis21 and increase the risk for
pancreaticobiliary tumors.22 Similarly, the luminal fusion
of the collecting duct and nephrons is required for proper
function of the kidney, and aberrant fusion can result in
cases of diffuse renal dysplasia or hydronephrosis.23

During the final stages of development of the avian
lung, the terminally branched parabronchi that emerge
from the anterior side of the organ undergo extensive
fusion with those that emerge from the posterior side,
thus closing the circuit that allows for unidirectional air-
flow.2,4 The columnar epithelial cells that form the anas-
tomosing parabronchi are part of the single continuous
lung epithelium that originates from the gut tube early in
development, which by the time of fusion has elongated
and branched to form a complex epithelial tree sur-
rounded by mesenchyme. Here, we investigated the cel-
lular mechanisms that direct airway fusion in the bird.
We used immunofluorescence analysis of embryonic
chicken lungs isolated at multiple stages of development
to map out the physical events that occur during airway
epithelial fusion. Our data suggest that this process is
associated with the differentiation of smooth muscle,
which appears around the airways as the epithelium
moves toward its fusion partner. We also visualized base-
ment membrane remodeling during fusion and identified
a role for apoptosis in generation of the continuous
lumen. Understanding how epithelial fusion is directed
in the lung could provide new tools with which to under-
stand and treat fusion-related malformations during
embryonic development.

2 | RESULTS

2.1 | Airway anastomosis occurs midway
through embryonic development

Airway anastomosis in the embryonic chicken lung was
first visualized in the early 1900s using metal casting and
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bright-field microscopy of sectioned tissues that were
treated with oil.4 Parabronchial airways originating from
the anterior region of the lung were found to undergo
fusion with those originating from the posterior region,
thus creating a closed, continuous circuit for the flow of
air.4 The techniques of that scientific era precluded cellu-
lar-level analysis of the fusion process.

To visualize airway fusion with cellular-level resolu-
tion, we began by staining the airway epithelium for
E-cadherin (Figure 1A-E). This immunofluorescence anal-
ysis revealed that at Hamburger Hamilton (HH) stage 36
(Figure 1B), the lungs contain two rows, or fronts, of air-
ways the tips of which face each other. By examining
whole lungs and counting visible airways, we determined
that each front is comprised of approximately 40 airways
on the surface of the lung (Figure 1B). Over the following
2 days, these airways elongate, make contact, and fuse. At
HH36, the two fronts of elongating airways are an average
of 126 μm apart (Figure 1B0, F). By HH37, this distance

has decreased by half and the approaching airways are an
average of 63 μm apart (Figure 1C, F). At HH38, the air-
ways are almost touching and are separated by an average
distance of 17 μm (Figure 1D, F). By HH39, approximately
76% of the airways have made contact with each other
and the average distance between airways is 1.6 μm (Fig-
ure 1E-G). Anastomosis continues until HH40, when
fusion of airways in the cranialmost portion of the lung is
complete (Figure 1G).

2.2 | Airway anastomosis is not
stereotyped

Early development of both the chicken and mouse
embryonic lungs is highly stereotyped, with branches for-
ming at precise positions that are conserved across indi-
viduals of each species.8,24 To determine whether this
stereotypy extends to the later stages of lung development

FIGURE 1 Airway fusion in the embryonic chicken lung. A, Schematic representation of a chicken lung showing body axes. Projected

images of immunofluorescence analysis for E-cadherin in whole left lungs at, B, HH36, C, HH37, D, HH38, and, E, HH39. F, Average

distance between airways in approaching fusion fronts at different stages of development (measurement indicated by white arrow in B0).
G, Fraction of airways that have made contact with their fusion partners at different stages of development. Scale bars, 1 mm. Shown are

mean ± SEM. HH36, Hamburger Hamilton stage 36
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in the chicken, we characterized the patterns of airway
anastomosis across individual embryos. To enable visuali-
zation of the tissue under higher magnification, we sec-
tioned the lung by removing the cranialmost portion,
beginning the incision at the cranialmost costal sulcus
and slicing toward the trachea (Figure 2A). This cranial
portion of the lung is suitable for imaging because it con-
tains two rows of airways that anastomose with each
other within a single plane. To determine whether anas-
tomosis is stereotyped, we isolated the cranial portions of
HH37 lungs, labeled the airway epithelium with immu-
nofluorescence for epithelial cytokeratins (Figure 2B),
and used the resulting images to construct branching dia-
grams of the dorsal row of airways (Figure 2C). We deter-
mined the extent to which the diagrams of the lungs
from 10 embryos could be aligned as a measure of the ste-
reotypy of airway fusion (Figure 2D). Surprisingly, we
found little alignment between the branching diagrams
of the lungs from different embryos, with the average
alignment at �53%.

To control for slight variations in developmental
stage, we performed the same analysis for embryonic
chicken lungs at earlier stages of development. At HH30,
when stage-matched lungs are known to be stereo-
typed,24 we found that the average airway alignment is
�79% (Figure 2D). Comparing the results from chicken
lungs at HH30 and HH37 suggests that the low stereotypy
observed at HH37 is less than what would be expected
from random variability in developmental stage alone.
These data indicate that the pattern of the airways in
HH37 lungs, and thus the pattern of airway anastomosis,
is not stereotyped.

We also observed that the gross morphology of the
lung is not stereotyped. We found that 75% of lungs con-
tain three costal sulci (Figure 2E, G) and the remaining
25% have four costal sulci (Figure 2F, G). Since the costal
sulci are formed when the lungs grow against the ribs,25

this variability in number suggests that there might be
small differences in the relative size or position of the

lungs within the chest cavity of the developing chicken
embryo. To further analyze the stereotypy of avian lungs
at these stages, we measured the spacing between parallel
elongating airways from the same front. We found that
while there is some variability in the spacing of airways
within an individual lung, the average spacing is not
influenced by its overall morphology, as inferred by the
number of costal sulci (Figure 2H). Furthermore, we
found that the number of costal sulci is not correlated
with the overall size of the lungs (Figure 2I). Altogether,
these data suggest that the avian lung is not stereotyped
during the fusion stages of its development and instead
shows a wide range of airway patterns and overall
morphology.

2.3 | The epithelium bends prior to
fusion and extends cytoskeletal bridges

In order for fusion to occur, the approaching airways
must first make contact with each other. To identify tis-
sue-level or cellular-level changes in the epithelium that
might facilitate these contacts, we isolated cranial por-
tions of lungs between HH36 and HH39 and labeled the
airway epithelium using immunofluorescence analysis
for E-cadherin to enable visualization at higher magnifi-
cation. During this period of development, the par-
abronchial airway is comprised of a simple columnar
epithelium. At HH36 (Figure 3A) and HH37 (Figure 3B),
the airways that will undergo anastomosis are actively
elongating parallel to each other on both the ventral and
dorsal sides of the lung.

Immediately prior to anastomosis, at HH38, we
observed changes in the geometry of the airway epithe-
lium that coincide with the fusion process. Intuitively, we
expected that the approaching airways would undergo
head-on collisions to initiate fusion. Instead, we consis-
tently found that airways bend away from their fusion
partner as they approach each other (Figure 3C), a

FIGURE 2 Evaluation of stereotypy in late-stage chicken lung development. A, Schematic illustrating the cut (dashed line) used to

generate cranial sections for high-magnification imaging. Costal sulci (black arrows) provide landmarks for dissection. B, Representative

HH37 lung used to assess stereotypy. Shown is a projected image of immunofluorescence analysis for cytokeratin. Highlighted region

shows airways used to construct branching diagrams. C, Branching diagrams constructed from dissected lungs. D, Quantification of the

fraction of airways that were aligned in HH37 lungs and the fraction of airways that were aligned in HH30 lungs in all pairwise

combinations of overlaid branching diagrams for each respective developmental stage. Projected images of immunofluorescence analysis

for epithelial cytokeratins reveals that a fraction of the HH37 lungs contained, E, three costal sulci, while the remainder contained, F, an

additional fourth sulcus (white arrow). Representative higher magnification images are shown for both cases (E',F'), G, Fraction of HH37

lungs with either three or four costal sulci (n = 36). H, Spacing between parallel elongating airways in HH37 lungs with three or four

costal sulci (measurement shown by white arrow in E0). Shown are mean ± SEM (n = 4, 3). I, Height and width of HH37 lungs with three

or four costal sulci (measurement indicated by white arrow in E). Shown are mean ± SEM (n = 4, 3). Scale bars, 500 μm. HH37,

Hamburger Hamilton stage 37
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process we refer to as “tip bending.” As a result of tip
bending, the airways initiate fusion along their sides as
opposed to at their tips. In some cases, after bending
away from each other, the airways continue to elongate
and thus increase the distance between their tips. Follow-
ing the tip-bending process, we frequently observed the
initiation of a new branch from the side of the airway
epithelium proximal to the fusion partner (Figure 3D).
This branch appears to contain the cells that will make
the first contact. From this nascent branch, we found that
the epithelium extends one or more cytoskeletal protru-
sions into the intervening mesenchyme (Figure 3D) and
subsequently makes contact with the epithelium of the
fusion partner, creating bridges consisting of cytoskeletal
extensions that connect the fusing airways (Figure 3E).
After formation of the cytoskeletal bridges, additional
cells progressively join the connection between the two
airways until a complete, bilayered epithelium forms
between the two fusion partners (Figure 3F). After
fusion, the bilayer is cleared, thus generating a continu-
ous lumen that links the two airways (Figure 3G). These
data suggest that avian airway anastomosis involves a
complex cascade of epithelial dynamics, characterized by
an initial change in airway shape, followed by cytoskele-
tal extensions that facilitate larger-scale epithelial colli-
sion, and concluding with the clearing of the epithelial
cells between the two lumena (Figure 3H).

During this period of development, we also observed
that the dimensions of the epithelium vary along the air-
way. At HH36, HH37, and HH38, the epithelial cells at
the tip of the airway are significantly longer in their api-
cal-basal axis than those in the stalk (Figure 3I). This dif-
ference in cell shape suggests that there is either a
compressive force acting on the cells in the stalk or that
the epithelial cells actively constrict to change shape. The
airway epithelium is surrounded by mesenchyme (Fig-
ure 3J), which could provide a physical force or chemical
signal to influence these changes in epithelial shape. The
epithelial cells that extend cytoskeletal protrusions into
the surrounding mesenchyme during fusion take on a some-
what mesenchymal morphology. In order to determine
whether these cells undergo partial epithelial-mesenchymal
transition (EMT) during fusion, we analyzed the expression

of the mesenchymal markers vimentin (Figure 3K) and
Slug (Figure 3L), which are typically expressed by epithe-
lial cells undergoing EMT. Immunofluorescence analysis
revealed that these proteins are localized only in the mes-
enchyme and do not appear in the epithelium, suggesting
that the epithelial cells do not undergo any partial EMT
while generating the cytoskeletal extensions that facili-
tate fusion.

2.4 | Smooth muscle wraps the
epithelium up to the tip of the extending
airway

We next focused on uncovering the physical mechanisms
that drive the processes of tip bending and branch initia-
tion preceding airway fusion. In the mouse lung, the epi-
thelium folds into branches in response to forces exerted
by the surrounding airway smooth muscle.14,15 Smooth
muscle cells differentiate from the mesenchyme and
wrap the airway epithelium from outside the basement
membrane.26 In the embryonic chicken lung, airway
smooth muscle cells first appear at HH34, after which
they wrap circumferentially around the airway epithe-
lium.27 We therefore hypothesized that airway smooth
muscle differentiation might be associated with changes
in the shape of the airway epithelium and the initiation
of new branches prior to airway fusion.

We used immunofluorescence analysis for α-smooth
muscle actin (αSMA) to label airway smooth muscle cells
at the stages of lung development leading up to airway
fusion. At HH37, we found that the stalks of the airways
are wrapped by smooth muscle, but the tips lack this cov-
erage (Figure 4A). At this stage, airway smooth muscle
wraps the airways up to an average distance of 80 μm
from the tip (Figure 4D). By HH38, airway smooth mus-
cle wraps the stalks closer to the tips, leaving an average
of 46 μm between the end of smooth muscle coverage
and the leading edge of the airway (Figure 4D). Addition-
ally, the coverage is incomplete and some gaps in smooth
muscle remain near the tip (Figure 4B). Immediately
prior to fusion, the nascent epithelial branches emerge
from gaps in airway smooth muscle coverage and extend

FIGURE 3 Analysis of the airway epithelium during fusion. A-G, Immunofluorescence analysis for E-cadherin (Ecad) in lungs at

different stages of the fusion process. Projected images are shown for low (') and medium magnification images, and a single optical section

is shown for high magnification images (''). White arrows in D indicate nascent epithelial branches and white arrow in D00 indicates
cytoskeletal extensions. H, Schematic of the changes in the airway epithelium that occur during fusion. I, Apical-basal thickness of the

epithelium in the tips and stalks of airways during the different stages of epithelial fusion (measurement indicated by white arrow in A00).
Shown are mean ± SEM (n = 7, 7, 11, 8, 6, 6, 5, 6). J, Immunofluorescence analysis for acetylated tubulin in HH37 lungs, revealing

mesenchymal cells in the space surrounding the airway epithelium. K, Immunofluorescence analysis for Ecad and vimentin in HH38 lungs.

L, Immunofluorescence analysis for Ecad and Slug in HH38 lungs. Scale bars, 100 μm. HH38, Hamburger Hamilton stage 38
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toward their adjacent fusion partner (Figure 4B, white
arrow). These data suggest that smooth muscle might
play a role in sculpting the airway epithelium of the late-
stage chicken lung, inducing the formation of branches
that eventually fuse.

After the fusion partners contact each other and gen-
erate a bilayered epithelium, airway smooth muscle
wraps completely around the fusion site (Figure 4C). This
trend continues until most of each airway is wrapped at
HH39. At this stage, the only regions of the epithelium
that are devoid of smooth muscle are the narrow spaces
in between smooth muscle fibers. Given that the initia-
tion of epithelial branches correlates with gaps in smooth
muscle coverage, we were interested in determining
whether smooth muscle exerts a force on the epithelium
or whether the epithelium actively shapes itself. To infer
whether the smooth muscle exerts mechanical force on
the airway epithelium, we measured the apical-basal
thickness of the epithelium as a function of smooth mus-
cle coverage. As smooth muscle differentiates progres-
sively distally along the branch, we observed that the
epithelial cells in regions wrapped in smooth muscle are
shorter in their apical-basal axis than those in the
unwrapped regions (Figure 4E). These data are consistent
with our hypothesis that smooth muscle physically
guides epithelial morphogenesis, compressing and shap-
ing the epithelium at stages leading to fusion (Figure 4F).

After fusion is complete, we found that the airway
epithelium forms additional smaller branches between
gaps in the smooth muscle layer (Figure 4G, H). These
epithelial branches generate the atria, which give rise to
the air capillaries that interweave with blood capillaries
to form the gas-exchange surfaces of the avian lung. That
atria emerge from gaps within the existing smooth mus-
cle layer suggests a possible role for smooth muscle in
patterning these structures as well (Figure 4I).

2.5 | Basement membrane is remodeled
during and after fusion

Epithelial tissues are separated from their surrounding
mesenchyme by the specialized extracellular matrix of
the basement membrane. Prior to fusion, the airway

epithelial cells of the avian lung are oriented along an
apical-basal axis, with the apical surface of the cells fac-
ing the lumen and the basal surface facing the basement
membrane and the surrounding mesenchyme. We rea-
soned that in order for fusion to occur, the basement
membrane must be remodeled to permit the epithelial
fusion partners to initiate contact and generate new inter-
cellular junctions.

We used immunofluorescence analysis for laminin to
visualize changes in the basement membrane during the
fusion process. We found that the basement membrane
completely wraps the airways at HH37 (Figure 5A). This
observation would suggest that, at this point in develop-
ment, all of the cells within the elongating epithelial tube
have an established basal polarity. At HH38, a decrease
in the staining intensity for laminin revealed that the
basement membrane is depleted within a narrow region
of the putative fusion site approximately 10 μm in width
(Figure 5B), just large enough to accommodate the for-
mation of the single-cell bridge, and the remainder of the
basement membrane is left intact (Figure 5B0). This base-
ment membrane remodeling initially occurs primarily on
the airway from which the cytoskeletal extension
emerges, with only a slight decrease in intensity on the
reciprocal airway.

At HH39, the basement membrane becomes pro-
gressively more depleted in the fusion region as addi-
tional intercellular junctions are formed between the
two fusing epithelial tubes (Figure 5C). When the fus-
ing airways are linked by one or multiple cytoskeletal
bridges, the epithelial cells that span the mesenchyme
between the two fusing airways are not in contact with
the basement membrane (Figure 5C) but are instead
surrounded by the mesenchyme. After the formation of
the nascent bilayered epithelium, the epithelial cells at
the periphery of the bilayer still lack contact with base-
ment membrane (Figure 5D). The basement membrane
then re-forms around the fused airways, enclosing the
bilayered epithelium at the fusion site (Figure 5E). That
the basement membrane re-forms around the fused air-
ways before the lumen is cleared suggests that basal
polarity is reestablished in the cells that contact the
extracellular matrix prior to or during luminal
clearance.

FIGURE 4 Changes in smooth muscle coverage during airway epithelial fusion. A-C, Projected images of immunofluorescence analysis

for cytokeratin (Ck) and α-smooth muscle actin (αSMA) in lungs at different stages of the fusion process with accompanying higher

magnification images ('). D, Quantification of the distance between the tip of the airway and the edge of smooth muscle coverage at different

stages of development. Shown are mean ± SEM (n = 4, 13, 8). E, Apical-basal thickness of the epithelium in regions of the lung wrapped in

or devoid of smooth muscle. Shown are mean ± SD (n = 8, 17, 8, 9, 8, 6). F, Schematic of the changes in smooth muscle coverage during

airway fusion. G-H, Projected images of immunofluorescence analysis for Ck and αSMA in lungs during the formation of atria. I, Schematic

of the formation of atria in the gaps between smooth muscle fibers. Scale bars, 100 μm
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FIGURE 5 Analysis of basement membrane remodeling during airway epithelial fusion. A-E, Single optical sections of

immunofluorescence analysis for E-cadherin (Ecad) and laminin (lam) in lungs at different stages of the fusion process. Inset (B0) shows a
single optical section 20 μm cranial of the cytoskeletal extension to show that the rest of the basement membrane is intact. Graphs show

quantification of the laminin staining intensity around the center of the region of basement membrane degradation (white arrow) for each

representative image shown. F, Schematic of basement membrane remodeling in a pair of fusing airways. Scale bars, 50 μm
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2.6 | Apical polarity is maintained
during fusion

In the Drosophila tracheal system, the formation of a sin-
gle continuous lumen is facilitated by the shape change
of individual cells to form unicellular tubes.28 In the early
mammalian pancreas, stratified epithelial buds form that
contain an outer layer of basally polarized epithelial cells
and an inner layer of apically polarized cells, which are
separated by a region of unpolarized cells that are several
cells thick. Over time, polarized rosettes arise in these
unpolarized regions and these become connected via
polarized channels to eventually give rise to a complex
ductal system.29 This is somewhat reminiscent of what
we observe in the fusing airways of the chicken lung. The
pattern of laminin staining would suggest that the outer-
most cells of the airways are at least basally polarized
around the bilayered epithelium that separates the two
lumens. This observation prompted us to investigate the
dynamics of apical-basal polarity over the course of
fusion in the avian lung.

To visualize apical polarity, we used immunofluores-
cence analysis for the apical marker, partitioning defective
3 homolog (Par3). We found that prior to fusion, at HH36
and HH37, when the airways are isolated, the epithelium
expresses Par3 at its apical surface along the stalks and in
the tips of the elongating airways (Figure 6A, E). When
the epithelium begins to change shape at HH38 and the
airways extend branches toward each other to facilitate
fusion, the apical localization of Par3 persists (Figure 6B,
E). This pattern is also maintained during the period
when the epithelial cells are forming cytoskeletal bridges
between the airways, suggesting that the epithelial cells
maintain apical polarity despite the changes in the basement
membrane that occur on their basal surfaces (Figure 6C, E).
After collision, at HH39, the bilayered epithelium still shows
apical localization of Par3, suggesting that cells on both sides
of the bilayer retain apical polarity (Figure 6D, E). These
cells have no contact with the mesenchyme and are not sep-
arated by a basement membrane, and therefore the presence
of apical polarity but lack of basal adhesion could contribute
to the signaling that leads to the eventual clearing of these
cells to form a continuous lumen.

2.7 | The continuous lumen forms via
epithelial apoptosis

After the two airways have fused, the resulting epithelial
bilayer clears. On the order of 20 epithelial cells must be
excavated for the process to be completed. Lumen forma-
tion in kidney epithelial cysts has been found to result
from either cellular rearrangement or from apoptosis of

cells that lack signaling from laminin.30 To determine
whether airway epithelial cells undergo apoptosis during
the fusion process, we used immunofluorescence analysis
for cleaved caspase-3 to visualize apoptotic cells.

We found that at HH37, before fusion begins, the
airways contain a low density of apoptotic cells that

FIGURE 6 Analysis of apical polarity during airway epithelial

fusion. Single optical sections of immunofluorescence analysis for

E-cadherin (Ecad) and partitioning defective 3 homolog (Par3) in

airways that, A, are isolated, B, have initiated branches, C, have

formed cytoskeletal bridges, and, D, have fully collided to form a

bilayered epithelium. E, Quantification of the average ratio of

staining intensity in the tip or fusion region of airway vs the

intensity at the apical surface of the stalk of the same airway.

Shown are mean ± SEM. Scale bars, 50 μm
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are uniformly distributed throughout the epithelium
(Figure 7A, E, F). As fusion proceeds, the rate of apo-
ptosis remains low and uniformly distributed (Figure 7B,
E, F). The density of apoptotic cells remains diffuse
even during the formation of cytoskeletal bridges (Fig-
ure 7C, E, F). However, once a bilayered epithelium has
formed, the number of apoptotic cells increases signifi-
cantly and is localized specifically to the tips of the air-
ways (Figure 7D-F). Closer examination reveals that
apoptosis occurs almost exclusively in the epithelial
cells that comprise the bilayer (Figure 7G). These data
suggest that the lumen is hollowed via apoptosis, with
significantly more cell death in the bilayered epithelium
that forms the fusion site than in the adjacent simple
columnar epithelium that forms the stalk.

3 | DISCUSSION

Here we found that the airways that eventually undergo
fusion elongate in two distinct fronts over the course of
stages HH36 and HH37 in the chicken embryo. In

contrast to the branched architecture of the mammalian
lung, the late-stage airways of the avian lung are not ste-
reotyped. This implies a stochastic fusion process that
still yields a functional lung and highlights the difference
in structural requirements between mammalian and
avian lungs. The former, as a terminally branched organ,
requires optimal space filling to maximize the number of
terminal ends and the surface area that they generate,
whereas the latter, as a unidirectional circuit of airways,
simply requires that the loop of roughly parallel para-
bronchi be closed.

At HH38, prior to fusion, the approaching airways
bend away from each other, and this tip-bending phe-
nomenon allows the airways to fuse at a point along their
stalks rather than at their terminal ends. After tip bend-
ing, the airways initiate and extend new branches in the
direction of their fusion partner. These branches contain
the cells that will form the first points of contact during
fusion.

We observed that, prior to fusion, changes in airway
shape and the initiation of new branches coincide with
the differentiation of smooth muscle, which wraps the

FIGURE 7 Analysis of apoptosis during airway epithelial fusion. Single optical sections of immunofluorescence analysis for E-cadherin

(Ecad) and cleaved caspase-3 in airways that, A, are isolated, B, have initiated branches, C, have formed cytoskeletal bridges, and, D, have

fully collided to form a bilayered epithelium. E, Quantification of the density of cleaved caspase-3-positive cells. Shown are mean ± SEM.

F, Quantification of the density of cleaved caspase-3-positive cells in the tip vs the stalk. Shown are mean ± SEM. G, Quantification of

the density of cleaved caspase-3-positive cells at the fusion site vs in the nonfusing epithelium. Shown are the mean ± SEM. ** P < .01,

*** P < .001. Scale bars, 50 μm
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airway epithelium. This suggests the possibility that the
smooth muscle layer serves as a barrier between fusion
partners, and the epithelium only extends from regions
that are devoid of smooth muscle. Additional work is
needed to determine whether smooth muscle plays an
active role in airway fusion or whether it passively differ-
entiates as a consequence of airway epithelial elongation,
as well as to identify the signals that control its pattern of
differentiation. However, given the role of smooth muscle
during epithelial folding in the mouse, we hypothesize a
similar role for this contractile tissue in the avian lung.
To our knowledge, this constitutes a novel mechanism of
epithelial fusion and highlights a tissue whose role in
shaping epithelia appears to be conserved between mam-
mals and birds.

Smooth muscle is required for the earliest stages of
airway epithelial branching in the mammal.14,15 In con-
trast, smooth muscle only appears during the final stages
of airway epithelial morphogenesis in the bird.27 These
observations provide interesting insight into the diver-
gence between these lung morphologies. Our data sug-
gest that smooth muscle is responsible for shaping the
airway epithelium during lung development, but at dif-
ferent stages of organogenesis, which results in the gener-
ation of distinct final architectures. This temporal and
spatial shift in the morphogenetic role of smooth muscle
highlights the fact that evolution of structures often relies
on repurposing of conserved mechanisms. Smooth mus-
cle is emerging as a powerful regulator of epithelial mor-
phogenesis; it will be interesting to determine whether
this tissue can be used ex vivo in an engineering context
to sculpt epithelial sheets into complex geometries.

We also observed that fusion in the avian lung is initi-
ated when a single cell forms a cytoskeletal protrusion
that extends across the gap between two airways, thus
creating a bridge between them. These events are similar
to those that drive fusion in the Drosophila trachea,
wherein cytoskeletal protrusions from the two fusion
partners extend toward each other. The two processes are
also similar in that when cytoskeletal extensions are
formed in both systems, the epithelial cells retain apical
polarity but lose adhesion to the basement membrane.
Furthermore, while the epithelial cells that facilitate
fusion take on a somewhat mesenchymal morphology
during the process, as has been observed in other sys-
tems,31 the epithelial extensions in the avian lung retain
expression of E-cadherin. This observation, combined
with the fact that these cells retain apical polarity, sug-
gests that the epithelial cells are not undergoing full or
partial EMT, as is also the case during tracheal fusion.32

One key difference is that, in Drosophila, the extensions
initially make contact with a bridge cell which facilitates
the actual fusion process.33,34 In that case, the continuous

lumen is formed by the folding of the fusion cells to cre-
ate a single-cell tube that joins with the lumen of the
stalk cells.28 In contrast, the multicellular airways in the
embryonic avian lung are much larger than the single-
cell tube in the Drosophila trachea. This larger size
necessitates a more dramatic clearance of the lumen,
which our data suggest is accomplished via apoptosis.
Large-scale epithelial fusion also occurs in the mamma-
lian pancreas, wherein the superior branch of the ventral
pancreatic duct anastomoses with the dorsal pancreatic
duct, resulting in the fusion of the ducts of Wirsung and
Santorini, thus generating the main pancreatic duct.19,20

The mechanism by which fusion occurs in the pancreas
is unknown, but apoptosis may also play a role. If so, this
would suggest that apoptotic clearing of the lumen is
ancestral in amniotes and that the mechanism is rep-
urposed in different organs.

Avian airway fusion is a complex process that appears
to require the precise timing and patterning of several dif-
ferent events. The airways, which are initially fully wrapped
in a layer of basement membrane and partially covered by
smooth muscle, first bend at their tips (Figure 8A) and then
form nascent branches associated with more distal differen-
tiation of smooth muscle in the direction of their fusion tar-
get (Figure 8B). The basement membrane then degrades in
a small region, large enough to permit the formation of a
cytoskeletal bridge between the two fusing airways (Fig-
ure 8C). More cells progressively join the contact between
the two airways until a bilayered epithelium has formed
(Figure 8D). The basement membrane then reforms around
the newly joined airways, and the cells in the bilayered epi-
thelium undergo apoptosis (Figure 8E). The process results
in a single fused airway with a continuous lumen on the
inside that is fully wrapped in basement membrane and
surrounded by a meshwork of smooth muscle (Figure 8F).
Our observations reveal a novel mechanism for epithelial
fusion in large multicellular tissues. It will be interesting to
determine whether these events are conserved in other
model systems.

4 | EXPERIMENTAL PROCEDURES

4.1 | Incubation and
immunofluorescence analysis

Fertilized chicken (Gallus gallus variant domesticus) eggs
were obtained from Hyline International and handled
following Princeton IACUC-approved protocol #1934.
Fertilized eggs were incubated at 38�C in a humidified
chamber until the desired stage. Whole embryonic lungs
or cranial sections were then dissected. Cranial sections
enable better visualization of the tissue and were
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obtained by dissecting the whole lung, laying it flat in a
dish so that the dorsal side faced up, and cutting with
stainless-steel dissection scissors beginning at the
cranialmost costal sulcus and across the lung dorsally
until the slice was completely severed from the remain-
der of the lung. Tissues were then fixed in 4% paraformal-
dehyde in phosphate-buffered saline (PBS) for
30 minutes at room temperature, washed in 0.1% Triton
X-100 in PBS (PBST) at 15-minute intervals for a total
wash time of 1 hour, and then blocked for 1 hour at room
temperature in a solution of 5% goat serum and 0.1%
bovine serum albumin in PBST. Samples were then
labeled overnight at 4�C using antibodies specific for epi-
thelial cytokeratins (Dako Z0622, 1:400), αSMA (Sigma
1A4, 1:400), E-cadherin (LCAM; DHSB 7D6, 1:30), lami-
nin (DSHB 31, 1:30), cleaved caspase-3 (Cell Signaling
9661, 1:200), Par3 (Sigma 07-330, 1:100), acetylated tubu-
lin (Sigma T7451, 1:200), vimentin (Sigma V2258, 1:200),
or Slug (Cell Signaling C19G7, 1:200). Samples were
washed again in PBST at 15-minute intervals for a total
of 1 hour and then blocked for 1 hour. Secondary anti-
bodies (Invitrogen, 1:200) were then added and incubated
overnight at 4�C. Stained samples were dehydrated and
cleared using either Murray's clear (1:2 ratio of benzyl
alcohol to benzyl benzoate; Sigma) or glycerol and then
imaged under confocal microscopy.

4.2 | Image analysis and statistics

Fluorescent images were captured using either a spinning
disk confocal (X-LIGHT V2tp, Crest Optics) fitted to an
inverted microscope (Nikon Eclipse Ti) or a light-sheet
microscope (Bruker/Luxendo MuVi-SPIM Light-Sheet
with Photomanipulation Module). Z-projections were
assembled using ImageJ. Quantitative image analysis was
also performed using ImageJ. The distances between air-
ways at different stages of development were calculated
by using known pixel-to-distance ratios for each micro-
scope objective. Significant difference between two
means was calculated using a two-sided t-test and noted
as (*) for P < .05, (**) for P < .01 and (***) for P < .001.

4.3 | Quantification of stereotypy and
alignment

Branching diagrams were constructed using the dors-
almost row of airways from right lungs at embryonic day
(E) 11, which corresponds to HH37. The airways
included in the tree were those spanning a 2-mm region
beginning at the lateralmost point of the cranial portion

FIGURE 8 Summary of the process of avian airway fusion.

A-F, Airway fusion is characterized by remodeling of the

basement membrane (BM), differentiation of smooth muscle

cells (SMC), and apoptosis of cells (AC) in the bilayered

epithelium
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of the lung. In order to assess alignment between these
branching diagrams, all possible pairwise combinations
were first overlaid at their center points and then slid to
the position nearest the center that maximized the over-
lap. From these overlays, we counted the number of roots
in each branching diagram that were aligned and
expressed the alignment as the fraction of these aligned
roots to the total number of roots in the overlay.
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