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Abstract
Branching morphogenesis generates a diverse array of epithelial patterns, including dichotomous
and monopodial geometries. Dichotomous branching can be instructed by concentration gradients
of epithelial-derived inhibitory morphogens, including transforming growth factor-β (TGFβ),
which is responsible for ramification of the pubertal mammary gland. Here, we investigated the
role of autocrine inhibitory morphogens in monopodial branching morphogenesis of the
embryonic chicken lung. Computational modeling and experiments using cultured organ explants
each separately revealed that monopodial branching patterns cannot be specified by a single
epithelial-derived autocrine morphogen gradient. Instead, signaling via TGFβ1 and bone
morphogenetic protein-4 (BMP4) differentially affect the rates of branching and growth of the
airways. Allometric analysis revealed that development of the epithelial tree obeys power-law
dynamics; TGFβ1 and BMP4 have distinct but reversible effects on the scaling coefficient of the
power law. These data suggest that although autocrine inhibition cannot specify monopodial
branching, inhibitory morphogens define the dynamics of lung morphogenesis.
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Introduction
The tree-like architectures of several organs, including the lung, kidney, and exocrine
glands, are sculpted through a process known as branching morphogenesis (Affolter et al.,
2003; Lu and Werb, 2008). As with plants, there is enormous diversity in the arborous
structures that arise from branching epithelia. The general patterns can be divided into two
broad classes: monopodial, in which buds branch laterally off a main stem, and
dichotomous, in which the tip of the stem divides to generate two equivalent buds (Davies,
2002). Complex architectures can arise when a single organ develops through a combination
of both monopodial and dichotomous branching. How these patterns are generated is an
active area of investigation.

Pubertal development of the mouse mammary gland is driven primarily by dichotomous
branching, although incipient side branches do form as the result of hormone cycling in
adult females of some strains (Gardner and Strong, 1935; Naylor and Ormandy, 2002). This
dichotomous pattern of branching is controlled in part by autocrine inhibition through
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epithelial secretion of transforming growth factor-β (TGFβ) (Gjorevski and Nelson, 2011).
All isoforms of TGFβ are expressed by mammary epithelium during its development
(Pollard, 2001), and TGFβ1 in particular is concentrated within the periductal sheath (Ewan
et al., 2002). Computational models and studies using engineered tissues demonstrated that
the concentration gradients of TGFβ that form around the epithelium specify its branching
pattern (Nelson et al., 2006; Pavlovich et al., 2011), consistent with branch repulsion seen in
the mammary gland in vivo (Silberstein and Daniel, 1987; Silberstein et al., 1992). TGFβ is
high along the sides of the ducts but low at the ends (Ewan et al., 2002; Nelson et al., 2006),
which can bifurcate in response to inductive stimuli. Although members of the TGFβ
superfamily are expressed ubiquitously during the morphogenesis of many branched organs
(Horowitz and Simons, 2008), the extent to which non-dichotomous branching patterns may
be controlled by autocrine inhibition – from these or any other morphogen – is unclear.

Monopodial branching is exemplified by embryonic development of the chicken lung, in
which secondary bronchi bud laterally off each primary bronchus. This pattern of branching
differs appreciably from that of the more well-studied mammalian lungs, which develop
through a combination of monopodial and dichotomous branching (which for the mouse
have been designated as domain branching, planar bifurcation, and orthogonal bifurcation)
(Metzger et al., 2008; Warburton et al., 2010). Although exogenous addition of TGFβ
disrupts branching morphogenesis of mouse lung explants (Serra et al., 1994; Serra and
Moses, 1995; Zhao et al., 1998), the major mechanism for patterning the airways is actually
through stimulation from signaling centers in the mesenchyme rather than through autocrine
inhibition from the epithelium (Morrisey and Hogan, 2010; Warburton et al., 2010). Here, a
localized source of fibroblast growth factor-10 (FGF10) in the mesenchyme guides the
budding epithelium (Abler et al., 2009). An epithelial source of inhibition does play a role
however, as bone morphogenetic protein-4 (BMP4) expressed by the epithelial bud is
thought to block the formation of incipient branches in the neighboring epithelium (Bellusci
et al., 1996; Weaver et al., 1999; Weaver et al., 2000). As in the mouse (Heine et al., 1990;
Pelton et al., 1991; Schmid et al., 1991), BMP4 and other proteins in the TGFβ superfamily
are expressed during the development of the embryonic chicken lung (Jakowlew et al., 1992;
Jakowlew et al., 1994; Muraoka et al., 2000), suggesting a possible role for inhibitory
morphogens in the branching morphogenesis of this organ as well.

Here, we used the embryonic chicken lung as a model system to explore whether and how
concentration gradients of TGFβ superfamily members, prototypic inhibitory morphogens,
regulate monopodial branching morphogenesis. In particular, we used this system to
determine whether autocrine inhibition alone could instruct monopodial branching patterns,
as we have seen for dichotomous branching of the mammary gland. We first characterized
the branching pattern of lungs in vivo and cultured ex vivo. We then modeled the three-
dimensional (3D) geometry of the airways using computer-aided design (CAD) tools, and
calculated the predicted concentration profiles of hypothetical inhibitory morphogens
diffusing away from the lung epithelium using the finite element method (FEM). Comparing
the branching patterns with the computational results revealed that branching of secondary
bronchi is inhibited in regions predicted to be surrounded by high concentrations of
inhibitory molecules at the earliest stages of development. At later stages, there was no
correlation between sites of secondary bronchi and predicted concentration, suggesting that
autocrine inhibition cannot be the major determinant of patterning in this monopodial
system. In a separate series of experiments using allometric analysis, we found that
monopodial development of the lung obeyed a power-law model which could be described
temporally by a master development curve. Manipulating TGFβ1 and BMP4 gradients ex
vivo revealed that signaling from each differentially inhibited chicken lung development,
with TGFβ preferentially blocking branching and BMP4 preferentially blocking growth.
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Results
Monopodial branching of the embryonic chicken lung

We examined monopodial branching of the embryonic chicken airways in vivo during the
window of developmental time in which secondary bronchi bud off of each primary
bronchus. E-cadherin staining of whole mounts of embryonic lungs explanted at various
Hamburger-Hamilton (HH) stages was used to visualize the development of the epithelial
tree (Figure 1). Primary bronchi (mesobronchi) were evident at HH23 and extended in
length until branching of secondary bronchi (ventrobronchi) was initiated at HH25. At
HH27, the distal end of each primary bronchus dilated to form the vestibulum. Secondary
bronchi (both ventrobronchi and dorsobronchi) continued to elongate and branch from and
around the main bronchi until HH33, when additional branching from the primary bronchus
could not be discerned and other structures such as the air sacs and recurrent bronchi became
evident. These observations of the airways visualized using E-cadherin staining are
consistent with descriptions gleaned from previously published work using cedar oil or
alcian blue histochemistry (Locy and Larsell, 1916a; Locy and Larsell, 1916b; Becchetti et
al., 1988).

To control the chemical microenvironment during branching, lungs explanted from HH25-
or HH26-stage embryos were cultured at the air-fluid interface on floating membranes ex
vivo. All cultured explants initially contained one or two secondary bronchi on each primary
bronchus. This tight control over the initial morphology of the explants ensured that
morphogenesis was limited to monopodial branching from the primary bronchi, and did not
include the additional branching or anastomosis of secondary bronchi characteristic of later
developmental stages (Figure 1) (Locy and Larsell, 1916a; Locy and Larsell, 1916b;
Becchetti et al., 1988). Whereas development of the initial branching pattern of the lung is
completed in less than three days in vivo (E4+ to E7), lungs cultured ex vivo developed
more slowly. Cultured explants grew in parallel to the two-dimensional (2D) surface of the
membrane, as is common with this technique (Trowell, 1959), with branching sites similar
to those observed in vivo. After 48 hours, lungs cultured ex vivo possessed on average 14
secondary bronchi (7 per primary bronchus), similar to what is observed in HH28-stage
embryos.

Computational modeling of autocrine morphogen gradients
The developing lung generates a dynamic chemical environment that, in part, defines its
branched structure. At early stages of development, several morphogens are expressed
uniformly by the epithelium (Shh, BMP7, canonical Wnts in mouse) (Bellusci et al., 1996;
Dean et al., 2005) or found at uniformly high concentrations just basal to the epithelium
(TGFβ1, TGFβ2, TGFβ3) (Heine et al., 1990; Pelton et al., 1991). As tissue geometry can
sculpt the concentration profiles of morphogens (Nelson, 2009), we used computational
models to explore whether signaling from autocrine morphogen gradients could play a
decisive role in defining the monopodial pattern of the embryonic airways.

The E-cadherin immunofluorescence staining described above was used to create 3D solid
models of the lung epithelial tree at various stages of development (Figure 2). These solid
models contained between zero (HH24) and eight (HH27+) secondary bronchi that matched
the angles and dimensions of the airways within the whole lung explants. The solid model
renderings were then used to calculate numerically the steady-state concentration profile of
an arbitrary hypothetical morphogen secreted by and diffusing away from the airway
epithelium.

As expected, the concentration profile predicted numerically changed as the geometry of the
airways changed. At HH24, prior to budding of the secondary bronchi, the predicted
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morphogen concentration is maximal where the trachea bifurcates and the two primary
bronchi are in close proximity to each other (Figure 2A). The morphogen concentration then
decreases laterally from the sides as well as distally toward the tips of the primary bronchi
into the mesenchyme. This general concentration profile is maintained through HH27
(Figure 2B–E). However, as secondary bronchi form in the models of lungs at stages HH25
and later, local changes in concentration arise relative to the branches. For all models that
contained secondary bronchi, a local maximum in concentration is predicted at the site
where the bud branches off the primary bronchus (Figure 2F–H). The concentration profile
then decreases along the length of each secondary bronchus, resulting in a local minimum in
morphogen concentration at the distal tip of the bud.

Whereas it is clear that these computational studies predict a dynamic chemical environment
with local gradients on the scale of morphological features, these models suggest that a
morphogen secreted by and diffusing away from the epithelium cannot be the major
mechanism used to define the monopodial branching pattern of the embryonic chicken lung.
The sites of branching in lung explants do not correlate with local maxima or minima in the
predicted concentration of morphogen. Nonetheless, regions of local maxima, proximally
along the primary bronchi and at clefts around branch points, do correlate with areas of
TGFβ1 localization reported in the mouse lung (Heine et al., 1990; Pelton et al., 1991).
These results suggest that though high concentrations of inhibitory morphogens may
suppress branching, other factors are likely involved in determining the sites at which the
secondary bronchi branch off of the primary airways. Monopodial branching of the
embryonic chicken airways is thus distinct from dichotomous branching of the murine
mammary gland.

Disruption of TGFβ signaling
Since it was clear from our computational models that autocrine inhibitory morphogens
alone do not specify branch sites, we set out to quantify the relative roles played by the
major inhibitors in development of the chicken airways. TGFβ is a prototypic inhibitory
morphogen that is expressed uniformly within the embryonic chicken lung during the stages
of monopodial branching off of the primary bronchi (Figure S1). To quantify the relative
role of TGFβ signaling in the regulation of monopodial branching morphogenesis of the
chicken lung, we used two approaches to disrupt its endogenous concentration profile in
cultured explants. In the first approach we added recombinant TGFβ1 to the explant, thereby
exposing the tissue to a uniformly high concentration of morphogen. Treatment with
recombinant TGFβ1 inhibited branching in a dose-dependent manner (Figure 3A, B), with a
striking reduction in both the number of buds and the size of the organ following 24 and 48
hours of culture. Minimal branching was observed in explants treated with TGFβ1, which
only initiated one or two buds over 48 hours as compared to controls, which initiated ~14
buds. Addition of TGFβ1 also inhibited elongation and growth of both primary and
secondary bronchi, as assessed by measuring the fold change in the projected area of the
lumen of the airways (Figure 3C). Our second approach to disrupt the endogenous TGFβ
concentration profile was to treat explants with a pharmacological inhibitor of the Alk5 type
I TGFβ receptor (TβRI) kinase, thereby blocking signaling of all TGFβ isoforms. Inhibiting
TβRI enhanced branching of the lung explants, which initiated ~16–17 buds over 48 hours
of culture (Figure 3A, B). Blocking the receptor also led to a decrease in the overall size of
the lungs, as compared to controls (Figure 3C).

Although both recombinant TGFβ1 and the TβRI inhibitor altered the number and size of
secondary bronchi, neither affected the sites at which these budded off of the primary
bronchus. We arrived at this conclusion using morphometric analysis, wherein we quantified
the length of the primary bronchus (L) and the relative position of each secondary bronchus
(b1, b2, b3, b4) as a function of this length (Figure 4A). Analysis of control explants
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revealed that, at 48 hours of culture, the first secondary bronchus (b1) emerged at a position
~52% down the length of the primary bronchus, as measured from the point of the tracheal
bifurcation (T-b1 = 0.52·L). This distance was highly reproducible between explants. The
distance between the first and second ventrobronchi was ~5% of the length of the primary
bronchus (b1–b2 = 0.05·L). Subsequent secondary bronchi (b3, b4) also formed at
predictable and reproducible positions along the primary bronchus. Manipulating TGFβ
signaling using either recombinant growth factor or TβRI inhibitor decreased the length of
the primary bronchus (L), but did not affect the relative position of the secondary bronchi:
b1 always formed at a position ~52% down the length of the primary bronchus, and later
buds were similarly unaltered in their relative location. These data suggest that branch sites
are determined relative to the scaling of the entire organ, rather than set at fixed positions.

Secondary bronchi formed at consistent and predictable locations, even though the size of
the organ decreased dramatically with TGFβ manipulation, as reflected in the morphometric
parameter L. There were two possible explanations for the constant positioning: either there
were fewer cells in between secondary bronchi or the cells were smaller in size. To
distinguish between these possibilities, we counted the number of epithelial cells as a
function of distance along the primary bronchus (Figure 4B). For control explants, we found
~18 cells between the b1 and b2 secondary bronchi; as with the morphometric analysis, this
number was highly reproducible between samples. We found ~15 cells between b2 and b3,
and ~23 cells between b3 and b4. Manipulating TGFβ signaling caused a marked decrease
in the number of cells in the primary bronchus between emerging branches, and a
corresponding decrease in cell proliferation (Figure S2). These data are consistent with the
conclusion that branch sites are determined relative to the scaling of the organ, and suggest
that TGFβ signaling affects the rate at which these branches emerge rather then their
location along the primary bronchus.

Disruption of BMP signaling
BMP4 is a member of the TGFβ superfamily that plays a major role in the morphogenesis of
mammalian airways. In the embryonic mouse lung, inhibitory signaling from BMP4 restricts
incipient branching adjacent to nascent buds (Lebeche et al., 1999; Weaver et al., 1999;
Weaver et al., 2000). BMP4 is expressed within the epithelium of the primary bronchus in
the chicken airways, and at higher levels in newly forming secondary bronchi (Figure S1).
To determine the role of BMP4 in monopodial branching of the chicken lung, we disrupted
its endogenous concentration profile in cultured explants. Addition of recombinant BMP4
had no effect on the budding of secondary bronchi; BMP4-treated explants formed ~14 buds
over 48 hours of culture, indistinguishable from controls (Figure 5A, B). However,
treatment with BMP4 did decrease the overall growth of the organ explants in a dose-
dependent manner (Figure 5C). Conversely, treatment with dorsomorphin, which inhibits the
kinase activity of the Alk3 and Alk6 type I BMP receptors (BMPRI) (Yu et al., 2008),
significantly reduced the number of buds that formed (Figure 5A, B). Curiously, inhibiting
BMPRI caused an increase in overall growth of the lungs and swelling of the airway lumena
(Figure 5C) and proliferation of the epithelium (Figure S2). As with TGFβ1, manipulating
BMP4 signaling had no effect on the relative sites along the primary bronchus at which
secondary bronchi formed (Figure 4A, B). These data suggested that neither TGFβ1 nor
BMP4 specified sites of monopodial branching. Consistent with this interpretation, we found
that pSmad2/3 and pSmad1/5/8 were present in the nuclei of cells along the primary
bronchus and in nascent secondary bronchi (Figure S1), again suggesting that branch sites
are not determined by signaling downstream of TGFβ or BMP.
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Allometric analysis of lung growth
The data described above revealed that TGFβ1 and BMP4 may play different roles in
monopodial branching of the chicken lung. To compare the branching patterns between
treatment groups quantitatively, we created an analysis framework based on the principles of
allometry to relate the extent of branching and the size of the branched structure. Allometry
is the study of the relationship between body size and geometrical, anatomical,
physiological, or behavioral variables and effectively describes the scaling behavior of the
variables (Shingleton et al., 2007). In biological systems, a power-law model of the form y
∝ xa is commonly used to describe the relationship between the two measured variables
(Huxley, 1924; Huxley and Tessier, 1936).

For the purposes of this study, we were interested in how the epithelial tree changes during
monopodial branching and how inhibitory morphogens modulate that structure. To that end,
we analyzed the fold change in the extent of branching (allometric growth) relative to the
fold change in the lumen area (isometric growth) (Figure 6A). Surprisingly, data points from
individual control explants that were tracked over time collapsed onto a single master
“development curve” that was well described by a power-law model (scaling coefficient:
a=1.69, R2=0.95). That the scaling ratio between isometric and allometric growth is well
described by a single master curve demonstrates that monopodial growth of the epithelial
tree is stereotyped – consistent and predictable – in this ex vivo system. Additionally, the
temporal nature of this analysis framework enabled the creation of a “state diagram” that
defines the structure and size of the epithelial tree at any given time (Figure 6B). The state
diagram permitted us to easily identify and characterize the changes in the morphology of
the epithelial tree resulting from different treatments. Explants treated exogenously with
recombinant TGFβ1 fell on top of the development curve; however, development of the
epithelial tree was significantly delayed and essentially arrested in time (Figure 6C).
Treatment with the TβRI inhibitor resulted in explants that fell in the upper left quadrant of
the state diagram, smaller lungs with hyperplastic branching. Explants treated with
recombinant BMP4 branched to the same extent as controls, but the size of the epithelial tree
decreased with increasing concentration (Figure 6D). Conversely, treatment with the
BMPRI inhibitor produced large hypoplastic lungs, which fell in the lower right quadrant of
the state diagram.

The allometric analysis thus suggested that signaling through TβRI and BMPRI
differentially affected branching and growth. This hypothesis was supported by the results
from washout experiments, in which we treated explants with recombinant growth factor or
receptor inhibitor for 24 hours, and then removed treatment and followed the morphology
after an additional 24 hours (Figure 6E,F). Allometric analysis confirmed that high
concentrations of TGFβ1, delivered exogenously, arrested development of the lung, as both
24-hour and 48-hour treatments exhibited the same morphology on the master development
curve (Figure 6E). Washing out TGFβ1 released the arrest and allowed the lungs to recover
to near control morphology. Inhibiting TβRI consistently led to small lungs with
hyperplastic branching as compared to controls at each time point. Washing out the TβRI
inhibitor permitted the lungs to develop to a near normal morphology, suggesting that the
effects of the inhibitor are reversible. These data suggest that signaling through TβRI
inhibits branching in favor of growth.

Allometric analysis revealed the opposite effect for BMP signaling. High concentrations of
recombinant BMP4 inhibited growth without affecting branching, producing small lungs
with the same number of buds as controls at both time points (Figure 6F). Washing out
BMP4 shifted the lungs back to the master development curve, permitting the size of the
lungs to recover from the treatment. Inhibiting BMPRI led to hypoplastic branching, with
enhanced growth after longer time points. Washing out the inhibitor again shifted the lungs
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back to the master development curve, although these samples appeared to have a significant
developmental delay. These data suggest that signaling through BMPRI inhibits growth in
favor of branching. Inhibitory morphogens of the TGFβ superfamily thus play distinct roles
in the monopodial morphogenesis of the embryonic chicken lung.

Discussion
The development of the branching patterns of epithelial trees has fascinated scientists for
several generations (Metzger and Krasnow, 1999). Many of the molecular and physical rules
that govern branching morphogenesis have been uncovered for specific model organs
(Costantini and Kopan, 2010; Larsen et al., 2010; Warburton et al., 2010; McNally and
Martin, 2011). In dichotomous branching of the mouse mammary epithelial tree, the
epithelium defines its own sites of branching by secreting the inhibitory morphogen, TGFβ1
(Gjorevski and Nelson, 2011). Here, computational modeling and cultured organ explants
separately revealed that autocrine inhibition is not the primary mechanism that controls the
pattern of monopodial branching of the embryonic chicken lung. In fact, our computational
model suggests that no single morphogen secreted uniformly from the epithelium can define
monopodial branching patterns. Autocrine inhibition and branch repulsion may thus be
unique to ramification via dichotomous branching.

Although they did not specify the relative sites of monopodial branching, two prototypic
inhibitory morphogens, TGFβ1 and BMP4, did differentially affect development of
embryonic chicken airways in explant cultures (Figure 7). Indeed, we found that signaling
through TGFβ receptors blocked branching, but enhanced growth. Conversely, signaling
through BMP receptors enhanced branching but blocked growth. Consistent with these
conclusions, we found that inhibiting TβRI led to decreased proliferation of the airway
epithelial cells, whereas inhibiting BMPRI led to enhanced proliferation of the airway
epithelium as compared to controls (Figure S2). Morphometric analysis revealed that neither
TGFβ1 nor BMP4 altered the relative sites of branching, but instead affected the rate at
which new branches formed along the primary bronchus. These data suggest that branching
and growth of the epithelial tree may be coupled and inversely correlated, at least during
these stages of monopodial morphogenesis. The signaling switches that discern branching
from growth, as well as the cellular behaviors responsible for the gross alterations in
morphology, remain to be elucidated. Nonetheless, recent studies of the mouse lung found
that division axis is tightly regulated during the morphogenesis of that organ (Tang et al.,
2011), suggesting the tantalizing possibility that TGFβ and BMP may conspire to determine
spindle orientation.

It is important to note that the effects of TGFβ1 and BMP4 uncovered here are not entirely
consistent with the roles of these morphogens in the embryonic development of the mouse
lung. TGFβ signaling inhibits branching of both mouse and chicken airways (Serra et al.,
1994; Serra and Moses, 1995; Zhao et al., 1996; Zhao et al., 1998; Zhao et al., 2000;
Stabellini et al., 2001), but disrupting signaling through the receptor only appears to block
growth of the airways in explant cultures of the chicken lung. In contrast, blocking TGFβ
receptor signaling in culture or in vivo enhances branching of the mouse lung without
reportedly affecting growth of the airways (Zhao et al., 1996; Zhao et al., 1998). BMP4
signaling inhibits FGF10-induced branching of the mouse airway epithelium (Bellusci et al.,
1996; Weaver et al., 1999; Weaver et al., 2000), but instead primarily inhibits growth of the
chicken airways. In the mouse, BMP4 is known to block cell proliferation, as treatment with
exogenous BMP4 reduces incorporation of BrdU (Weaver et al., 2000) and transgenic
overexpression of BMP4 in the distal epithelium results in smaller lungs with decreased
proliferation (Bellusci et al., 1996). It is unclear why BMP4 did not also inhibit branching in
the chicken lung explant cultures described here. Analysis of BMP4-treated explants
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revealed subtle effects on proliferation, with an overall decrease in epithelial incorporation
of the BrdU analog, EdU (Figure S2). However, BMP4 has been reported to stimulate the
branching of mouse lung bud cultures when both epithelium and mesenchyme are present
(Bragg et al., 2001; Shi et al., 2001), suggesting that experimental context may be
particularly critical in the signaling of this molecule. Further work is needed to define the
differences between TGFβ and BMP signaling in simple monopodial branching (as seen in
the chicken) and combination monopodial/dichotomous branching (as seen in the mouse).

Even though manipulating TGFβ and BMP receptor signaling had large effects on the gross
morphology of the lungs, neither affected the relative positioning of the buds along the
primary bronchi. Surprisingly, each secondary bronchus always formed at a precise
fractional position relative to the length of the primary bronchus, irrespective of treatment
condition. These data are consistent with the notion that TGFβ and BMP4 affect the rate at
which new branches form relative to control lungs, but do not affect sites of branching.
These data also suggest that monopodial branching patterns scale with overall lung size in
the chicken, and that branch sites are determined by signals regulated by this scaling. Such a
scaling is reminiscent of patterning in the early Drosophila embryo, wherein the shape of the
Bicoid concentration gradient and position of the segmentation genes scale across species
with five-fold differences in size (Gregor et al., 2005); how this occurs is still a mystery. In
the mouse, sites of branching are thought to be specified by localized sources of FGF10 in
the mesenchyme (Abler et al., 2009). A recent study showed that FGF10 is also expressed in
the mesenchyme in the embryonic chicken lung and is required for epithelial branching
(Moura et al., 2011). Whether this signaling scales with overall lung size to determine
branch sites along the primary bronchus remains to be determined.

Finally, careful morphometric analysis of the lungs at different stages and with different
treatments permitted us to create an allometric analysis framework that could describe
monopodial morphogenesis of the airways with a single mathematical equation in the form
of a power law. Power laws are closely related to fractal behavior and have been used
extensively to describe different aspects of the anatomy and physiology of the adult lung
(Suki et al., 1994; Suki, 2002). As applied to the embryonic organ, our power-law model of
monopodial morphogenesis enabled objective, quantitative comparisons across
developmental time and experimental manipulations. We found that for explants, branching
was proportional to the projected area of the airways raised to ~3/2 power. This scaling
exponent is consistent with qualitative observations that the lungs branch faster than they
grow in size, a necessary condition for a space-filling ramified architecture. Allometric
analysis of embryonic development may prove useful for a wide variety of organs and organ
systems, and will likely enable objective and quantitative comparisons to be made between
observations published independently by different investigators.

Experimental Procedures
Immunofluorescence staining

Fertilized chicken (Gallus gallus variant domesticus, White Leghorn) eggs were obtained
from a commercial vendor and incubated at 38°C in a humidified atmosphere to allow for
embryonic development. Whole embryonic lungs were microdissected over a range of
Hamburger-Hamilton (HH) stages (Hamburger and Hamilton, 1951) and fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 15 minutes at room temperature.

For whole mount staining of E-cadherin, fixed samples were washed twice with PBS and
serially dehydrated in increasing concentrations of methanol/PBS. Samples were incubated
in 5% H2O2/methanol for 5 hours and serially rehydrated in decreasing concentrations of
methanol in 0.1% Tween-20/PBS. Samples were blocked with 10% goat serum/PBS/0.5%
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Triton X-100 (GPT) and subsequently incubated overnight at 4°C with 1:50 mouse anti-E-
cadherin (LCAM) (Developmental Studies Hybridoma Bank) in 5% GPT. Samples were
washed in 5% GPT and incubated overnight with 1:500 biotinylated goat anti-mouse IgG
(Vector Laboratories) in 5% GPT at 4°C. The following day, samples were incubated with
ABC Elite Reagent (Vector Laboratories) for 2 hours, washed in 5% GPT, and then
incubated in 1:100 SA-HRP Fluorescein Tyramide Reagent (Perkin Elmer) for 30 minutes.
Samples were then washed in 0.1M Tris-Cl/1.5M NaCl/Tween 20 (TNT) and mounted in
Vectashield (Vector Laboratories) for imaging.

For staining of sections, samples were embedded in low-melt agarose (Sigma) and sectioned
into 100-μm -thick sections on a vibratome (Ted Pella). Sections were blocked with 10%
GPT and incubated at 4°C overnight with primary antibody [1:100 pSmad 2/3 (Santa Cruz
Biotechnology) or 1:100 pSmad 1/5/8 (Cell Signaling)] in 5% GPT. The following day,
samples were washed with 5% GPT and incubated in 1:500 biotinylated goat anti-mouse
IgG for 3 hours. Lung sections were subsequently washed with 5% GPT, incubated with
ABC Elite reagent for 30 minutes, washed again with 5% GPT, and then incubated in 1:100
SA-HRP Fluorescein Tyramide Reagent for 15 minutes. Finally, samples were washed with
TNT buffer and mounted for imaging.

For staining of TGFβ and BMP4, whole explants were blocked in GPT and incubated
overnight at 4°C with 1:100 anti-TGFβ1 (Cell Signaling) or anti-BMP4 (BioVision) in 5%
GPT. Samples were washed in 5% GPT and incubated overnight with 1:100 Alexa-tagged
secondary antibodies (Invitrogen) in 5% GPT at 4°C. The following day, samples were
washed extensively and mounted for imaging.

For analysis of proliferation, EdU incorporation was performed using the Click-iT EdU
Alexa Fluor 594 Imaging Kit (Invitrogen) according to the manufacturer’s protocol.

Computational modeling of morphogen gradients
Fluorescent images of E-cadherin staining in whole mounts were analyzed with ImageJ
(National Institutes of Health) to determine morphometric parameters that define the
diameters and lengths of the primary and secondary bronchi, as well as the position of the
secondary bronchi along the length of the primary bronchus. Three-dimensional (3D)
computer-aided design (CAD) solid models of the epithelial airways were created with
Autodesk Inventor 2010 (Autodesk) for lungs at different stages of development.

The 3D concentration profile of autocrine-secreted morphogen diffusing away from the lung
epithelium was calculated using COMSOL Multiphysics (COMSOL Inc.). CAD models of
the lung epithelium were confined to a cylindrical bounding box, 40-mm in diameter and 40-
mm tall. This bounding box represents an essentially infinite volume (~ 320,000-fold the
volume of the lumen) with the properties of water. Constant uniform secretion of the
morphogen from the lung epithelium was enforced with the flux from the surface of the
epithelium set to 1, and passive isotropic diffusion through the mesenchyme was assumed.
Partial differential equations that define the concentration profiles

were solved using the finite element method (FEM), with boundary conditions of constant
flux at the epithelial surface:
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and zero sink far from the epithelium:

where C is the concentration of hypothetical inhibitor and D is the diffusion coefficient for
the hypothetical inhibitor within the surrounding mesenchyme. We assume that D is
constant throughout the volume of the mesenchyme, but note that large variations in the
composition of the extracellular matrix or packing of mesenchymal cells may impact the
effective relative diffusivity (Miura et al., 2009). The steady-state 3D concentration profiles
were normalized to the maximum concentration of the most developed lung epithelial tree,
enabling comparison of predicted concentration profiles over the course of lung
development.

Ex vivo culture of embryonic lungs
Whole embryonic lungs were microdissected at stages HH25-26 (2–4 buds) in PBS
supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen). After
dissection, lungs were cultured at the air-fluid interface on a floating raft (Trowell, 1959).
Two or three embryonic lungs were placed on a membrane (11-μm pore diameter;
Whatman) floating on BGJb medium (Invitrogen) supplemented with 100 U/mL penicillin,
100 μg/mL streptomycin (Invitrogen) and 0.2 mg/mL ascorbic acid (Sigma).

Experimental conditions included the addition of recombinant human TGFβ1 (R&D
Systems), recombinant human BMP4 (R&D Systems), Alk5 inhibitor I (Calbiochem), or
dorsomorphin (Tocris Bioscience) to the complete media formulation. Lungs were cultured
over 48 hours under optimal humidity at 37°C in 5% CO2, with media changed after 24
hours. For washout experiments, lungs were cultured in the presence of growth factor or
inhibitor as above for 24 hours. The media was then replaced with fresh complete media,
and lungs were incubated for an additional 24 hours.

Allometric analysis
Brightfield images of the cultured lungs were taken with a stereomicroscope (Nikon) and
buds were enumerated at 0, 24, and 48 hours. As a measure of the relative size of the
epithelial trees between treatment groups, images were thresholded and a two-dimensional
(2D) projection of the area of the lumen was analyzed using ImageJ.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

αSMA alpha-smooth muscle actin

ALK activin-like kinase

BMP bone morphogenetic protein

BMPRI BMP receptor type I

CAD computer-aided design

E embryonic day

FEM finite element method

FGF fibroblast growth factor

HH Hamburger-Hamilton

LCAM liver cell adhesion molecule

TGFβ transforming growth factor-beta

TβRI TGFβ receptor type I

2D two-dimension(al)

3D three-dimension(al)
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Figure 1.
Development of embryonic chicken airways over time. Immunofluorescence images of
whole mount staining for E-cadherin in chicken lungs (developmental stages HH24-33)
reveal a monopodial branching pattern. Asterisks denote examples of emerging secondary
bronchi; arrowheads indicate the vestibulum. Scale bars, 500 μm.
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Figure 2.
Computational analysis of morphogen concentration and distribution in developing chicken
lungs. (A–E) Predicted concentration profiles of a hypothetical morphogen uniformly
secreted from the epithelium at various developmental stages. The concentration profiles are
normalized to the highest value calculated for the HH27+ model, with red indicating areas of
highest relative concentration and blue representing regions of low morphogen
concentration. (F) An example solid model (HH27+) used for FEM analysis that was created
from dimensions of E-cadherin-stained lung explants. (G) 3D solid model representation of
the region of highest morphogen concentration represented by the red shading and (H) cross-
section plot through a bud plotting morphogen concentration, which illustrates that the bud
stalk and branch point have a local maximum (solid white triangles) whereas the bud tip has
a local minimum (empty black triangles) in predicted morphogen concentration.
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Figure 3.
Effect of disrupting the endogenous TGFβ concentration ex vivo. (A) Representative
brightfield images of lungs cultured over 48 hours with recombinant TGFβ1, TβRI inhibitor,
or control. Images are for the same explants tracked over time. Quantitative measures of bud
enumeration (B) and fold increase in projected lumen area (C) of treated lungs after 48 hours
of culture. Data +/− SEM (n>10), * p<0.05, ** p<0.001 relative to controls.
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Figure 4.
Relative position of secondary bronchi along the primary bronchus. (A) Distance of each
bud (b1, b2, b3, b4) normalized to the length of the primary bronchus (L), as measured from
the tracheal bifurcation (T). (B) Average number of epithelial cells along the primary
bronchus between subsequent secondary bronchi. Data +/− SEM (n>10), * p<0.05, **
p<0.001 relative to controls.
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Figure 5.
Effect of disrupting the endogenous BMP concentration ex vivo. (A) Representative
brightfield images of lungs cultured over 48 hours with recombinant BMP4, BMPRI
inhibitor, or control. Images are for the same explants tracked over time. Quantitative
measures of bud enumeration (B) and fold increase in projected lumen area (C) of treated
lungs after 48 hours of culture. Data +/− SEM (n>10), * p<0.05, ** p<0.001 relative to
controls.
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Figure 6.
Allometric analysis of lung explants. (A) Data from individual cultured lung explants at
different time points (grey diamonds = 12hrs, squares = 24hrs, triangles = 36hrs, circles =
48hrs) collapse onto a single power-law curve that describes the relationship between
allometric and isometric growth. The model curve (solid line) was fit to all of the individual
data points (grey symbols) over all time intervals, and the 24 and 48 hour mean +/− SD are
shown for reference. This model defines a master “development curve” for the epithelial
tree. (B) An example “state diagram” that can be created for a given time of development,
delineating parameter spaces that define small, equivalent, and large lungs, in addition to
hypoplastic, equivalent, and hyperplastic branching. The grey bars indicate the 48 hour
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mean +/− SD and are used as a visual reference to describe control explants. Allometry plots
demonstrating the effects of (C) recombinant TGFβ1 (25ng/mL = light green, 50ng/mL =
dark green) and TβRI inhibitor (1.8μM = light red, 18μM = dark red), and (D) recombinant
BMP4 (25ng/mL = light blue, 50ng/mL = dark blue) and BMPRI inhibitor (10μM =
orange). (E,F) Allometry plots detailing the resulting morphology from washout of the
reagent after 24 hrs of culture. Thin solid lines are power-law models fit to the data from
explants treated for 48 hours. Large circle data points represent 24 and 48 hour mean +/− SD
for treatment groups and dotted lines represent the trajectory from 24 to 48 hours following
treatment washout.
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Figure 7.
Schematic diagram detailing the effects of TβRI and BMPRI inhibition on branching and
lumen size in the chicken lung.
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