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Figure 2. Gene expression in the E11.5 mouse lung. Whole- 
mount in situ hybridization with digoxygenin-labeled antisense 
riboprobes was used to localize transcripts for Bmp4 (A) (Bel- 
lusci et al. 1996), Shh (B) (Bellusci et al. 1997), Wnt7b (C), 
Wnt2 (D) (Bellusci et al. 1996), Fgfl0 (E), and Ptc (F) (Bellusci 
et al. 1997) in lungs from E11.5 embryos. Note the reproducible 
pattern of branching between different lungs. 

bryos. SP-C is expressed exclusively in the lung endo- 
derm from the time of its first formation, with increasing 
efficiency as development proceeds. SP-C-Shh trans- 
genic lungs are very abnormal, and by E17.5, they show 
excessive mesoderm accumulation, accompanied by a 
higher than normal rate of mesodermal cell proliferation 
(Bellusci et al. 1997). This suggests that Shh protein se- 
creted by the distal endoderm stimulates, directly or indi- 
rectly, cell proliferation in the mesoderm. This conclu- 
sion is compatible with the observation that Ptc, which 
encodes a receptor for Shh, is predominantly expressed in 
the mesenchyme immediately adjacent to the endoderm. 
Moreover, the level of Ptc RNA is up-regulated in the 
mesoderm of SP-C-Shh transgenic lungs (Bellusci et al. 
1997; Grindley et al. 1997). This finding is consistent 
with the up-regulation of ptc in Drosophila cells re- 
sponding to Hh signaling and with the increase in ptc ex- 
pression seen in other vertebrate systems where Shh is ec- 
topically expressed (Goodrich et al. 1996; Marigo et al. 
1996b). Finally, embryos lacking a functional Shh gene 
that survive to El8 have severely abnormal lungs, with 
only a few distal buds (C. Chiang and Y. Litingtung, pers. 
COlllnl.). 

All these lines of evidence support the idea that Shh 
acts on the mesoderm, but, at present, we cannot rule out 
the possibility that Shh also acts directly on the lung en- 
doderm, since Ptc is expressed at low levels in this cell 
type and there is some increase in proliferation of the en- 
doderm in SPC-Shh lungs (Bellusci et al. 1997). Alterna- 
tively, or in addition, the effect of Shh on the endoderm 
may be indirect, as a result of changes in the mesoderm. 

Figure 3. Bmp4 expression in the embryonic mouse lung. Bmp4 
expression was revealed by X-gal staining of lungs taken at 
E12.5 (A) and E14.5 (B) from embryos heterozygous for a 
Bmp4 zacz allele. In this allele, the bacterial lacZ gene has been 
inserted in-frame into the first protein-coding exon of the en- 
dogenous Bmp4 gene (N.R. Dunn., unpubl.). In all tissues stud- 
ied, lacZ expression faithfully follows endogenous Bmp4 ex- 
pression, as judged from in situ hybridization. Note high-level 
Bmp4 expression in the endoderm of distal end buds at both 
stages. At E14.5, Bmp4 expression is also seen in the mesoderm 
associated with the formation of cartilage rings in the trachea 
and primary bronchi. 

There has been one report of a large lung cyst in a patient 
with nevoid basal cell carcinoma syndrome, a condition 
associated with mutations in the human PTC gene (Tot- 
ten 1980; Johnson et al. 1997). 

EVIDENCE FOR A ROLE FOR GLI GENES 

In Drosophila, the gene cubitus interruptus (ci) en- 
codes a zinc finger transcription factor that positively reg- 
ulates ptc expression in a number of tissues in response to 
Hh signaling (Alexandre et al. 1996). In cells responding 
to Hh, Ci is activated and translocated to the nucleus from 
the cytoplasm (Aza-Blanc et al. 1997), and the level of Ci 
protein is also up-regulated, possibly at the level of trans- 
lation (Johnson et al. 1995; Motzny and Holmgren 1995). 
In vertebrates, there are three ci-related genes, Gli, Gli2, 
apA Gli3; they are widely transcribed in the mouse em- 
bryo, often in domains adjacent to cells in which one of 
the three hedgehog genes (Shh, lhh, and Dhh) is ex- 
pressed (Hui et al. 1994). In the chick wing bud, ectopic 
Shh induces Gli transcription but represses that of Gli3, 
implying a complex interrelation between the two gene 
families (Marigo et al. 1996a). In situ hybridization stud- 
ies have shown that all three Gli genes are expressed in 
the distal mesoderm of the lung, in somewhat different 
but overlapping patterns (Grindley et al. 1997). For ex- 
ample, transcripts for Gli appear to be higher immedi- 
ately adjacent to the endoderm of lateral and terminal 
buds than those of Gli2 and Gli3. Several lines of evi- 
dence suggest that this expression of Gli genes has func- 
tional significance in lung morphogenesis. For example, 
Gli (but not Gli2 or Gli3) is up-regulated in the lungs of 
SP-C-Shh transgenic embryos. In addition, the lungs of 
Gli3XTGli3 xt embryos, homozygous for a deletion of the 
Gli3 gene, are smaller than wild type and have abnormal- 
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ities in length and shape, more severe on some genetic 
backgrounds than others (Grindley et al. 1997). Finally, a 
range of pulmonary defects have been reported in humans 
heterozygous for frameshift mutations in the GLI3 gene 
associated with Pallister-Hall syndrome (OMIM 
#146510) (Kang et al. 1997). It seems likely that the trun- 
cated mutant Gli3 protein acts as a dominant-negative in- 
hibitor of other Gli proteins. 

In conclusion, the evidence that Shh secreted by the 
distal lung endoderm acts on the adjacent mesoderm 
through a signaling pathway involving Ptc and one or 
more Gli transcription factor(s) is quite persuasive. How- 
ever, much more needs to be learnt about the downstream 
effector genes and how mesodermal cell proliferation is 
up-regulated in response to Shh. 

ROLE OF FGF10 IN LUNG DEVELOPMENT 

In 1994, new light was shed on the mechanism of lung 
branching morphogenesis by experiments in which a 
dominant-negative form of Fgf receptor 2 splice variant 
IIIb (FgfR2IIIb) was misexpressed in the distal endoderm 
under the control of the SP-C enhancer/promoter (Peters 
et al. 1994). Although the trachea and two primary 
bronchi were intact, no lateral branches were present, 
demonstrating that at least one Fgf ligand is required for 
normal lung development. This result posed the question 
of the nature and localization of the Fgf ligand(s) blocked 
by the mutant receptor. Of the different Fgf ligands 
known at that time, Fgf-/acts through FgfR2 with high ef- 
ficiency (Ornitz et al. 1996), so attention naturally fo- 
cused on this candidate. The Fgf7 gene is indeed ex- 
pressed in embryonic lung mesoderm, but only very low 
levels of transcript are present at early stages, when 
branching is well under way (Mason et al. 1994; Post et 
al. 1996). Moreover, mice in which both copies of the 
Fg,r7 gene have been inactivated by homologous recom- 
bination have no obvious abnormalities in pulmonary de- 
velopment (Guo et al. 1996). Therefore, the finding of a 
new Fgfgene expressed at high levels in the mesoderm of 
the rat embryo lung was of particular interest (Yamasaki 
et al. 1996). Indeed, as shown in Figure 2, the mouse 
FgflO gene fulfills at least two of the criteria required for 
a gene involved in branching morphogenesis: It is ex- 
pressed at high levels in specific regions from the earliest 
stages of development, and the temporal and spatial pat- 
tern of expression is compatible with a specific role in the 
induction and outgrowth of primary and lateral buds. 

A potential role of Fgfl0  both in inducing lateral 
branches and in directing bud outgrowth is illustrated in 
Figure 4. This shows, by whole-mount in situ hybridiza- 
tion, expression in the right caudal lobe at intervals be- 
tween E11.5 and E12.5. Throughout this time, expression 
is maintained at high levels in the mesoderm of the distal 
tip, consistent with the protein playing a part in the ex- 
tended outgrowth of the primary branch. Expression is 
also seen in the mesoderm adjacent to the first lateral bud 
to appear (bud 1). It then extends caudally to anticipate 
the outgrowth of the next lateral buds (buds 2, 3, and 4). 

Buds grow toward the domain of highest FgflO expres- 
sion, and as they do so, the level of FgflO transcripts in- 
creases. However, it is important to note that a zone of 
mesodermal cells that does not express high levels of 
FgflO lies immediately adjacent to the distal bud endo- 
derm. This suggests that some factor made by the endo- 
derm locally inhibits Fgfl0 expression. Having the high- 
est level of FgflO production set at a distance from the 
distal tip may help to entice forward outgrowth of the 
bud, possibly along a gradient of ligand. 

The Action of Recombinant Fgfl0 on Lung 
Buds in Culture 

In debating models for the role of Fgfl0 in lung mor- 
phogenesis, it is important to know whether its primary 
effect is on the endoderm or mesoderm, and what re- 
sponses it can elicit in target tissues. Studies have shown 
that three of the four known Fgf receptor genes, including 
FgfR2, are expressed in the lung endoderm, but not in the 
mesoderm. In addition, endoderm denuded of mesoderm 
is able to respond to both Fgfl and Fgf7 when cultured in 
Matrigel (a mixture of basal lamina components such as 
laminin, entactin, type IV collagen, and heparan sulfate 
proteoglycan) (Nogawa and Ito 1995; Bellusci et al. 
1997; Cardoso et al. 1997). This shows that the ligands 
can act directly on the endoderm, without a requirement 
for the mesoderm. However, in this assay, the two pro- 
teins elicit rather different responses, even when added at 
the same concentrations (e.g., 250 ng/ml). Both proteins 
promote cell survival and proliferation, but Fgfl elicits 
the formation of multiple buds within the first 24 hours of 
culture, whereas Fgf7 promotes the formation of an ex- 
panded spheroid of endoderm. We have found that the re- 
sponse of isolated endoderm to recombinant human 
Fgfl0 is initially very similar to that of Fgf7, rather than 
Fgfl. This is perhaps to be expected, given that the amino 
acid sequence of Fgfl0 is more similar to that of Fgf7 in 
the conserved region than Fgfl. However, in the case of 
Fgfl0, the spheroids give rise to multiple buds after 4-60 
hours (Bellusci et al. 1997). 

Similar experiments were carried out with distal end 
buds isolated from E11.5 lungs. The buds, consisting of 
small pieces of distal endoderm surrounded by meso- 
derm, were placed in Matrigel culture and treated with 
varying concentrations of Fgf l0  (30-500 ng/ml). Ini- 
tially, the endoderm expands, forming a single, spheroid- 
like structure, and then between 48 and 72 hours, this 
gives rise to multiple buds (Fig. 4). However, a very dif- 
ferent response is seen when the distal buds are cultured 
in a matrix of type I collagen. In this case, the endoderm 
expands, but never gives rise to secondary buds. Absence 
of bud outgrowth in type I collagen is also seen with Fgfl 
and Fgf7. This experiment demonstrates that the morpho- 
genetic response of endoderm to Fgfl 0 varies depending 
on the extracellular matrix to which the endoderm is ex- 
posed. This has important implications for models of 
branching morphogenesis, as discussed below. 
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Figure 4. FgflO expression during lateral branching. Whole-mount in situ hybridization was used to localize FgflO transcripts in the 
right caudal lobe during the process of primary branch outgrowth and lateral branchin. See text for details. 

A Conserved Role for Fgfs in Branching 
Morphogenesis? 

We have found that FgflO is expressed at high levels in 
the distal mesoderm, in close proximity to outgrowing 
primary and secondary endodermal buds. Moreover, buds 
appear to grow toward domains of high FgflO expression. 
We do not yet know whether Fgfl0 is sufficient to elicit 
lateral bud formation, or only necessary; the observation 
that lateral buds form at very specific distances from the 
terminal bud suggests that additional factors are involved 
in controlling bud spacing, possibly by inhibiting new 
bud formation close to the tip. Although many more de- 
tails need to be worked out concerning Fgfl0 function, 
our findings suggest remarkable parallels between 
branching morphogenesis in the vertebrate lung and the 
insect tracheal system. In each abdominal segment of the 
Drosophila larva, a small epidermal placode gives rise to 
a cluster of postmitotic tracheal cells. These migrate, 
elongate, and branch to form a tree-like system of pri- 
mary, secondary, and terminal tubes. Genetic screens 
have identified a number of genes required for and regu- 
lating distinct stages in the morphogenesis of the tracheal 
system; among these are branchless (bnl) and breathless 
(btl), encoding an Fgf ligand and Fgf receptor, respec- 
tively (Klambt et al. 1992; Lee et al. 1996; Sutherland et 
al. 1996). btl is expressed in the tracheal cells, whereas 
bnl is expressed in small clusters of epidermal or meso- 
dermal cells, providing an external source of Fgf ligand 
toward which the tracheal cells extend. Ectopic expres- 
sion of bnl results in the misdirection of tracheal cells. 
These findings raise the exciting possibility that other 
genes regulating Drosophila tracheal development have 
also been conserved during evolution and that their ho- 
mologs have a role in vertebrate lung morphogenesis and 
in the growth and patterning of many other branches or- 
gan systems. Among these genes might be sprouty, dis- 
cussed in the article by Krasnow (this volume), which en- 
codes an inhibitor of Fgf activity on tracheal cells. 

TOWARD AN INTEGRATED MODEL FOR 
BRANCHING MORPHOGENESIS 

Previous models of branching morphogenesis in or- 
gans such as the lung have tended to focus on the assem- 
bly and degradation of the extracellular matrix as major 

determinants of branching pattern. This is perhaps best il- 
lustrated by the "matrix remodeling hypothesis" of Bern- 
field (1981). According to this model, the proximal ep- 
ithelium or branch stalk is constrained by a well- 
organized, sheath-like basal lamina and extracellular ma- 
trix that includes type I collagen fibrils (Wessells 1970). 
In contrast, the rapid growth and expansion of the distal 
tip, coupled with the matrix degrading activity of the ad- 
jacent mesenchyme, lead to disruption of the basal lam- 
ina, which cannot be assembled fast enough to keep pace 
with proliferation. This results in the local collapse of the 
epithelial sheet and the formation of a cleft in which as- 
sembly of an intact basal lamina can be restored and 
growth restrained. Dichotomous branching then occurs as 
a result of the higher proliferation and expansion of ep- 
ithelial cells lateral to the cleft. The sprouting of lateral 
buds is less well served by this model, but could be seen 
to involve the localized degradation of basal lamina and 
extracellular matrix by the mesoderm around the proxi- 
mal epithelium, allowing a bud to grow out through the 
site of disruption. Numerous lines of evidence point to 
extracellular matrix and cell-matrix receptors such as in- 
tegrins, playing important parts in the branching of or- 
gans (including the lung) (Chen and Little 1987; Kreid- 
berg et al. 1996; Wu and Santoro et al. 1996; Kadoya et 
al. 1997). However, the matrix remodeling hypothesis 
does not take into account the more recent evidence, re- 
viewed briefly here, that secreted signaling molecules 
also have a role in regulating the epithelial-mesenchymal 
interactions that underlie the branching process. An alter- 
native model is therefore needed that integrates both ap- 
proaches to the problem. A tentative example is shown in 
Figure 5, in which branching is dividing into three 
phases: bud outgrowth, tip arrest, and lateral branching. 

Bud Outgrowth 

From the very early stages of bud outgrowth, the distal 
tip epithelium secretes Shh (Bellusci et al. 1996). This 
stimulates adjacent mesodermal cell proliferation by a 
mechanism that involves Ptc and a Gli gene, but not ap- 
parently a direct effect on FgflO expression (Bellusci et 
al. 1977; Grindley et al. 1997). We propose that some 
other factor, for example, a Wnt (Wnt7b is suggested in 
Fig. 5), secreted by the distal endoderm up-regulates 
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"brake." 

Control 

FGFIO 

Figure 5. Effect of Fgfl0 on lung cells in culture. Distal end 
buds (endoderm plus mesoderm) were isolated from E11.5 lungs 
and cultured in Matrigel either alone (A-C) or in the presence of 
250 ng/ml human recombinant Fgfl0 expressed from a bac- 
ulovirus vector in insect cells (D-F). Note the initial swelling of 
the endoderm in response to Fgfl0, followed after 48 hr by ex- 
tensive budding. 

FgflO expression, possibly by a concentration-dependent 
mechanism, with low concentrations being most active. 
Fgfl0,  in turn, acts on the distal endoderm to stimulate 
cell proliferation and also possibly to reorganize cell-cell 
associations, promote fluid secretion into the lumen, and 
induce cell migration. All these result in the expansion of 
the epithelial layer and its outgrowth. Subsequently, a 
self-propelling feedback mechanism is set up that drives 
forward movement of  the branch toward a localized 

Tip Arrest 

A key feature of the embryonic mouse lung is the high 
level of  expression of Bmp4 in the endoderm of  distal 
buds. Overexpression of Bmp4 in transgenic lungs under 
the control of SP-C regulatory elements leads to an inhi- 
bition of endodermal cell proliferation and disruption of 
branching morphogenesis (Bellusci et al. 1996). One pos- 
sibility is that the expression of Bmp4 in the epithelium 
increases as distal outgrowth proceeds and that there is a 
gradient of Bmp4 within the bud, with the highest levels 
at the tip. Bmp4 may inhibit or counteract the effect of 
Fgf l0  on the epithelium, so that Fgf l0  acts with greatest 
efficiency on cells lateral to the tip. Tip arrest may occur 
when the concentration of Bmp4 has built up to such a 
level that the effect of Fgf l0  on the most terminal cells is 
completely blocked. Obviously, the time when this oc- 
curs could be influenced by factors such as noggin and 
chordin, proteins known to bind and inactivate Bmp4. 
Other factors that bind and influence the activity of Fgfs, 
such as heparin sulfate proteoglycans, may also regulate 
the process of bud outgrowth. 

Dichotomous Branching 

Where do extracellular matrix molecules fit into the 
picture? Is there an alternative to the scenario proposed 

BUD OUTGROWTH 

~ l i f era t ion  ~ 4  ~ i ~  "--~" tc, ~li 
Wnt7ff" Fafl0/ gno 

Fgfl0 ~ TIP 
~ n u c  ARREST 

leation of basal mina assembly 
LATERAL BRANCHING 

Figure 6. Tentative model for the interaction between signaling molecules and matrix assembly in branching morphogenesis. Dur- 
ing bud outgrowth, Shh produced at high levels by the distal tip endoderm stimulates cell proliferation in the mesoderm by a mech- 
anism involving Ptc and Gli genes. Shh may also act directly within the endoderm. Fgfl0 made in the mesoderm (gray shading) stim- 
ulates cell proliferation and forward outgrowth of the distal endoderm. WntTb or some other factor made by the endoderm may 
positively regulate Fgfl0 expression. As outgrowth progresses, the level of Bmp4 in the distal tip increases and reaches a level where 
the effect of Fgfl 0 is inhibited. Fgfl 0 expression also shifts more laterally where it stimulates outgrowth of new buds (open arrows). 
High levels of Bmp4 may also activate the nucleation and assembly of an organized basal lamina underneath the most distal endo- 
derm (cross-hatching). Incorporation of type I collagen into this matrix both distally and proximally may help to inhibit branching. 
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by Bemfield (1981) in his original model that neverthe- 
less incorporates the absence of an intact basal lamina 
around the distal tip endoderm, but a well-organized lam- 
ina around the branch stalk? First, we have shown that 
budding in response to Fgfs is inhibited by type I colla- 
gen. This supports the idea that a sleeve of collagen fib- 
rils around the proximal region of the branch stalk in- 
hibits the sprouting of  lateral buds and serves as a 
physical constraint promoting forward expansion. On the 
other hand, Matrigel components are permissive for Fgf- 
induced budding. One possibility is that, in vivo, high 
concentrations of Bmp4 at the distal tip promote the ex- 
pression in the epithelium of specific integrins that "nu- 
cleate" the attachment of epithelial cells to matrix pro- 
teins such as laminin made by the mesenchyme. These 
epithelial cells then change their shape and initiate the lo- 
cal assembly and deposition of an organized basal lam- 
ina, leading to the formation of a cleft. This model differs 
from that of Bernfield's in that local basal lamina assem- 
bly precedes cleft formation, rather than vice versa. In 
isolated endoderm in culture, formation of these nucle- 
ation sites would be stochastic, since there is no regular 
pattern to the budding. In vivo, they would be determined 
by the integrated activity and spatial localization of many 
different signaling molecules, ligand-binding proteins, 
and receptors. 

This tentative model is proposed as a framework on 
which to design future experiments. The goal is to bring 
together what we learn about intercellular signaling path- 
ways, cell-cell and cell-matrix interactions, and prolifer- 
ation in the embryonic lung into a comprehensive cel- 
ular and molecular description of branching morphogen- 
esis, and to compare this with models for morphogenesis 
of other organs, such as the kidney and pancreas. 
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