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Fgf10 regulates hepatopancreatic ductal system patterning

and differentiation
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During organogenesis, the foregut endoderm gives rise to the
many different cell types that comprise the hepatopancreatic
system, including hepatic, pancreatic and gallbladder cells, as
well as the epithelial cells of the hepatopancreatic ductal
system that connects these organs together and with the
intestine. However, the mechanisms responsible for
demarcating ducts versus organs are poorly understood. Here,
we show that Fgf10 signaling from the adjacent mesenchyme is
responsible for refining the boundaries between the
hepatopancreatic duct and organs. In zebrafish fgf10 mutants,
the hepatopancreatic ductal epithelium is severely dysmorphic,
and cells of the hepatopancreatic ductal system and adjacent
intestine misdifferentiate toward hepatic and pancreatic fates.
Furthermore, Fgf10 also functions to prevent the differentiation
of the proximal pancreas and liver into hepatic and pancreatic
cells, respectively. These data shed light onto how the
multipotent cells of the foregut endoderm, and subsequently
those of the hepatopancreatic duct, are directed toward
different organ fates.

The hepatopancreatic ductal system, consisting of the extrahepatic
duct (EHD), cystic duct, common bile duct (CBD) and extrapancrea-
tic duct (EPD), joins the liver, gallbladder and pancreas with the
intestine through the hepatopancreatic ampulla (HPA). We found that
the hepatopancreatic ductal system is organized in zebrafish as it is in
amniotes (Fig. la—c). The CBD and EPD converge into the HPA,
which connects to the intestine. Likewise, the cystic duct and EHD
converge into the CBD. As in mammalian embryos, the hepatopan-
creatic ductal system in zebrafish develops from cells that lie between
the emerging liver and ventral pancreas (data not shown). The
developmental and structural similarities we observed between the
hepatopancreatic ductal system of zebrafish and amniotes warrant the
use of this model system for studying hepatopancreatic organogenesis.

The hepatopancreatic ducts and organs are morphologically and
genetically distinct. Morphologically, the hepatopancreatic ducts are

epithelial structures that do not comprise pancreatic or hepatic cells
(Fig. 1a—c). Neogenesis of pancreatic endocrine and exocrine cells is
observed at the first branch of the intrapancreatic duct (Fig. 1b).
Similarly, hepatocytes are found in the proximal liver, distal to
the EHD. Genetically, we found that the transcription factor ProxI,
which is necessary for development of the mouse liver and pancreas?,
was expressed in the zebrafish pancreas, liver and distal EHD at 56
and 80 h post-fertilization (hpf) (Supplementary Fig. 1 online).
Conversely, Prox1 expression was low or not detected in the gallblad-
der, cystic duct, CBD, HPA, EPD and intestinal tube. Hepato-
cyte nuclear factor (Hnf) 4o, a transcription factor required for
mouse hepatocyte differentiation®, was expressed in the zebrafish
liver and intestine (Supplementary Fig. 1 online). Hnf4o expression
was absent from the pancreas, gallbladder, entire hepatopancreatic
ductal system and anterior intestine. Therefore, morphological bor-
ders between the hepatopancreatic ducts and organs demarcate
expression domains of Proxl, Hnf4o and other pancreas and liver
differentiation markers.

To identify genes regulating patterning of the hepatopancreatic
system, we examined the surrounding mesenchymal cells and
observed that they expressed the LIM homeodomain protein Isletl
(Isl1). Isll-positive mesenchymal cells surrounded the hepatopan-
creatic ductal system and the region of the intestine between the
junction of the swimbladder, anteriorly, and the anterior intestinal
bulb, posteriorly (Fig. 1d-g). However, we did not find any Isll-
positive cells around the pancreas or liver (Fig. 1d-g). This
localization suggested that Isll-positive mesenchymal cells might
regulate patterning and differentiation of the hepatopancreatic ductal
system. As fibroblast growth factor 10 (Fgf10) has been shown to be
coexpressed with Isll and to signal from the mesenchyme to the
endoderm in mouse*, we used a mutation in fgfl0 (dae"?)
to examine its role in regulating hepatopancreatic ductal system
development in zebrafish.

At 56 hpf, fgfl0 was expressed in the mesenchyme surrounding
the developing hepatopancreatic ductal system and the gut region
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between the junction of the swimbladder, anteriorly, and the anterior
intestinal bulb, posteriorly (Fig. 1h,i). We observed this mesenchymal
expression of fgfl0 from 54 to 80 hpf. Of note, the lack of fgfl0 and
Isll expression around the liver and pancreas suggests that neither
gene is expressed at a detectable level in the mesenchyme surrounding
these outgrowths of the foregut endoderm. In mouse, Fgf10 and IslI
appear to be coexpressed in the mesenchyme surrounding the foregut
endoderm and not around the ventral pancreatic bud*®. In zebrafish,
Isl1 is clearly expressed in the mesenchyme adjacent to the hepato-
pancreatic ductal system and the intestinal tube in the region between
the swimbladder and intestinal bulb (Fig. 1d—g). Furthermore, the
gene encoding Fgfr2, which has been suggested to be the primary
receptor for Fgfl0 (refs. 7,8), is expressed in the embryonic endoderm
in zebrafish® (Supplementary Fig. 2 online), suggesting that endo-
dermal cells can receive Fgf10 signals. Consistent with these patterns of
f¢f10 and fgfr2 expression, we found that the endodermal fgf10 mutant
phenotypes were primarily localized to the hepatopancreatic ductal
system and the intestinal tube between the swimbladder and intestinal
bulb, as described below.

To analyze the morphology of the hepatopancreatic ductal system in
greater detail, we used monoclonal antibody 2F11 (ref. 10) because it
strongly marks the entire hepatopancreatic ductal system as well as the
gallbladder (Fig. 2a,b). 2F11 also moderately marks the intrahepatic

Figure 2 fgfl0 regulates the morphogenesis of the hepatopancreatic duct
and intestinal tube. (a-f) 80-hpf wild-type (a,c,e) and fgf10 mutant (b,d,f)
larvae. (a,b) Three-dimensional rendering of the hepatopancreatic ductal
system marked by 2F11. (b) fgf10 mutant hepatopancreatic ductal system
is severely reduced and dysmorphic. (c,d) Z-focal planes through the
intestinal tube stained with 2F11 and Hnf4a antibodies; arrowheads point
to the posterior junction area between the EPD/HPA and the intestinal tube.
Note that 2F11-positive cells extend into the intestine to be continuous with
the intestinal tube in fgf10 mutants (d), unlike in wild-type larvae (c). Also,
the anterior domain of Hnf4a expression is shifted posteriorly in fgf10
mutants (d) compared with the wild-type (c). (e,f) Z-focal planes through the
intestinal tube stained for pan-Cadherin (Cad) and Isl1 showing that fgf10
mutant intestinal tubes are thinner (f) than wild-type tubes (e). Arrows point
to the proximal swimbladder; yellow asterisks mark the area where the HPA
is connected to the intestine.

Figure 1 fgf10 expression in mesenchyme adjacent to the hepatopancreatic
ductal system. (a,b) Three-dimensional rendering of the hepatopancreatic
system showing 80-hpf Tg(elastase:GFP); Tg(lfabp:dsRed) larva labeled with
monoclonal antibody 2F11 (blue) to mark hepatopancreatic ductal system
(including the gall bladder, GB) and somatostatin (Sst) to mark the principal
islet of the pancreas (P). Liver (L) expresses the /fabp:dsRed transgene.
Exocrine pancreas expresses the elastase:GFP transgene. (b) Higher magni-
fication of a, highlighting structure and organization of the hepatopancreatic
ductal system. Arrow indicates Sst-positive cell at the border between
proximal pancreas and distal extrapancreatic duct. (c) lllustration of
hepatopancreatic ductal system (extrapancreatic duct, EPD red;
hepatopancreatic ampulla, HPA, green; common bile duct, CBD, blue; cystic
duct, CD, orange; extrahepatic duct, EHD, yellow). (d,e) Three-dimensional
rendering of hepatopancreatic system of a 56-hpf Tg(gutGFP)8%4 embryo
labeled for Isl1, which is expressed in mesenchymal cells and pancreatic
endocrine cells. (e) Higher magnification of d showing the Isl1-positive
mesenchymal cells surrounding the hepatopancreatic ductal system.

(f) Z-focal plane of embryo in e showing Isl1-positive mesenchymal cells
(arrows) surrounding developing hepatopancreatic duct but not pancreas

or liver. Arrowheads indicate neogenic endocrine cells coexpressing Isl1

and Tg(gutGFP)854. (g) More dorsal Z-focal plane of the embryo in e with
Isl-positive mesenchymal cells surrounding developing intestinal tube (I).
Yellow asterisks indicate swim bladder duct; white asterisks indicate
intestinal bulb (d,e,h,i). (h,i) fgf10 in situ hybridization of a 56-hpf
Te(gutGFP)*85% embryo immunofluorescently labeled for GFP showing fgf10
expression in mesenchymal cells around the hepatopancreatic ductal system
and intestinal tube but not the pancreas or liver (arrows), similar to Isl1
expression. (i) Higher magnification of h.

and intrapancreatic ducts. The elevated level of 2F11 staining in the
hepatopancreatic ductal system does not extend into the intestine.
However, 2F11 does mark scattered enteroendocrine cells and goblet
cells in the intestine'’. Unlike wild-type larvae, in which all the
components of the hepatopancreatic ductal system are discernable,
the hepatopancreatic ductal system of fgfI0 mutants is severely
dysmorphic, with no clear morphological distinction between the
CBD and other components of the hepatopancreatic ductal system.
The CBD is severely reduced in length (and sometimes appears
absent) and has a globular rather than tubular shape. This defect
causes the EPD, cystic duct and EHD to connect directly to the HPA
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Figure 3 fgf10 represses pancreatic and hepatic organ differentiation, as assessed by Prox1 and Hnf4a expression. (a,b) Three-dimensional rendering of
hepatopancreatic system of 60-hpf wild-type (a) and fgf10 mutant (b) embryos stained for Prox1. Arrows point to the presumptive hepatopancreatic ducts;
arrowheads point to the intestinal tube posterior to the hepatopancreatic system. Note the presence of ectopic Prox1-positive cells in the ductal system and
intestine of fgf10 mutants. (c—j) 80-hpf wild-type (c,e,g) and fgf10 mutant (d,f,h,i,j) larvae stained with antibodies to Prox1, 2F11 and Hnf4a shown at
various focal planes throughout the hepatopancreatic system. (d,f,h) Cells misexpress Prox1 (arrows) in the EPD (d), CBD (f) and adjacent intestinal tube (h)
of fgf10 mutant larvae but not wild-type (c,e,g) larvae. Cells misexpressing Hnf4o in the proximal pancreas of fgfl10 mutants (i,j) are also positive for 2F11
and Prox1 (arrowhead; white). (k,1) Three-dimensional rendering of the hepatopancreatic system of 100-hpf Tg(elastase:GFP); Tg(lfabp:dsRed) wild-type (k)
and fgfl10 mutant (1) larvae stained with 2F11. fgf10 mutant larvae (1), unlike their wild-type siblings (k), show ectopic hepatic tissue in their proximal

pancreas (arrow).

(Fig. 2). In most mutants, the EPD and EHD were reduced in size.
These structures appeared thinner and shorter, with no discernable
lumens (Fig. 2b). In rare cases, the EPD or EHD was completely
absent, leaving the pancreas or liver disconnected from the intestine
(Supplementary Fig. 3 online). Furthermore, elevated 2F11 staining
in the hepatopancreatic ductal system of fgfI0 mutants extended
continuously into the intestine (Fig. 2d), suggesting that the HPA
was expanded beyond its normal boundary. Alternatively, the intest-
inal cells adjacent to the HPA might be abnormally differentiating into
hepatopancreatic ductal cells. When we examined the intestinal
expression of Hnf4a, we found that in wild-type larvae, the anterior
boundary of Hnf4a expression in the intestine extended between five
to ten cell lengths anterior of the junction of the HPA and the gut
(Fig. 2c). However, in fgf10 mutants, the anterior boundary of Hnf4o
expression was shifted to the posterior of the HPA (Fig. 2d). These
data suggest that the portion of the intestine adjacent and anterior to
the HPA requires Fgfl0 signaling for expression of Hnf4o. Alterna-
tively, the expanded hepatopancreatic ductal cells are displacing the
Hnf4a-positive cells of the intestine in fgfl0 mutants. Furthermore,
the area of the intestinal tube between the swimbladder and intestinal
bulb, which is surrounded by Isl1-positive mesenchyme, was markedly
thinner and apparently not lumenized in fgfl0 mutants at 80 hpf
(Fig. 2e,f). A thinner gut tube has also been previously reported in
mouse Fgfl0 mutants'!. Thus, Fgfl0 signaling has an essential func-
tion in the morphogenesis of the hepatopancreatic ductal system and
the organ-forming area of the intestinal tube.

To examine the consequences of a lack of Fgfl0 signaling on
differentiation of the hepatopancreatic system, we examined expres-
sion of genes that are differentially expressed between the hepato-
pancreatic ducts and organs. In 60-hpf wild-type embryos, Prox1 was
expressed in both the developing liver and pancreas but was unde-
tectable in most of the presumptive hepatopancreatic ductal system
(Fig. 3a). At 80 hpf, when the branches of the hepatopancreatic ductal
system were clearly distinct, Prox] was mostly absent from these
structures, although we did detect some expression in the distal

EPD and detected low levels in the distal EHD in some cases. In fgf10
mutants, Prox1 was misexpressed in most cells of the hepatopancreatic
duct, including the EPD and CBD (Fig. 3a—f). We were surprised to
find Prox1 expression in cells of the intestine, posterior to where the
HPA joins the intestine (Fig. 3a,b,g,h). This finding correlates with
our observation of ectopic 2F11-positive cells in the intestinal tube of
f¢f10 mutants (Fig. 2d). Together, these data indicate that this part of
the intestinal tube in fgfI0 mutants is more similar to hepatopancrea-
tic system cells. The misexpression of Prox1 in the hepatopancreatic
ductal system and intestine suggests that the boundaries among the
hepatopancreatic organs, ducts and intestine are obscured in fgf10
mutants. We also found ectopic Hnf4o expression in fgf10 mutants: in
approximately one-third of more than 25 larvae examined, Hnf4a was
misexpressed in one to three cells in the proximal pancreas and
hepatopancreatic ductal system (Fig. 3i,j and data not shown). All
Hnf4o-misexpressing cells in the proximal pancreas and hepatopan-
creatic ductal system also coexpressed Prox1 (Fig. 3i,j). Furthermore, a
subset of the cells in the intestine that misexpressed Proxl also
coexpressed Hnf4o (Fig. 3h,i). This coexpression of Proxl and
Hnf4a, which, in wild-type endoderm, we observed only in hepato-
cytes (Fig. 3c.e,g), suggests that cells in the proximal pancreas,
hepatopancreatic ductal system and adjacent intestinal regions of
fgf10 mutants are differentiating toward liver fates. Indeed, when we
assessed at a later stage the expression of a dsRed transgene driven by a
liver fatty acid binding protein (lfabp) promoter'?, which is normally
restricted to cells of the liver (n > 60 larvae examined; Fig. 3k), we
observed that one-third of the fgf10 mutants (n > 30) misexpressed
Tg(Ifabp:dsRed) in a patch of cells in the proximal pancreas (Fig. 31).
These data indicate that hepatocytes differentiate in the proximal
pancreas of fgfl0 mutants.

Most pancreatic endocrine cells, as marked by Tg(nkx2.2a:
mEGFP)!31* and Isll (ref. 6) expression, that are localized outside
of the principal islet cluster were found in the proximal pancreas,
suggesting that islet cell neogenesis occurs immediately distal to the
EPD (Fig. 4a). The EPD, along with the rest of the hepatopancreatic
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Figure 4 fgf10 represses endocrine cell differentiation throughout the hepatopancreatic system.
(a—f) Three-dimensional rendering of the hepatopancreatic system of 80-hpf Tg(nkx2.2a:mGFP)
wild-type (a) and fgf10 mutant (b—f) larvae stained for Isl1 and Cad. (b) fgf10 mutant with large

clusters of Tg(nkx2.2a:mGFP)-positive and Isl1-positive endocrine cells associated with the
hepatopancreatic ductal system (arrow) and adjacent intestinal tube (arrowhead). (c,d) Higher
maghnification of b (shown in d without the green channel to emphasize Isl-positive cells that are
delaminated and clustered in the intestine (arrowheads)). (e,f) Focal plane through an fgf10
mutant EHD (asterisk marks the distal EHD) and proximal liver (L); arrowheads point to
nkx2.2:GFP-positive and Isl1-positive endocrine cells in the liver. Only green and red channels of
e are shown in f. (g,h) Three-dimensional rendering of the hepatopancreatic system of 80-hpf
wild-type (g) and fgf10 mutant (h) larvae stained for Isl1, Ins and Cad. Ins-positive cells are
found in the EPD (arrow) in fgf10 mutants. (i,j) Three-dimensional rendering of the
hepatopancreatic system of 96-hpf Tg(nkx2.2a:mGFP) wild-type (i) and fgf10 mutant (j) larvae
stained with antibodies to somatostatin (Sst) and 2F11. (j) Sst-positive cells are seen in the
cystic duct/EHD (arrowhead) and EPD (arrow) in fgf10 mutants. White lines indicate the border

between the proximal pancreas and distal EPD.

= nkx2.2a:EGFP

ductal system, was adjacent to the fgfl0-expressing mesenchyme
(Fig. 1h—i). These observations prompted us to test whether fgf10
signaling might be inhibiting endocrine differentiation in the EPD. In
wild-type larvae, we generally did not find endocrine cells in the
hepatopancreatic ductal system, although in approximately one-quar-
ter of larvae (n > 60 larvae examined), we did find one or two
endocrine cells in the distal EPD (Fig. 4a). In f¢gf10 mutants, we found
a marked increase in the number of Tg(nkx2.2a:mEGFP)-positive and
Isl1-positive cells in the EPD, often observing more than ten endocrine
cells distributed all along the EPD. When we examined earlier-stage
embryos (56 hpf), we found that the ectopic endocrine cells appeared
to originate from the hepatopancreatic duct (data not shown),
suggesting that the observed 80-hpf phenotype is not caused by a
migration defect. Furthermore, the principal islet cluster often
appeared larger in fgf10 mutants (Fig. 4a,b). We found similar results
when we examined expression of neurod, which encodes a transcrip-
tion factor required for pancreatic endocrine cell differentiation and
survival in mouse'® (data not shown). We were surprised to observe
Tg(nkx2.2a:mEGFP)-positive and Isl1-positive cells in the CBD, HPA
and even in the adjacent intestine and proximal liver of fgfI0 mutant
larvae (Fig. 4b—f), suggesting that these tissues are competent to
generate pancreatic cells. In wild-type larvae, as neogenic pancreatic
endocrine cells differentiated, they delaminated and appeared to
migrate toward the principal islet and sometimes toward each other
to form small clusters of endocrine cells (data not shown). We did not
observe such behavior with intestinal enteroendocrine cells. In fgf10
mutants, many of the ectopic endocrine cells appeared to have
delaminated, often in clusters, from the hepatopancreatic ducts and
intestine, suggesting that these cells behave more like pancreatic
endocrine cells than intestinal enteroendocrine cells. To determine
whether the ectopic endocrine cells observed in fgfl0 mutants could
further differentiate, we examined the expression of insulin and
somatostatin, hormones produced by pancreatic endocrine cells. In
fgf10 mutants, unlike their wild-type siblings (Fig. 4g), a subset of the
Isl1-positive cells in the hepatopancreatic ductal system coexpressed
insulin (Fig. 4h). Similarly, some cells in the hepatopancreatic ductal

system of fgf10 mutants also expressed somatostatin, unlike their wild-
type siblings (Fig. 4i,j). Therefore, fgf10 signaling represses endocrine
cell differentiation primarily in the EPD but also in the rest of the
hepatopancreatic ductal system, the adjacent intestine and even the
proximal liver.

We observed excessive differentiation in the hepatopancreatic
system of fgfI0 mutants, indicating that Fgfl0 functions to repress
differentiation in this subset of endodermal organs. In contrast to
these results, it was originally reported that there was no excessive
differentiation of pancreatic cells in Fgfl0 mutant mice!l. But con-
sistent with our data, misexpression of Fgf10 in mouse did appear to
block pancreas differentiation!®17. These conflicting data in mouse,
together with our findings in zebrafish, warrant re-examination of the
Fgf10 mouse mutant, particularly for hepatopancreatic system differ-
entiation phenotypes.

In addition, we observed ectopic differentiation of endocrine cells in
the EPD and hepatic cells in the proximal pancreas of fgfl0 mutants.
Data from mice suggested that maintenance of Pdx] expression by
Fgfl0 is required for maintenance of pancreatic progenitor cells,
potentially by inhibiting differentiation and promoting prolifera-
tion!®17. Consistent with this hypothesis, and providing a possible
explanation for the presence of ectopic endocrine cells in the EPD and
hepatic cells in the proximal pancreas of fgf10 mutants, we found that
Pdx1 expression in the EPD and proximal pancreas was lost by 80 hpf
(Supplementary Fig. 4 online). However, Pdx1 expression in the
endocrine pancreas and intestine did not seem to be affected.
Furthermore, our observation of ectopic expression of Tg(Ifabp:dsRed)
in zebrafish fgf10 mutants and the presence of putative Pdx1 binding
sites in the Ifabp regulatory element!® supports the possibility that
Fgfl0 represses liver differentiation in the proximal pancreas by
maintaining pdx] expression.

We are just beginning to understand how the developing foregut
endodermal cells are allocated to become distinct tissues of the
hepatopancreatic system. Others'® have shown that the transcription
factor Ptfla functions to prevent presumptive pancreatic cells
from being incorporated into the intestine and differentiating into
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intestinal cells. The results shown here indicate that the domains
of organ differentiation are still plastic in the region of the hepato-
pancreatic ductal system and proximal liver and pancreas even after
organ specification and initial outgrowth. We propose a model
whereby different bilateral factors promoting liver and pancreas
development are repressed at the midline, where the hepato-
pancreatic ductal system, proximal liver and proximal pancreas
differentiate. This model is consistent with our observations of
misdifferentiation of cells of the intestine, hepatopancreatic ductal
system, proximal liver and proximal pancreas in fgfl0 mutants.
However, in wild-type embryos and larvae, where Fgfl0 signaling is
present at the midline, these organ-promoting factors are unable to
direct liver or pancreas differentiation in the hepatopancreatic
system, thereby making the organ-forming and duct-forming
domains distinct. Although PtfIa has been proposed to be positively
regulated by Fgfl0 in mouse?, we did not find any reduction
in ptfla expression in zebrafish fgfI0 mutants (data not shown),
suggesting that the misdifferentiation observed is not due to
ptfla downregulation.

Although pancreas and liver development has received much
attention, the work presented here emphasizes the importance of
studying these organs in the context of the surrounding tissues.
By examining cell differentiation in detail in the pancreas, liver,
hepatopancreatic ductal system and intestine, we have uncovered
a previously unknown role for Fgfl0 in patterning the organ-
forming region of the endoderm. Furthermore, by using high-
resolution, three-dimensional fluorescence imaging, we show that
the zebrafish model is very effective for whole-mount analyses of
the entire hepatopancreatic system. The extensive morphological
and genetic similarities of the hepatopancreatic system between
zebrafish and amniotes validate the use of this model to study
human diseases affecting the liver, pancreas and hepatopancreatic
ductal system.

The widespread misdifferentiation present in fgf10 mutants demon-
strates the marked plasticity of cells in the proximal liver and pancreas,
hepatopancreatic ductal system and adjacent intestine and raises the
question of whether there are common progenitors for these organs.
Indeed, there may be an overlooked progenitor cell population in the
hepatopancreatic ductal system that can differentiate into both pan-
creas and liver cells. Future studies focusing on the hepatopancreatic
ductal system and proximal pancreas and liver will probably lead to
further insights into how organ progenitor cells are specified and
regulated. A more profound understanding of how endodermal cells
are allocated to become distinct cell types should facilitate their
manipulation for use in transplant therapy for diseases such as
diabetes and liver failure.

METHODS

Zebrafish strains. Embryos and adult fish were raised and maintained
under standard laboratory conditions. We used the following mutant and
transgenic lines: daedalus (dae't"o)s, Tg(gutGFP)*5* (ref. 20), Tg(elastase:GFP),
Tg(Ifabp:dsRed)'? and Tg(nkx2.2a:mEGFP)".

In situ hybridization and immunohistochemistry. Whole-mount in situ
hybridizations were performed as previously described?! using the fgfl0
(ref. 5) and fgfr2 (ref. 9) probes, followed by fluorescent immunohistochem-
istry and imaging using a Zeiss Axioplan microscope. We used the following
antibodies: rabbit polyclonal antibody against GFP (rabbit, 1:200; Torrey Pines
Biolabs), rabbit polyclonal antibody against Prox1 (rabbit, 1:1,000; Chemicon),
mouse monoclonal antibody against Isletl/2 (1:10; Developmental Studies
Hybridoma Bank, clone 39.4D5), rabbit polyclonal antibody against
pan-Cadherin (1:5,000; Sigma), mouse monoclonal 2F11 (ref. 10) (1:1,000;
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gift from J. Lewis, Cancer Research UK), goat polyclonal antibody against
Hnf4o (1:100, Santa Cruz Biotechnology), guinea pig polyclonal antibody
against insulin (1:500; Biomeda), rabbit polyclonal antibody against somatos-
tatin (1:1,000; ICN Biomedicals), guinea pig polyclonal antibody against
zebrafish Pdx1 (1:200; gift from C. Wright, Vanderbilt University) and
fluorescently conjugated Alexa antibodies from Molecular Probes. fgf10 mutant
embryos were selected based on their underdeveloped pectoral fin phenotype.
Mutant and wild-type siblings were stained in the same tube. The embryos were
fixed with 2% formaldehyde in 0.1 M PIPES, 1.0 mM MgSO, and 2 mM EGTA
overnight at 4 °C. The yolk was manually removed and the embryos were
blocked for 1 h in PBS with 4% BSA and 0.3% Triton X-100. Both primary and
secondary antibodies were incubated overnight. Washes were done with 0.3%
Triton X-100 in PBS for 3 h to remove excess antibodies. Samples were
mounted in Vectashield (Vector Labs) and imaged using a Zeiss LSM5 Pascal
confocal microscope.

Note: Supplementary information is available on the Nature Genetics website.
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