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Summary

Development of the vertebrate pancreas is a complex stepwise process comprising regionalization,
cell differentiation, and morphogenesis. Studies in zebrafish are contributing to an emerging picture
of pancreas development in which extrinsic signaling molecules influence intrinsic transcriptional
programs to allow ultimate differentiation of specific pancreatic cell types. Zebrafish experiments
have revealed roles for several signaling molecules in aspects of this process; for example our own
work has shown that Retinoic Acid signals specify the pre-pancreatic endoderm. Time-lapse imaging
of live zebrafish embryos has started to provide detailed information about early pancreas
morphogenesis. In addition to modeling embryonic development, the zebrafish has recently begun
to be used as a model for pancreas regeneration studies. Here we review the significant progress in
these areas and consider the future potential of zebrafish as a diabetes research model.

1. Introduction

Studies of the development, function and regeneration of the pancreas are not only relevant to
our basic understanding of this critical organ, but also have the potential to facilitate dramatic
improvements in the lives of diabetic patients. While diabetes can be effectively managed with
insulin therapy, this is far from providing a cure. In an ideal situation the diseased pancreatic
islets of diabetic patients would be replaced by healthy functional cells. The success of the
Edmonton protocol(1,2), where cadaver-derived islets were transplanted into diabetic patients,
shows that this is a feasible therapeutic avenue. However, such transplantation efforts are
limited by the availability of harvested islets, encouraging major efforts to derive functional
islets from stem cells or to induce regeneration of pancreatic cells. This is where developmental
biology intersects with both diabetes and stem cell research. For example, we may be able to
learn from the embryo, which has fine-tuned the process of building a pancreas over millions
of years of evolution, how to coax undifferentiated embryonic stem cells into the differentiated
cell-types that make a functional pancreas.

Much of the effort to understand pancreatic development has made use of the mouse as a model
system. The mouse has several advantages for such studies: as a mammal it shares many
characteristics with humans, and the availability of well-established molecular genetic tools
allows gene function to be tested directly using homologous recombination to generate knock-
out or conditional knock-out lines of mice. Such knock-out approaches have been particularly
useful in establishing the hierarchy of transcription factors that specify and differentiate
pancreatic cell types (reviewed in(3)). However, other model systems each offer their own
particular advantages, and here we focus on the unique contributions that the zebrafish model
is making to our understanding of pancreas development and function. The accessibility and
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optical clarity of zebrafish embryos allows cell manipulation and sophisticated in vivo imaging
approaches that would be far more difficult in a mammal. We highlight how such experimental
approaches have been coupled with forward and reverse genetics to provide new insights into
various aspects of pancreas biology, including the role of cell signaling in pancreas
development, and the processes of morphogenesis and regeneration.

2. Pancreas structure

The zebrafish pancreas shares a basic structure and cellular makeup with the mammalian
pancreas, implying that the developmental lessons we learn in zebrafish will be broadly
applicable. The pancreas, like the rest of the digestive tract and associated organs, develops
from the endoderm germ layer(4), and the basic organization of the digestive tract is conserved
from mammals to fish (Fig. 1). In both mammals and zebrafish the pancreas consists of an
exocrine compartment (the acinar cells), which produces digestive enzymes that are secreted
into a ductal system that transports these enzymes to the digestive tract, and an endocrine
compartment (the islets), which is critical for blood sugar homeostasis. The pancreatic islet
consists of a central core of insulin-producing p-cells, surrounded by, in fish as in mammals,
glucagon-secreting p-cells, somatostatin producing p-cells, and ghrelin-producing e-cells.
Whether pancreatic polypeptide producing PP-cells also make up part of the zebrafish islet
remains unclear, although PP cells have been described in a number of teleosts(5). During
zebrafish embryonic development a single primary islet forms initially, with a-, p- and 5-cell
types already present (as assessed by hormone gene expression) within the first day of
development(6,7). By the adult stage several secondary islets and some scattered insulin-
positive cells can also be recognized(8,9), again similar to the mammalian pancreas. The
molecular markers available for differentiated zebrafish pancreas cell types and their
progenitors are summarized in Table 1.

3. Developmental origins of the pancreas: regionalization of the endoderm

In all vertebrates establishment of the three germ layers (endoderm, mesoderm and ectoderm)
occurs immediately before, or at the onset of, the morphogenetic process of gastrulation.
Gastrulation movements internalize the endoderm cells, eventually bringing them into the
appropriate location to generate the digestive tract and associated organs. During this process
endodermal precursors differentiate into a wide variety of cell types, to make up the various
complex tissues and organs of the digestive tract. For example, the most anteriorly localized
(cranial) endoderm cells will contribute to the pharynx, thyroid, thymus, and esophagus, while
more posteriorly located (trunk) endoderm will contribute to the foregut (including the liver
and pancreas), midgut and hindgut. Complete development of endoderm-derived structures
can be considered a stepwise process: the endoderm first becomes regionalized into specific
territories, then within these territories further differentiation and organogenesis occurs. For
example, following initial regionalization to produce the foregut, the pancreas and liver develop
as out-pocketings of the gut, and their specific cell types differentiate (reviewed in(10,11)).
Thus the appropriate combination of regionalization, cell differentiation, and morphogenesis
ultimately produces fully functional organs with critical roles in metabolism and digestion.

The initial process of establishing the endoderm germ layer is well understood at both the
morphological and molecular levels in the zebrafish model. Early in zebrafish gastrulation both
endoderm and mesoderm cells, which lie at the blastula margin, begin to internalize through a
process of involution. The endodermal cells rapidly disperse through a “random walk”
mechanism(12), develop a characteristic flattened morphology, and begin to express
endodermal marker genes(4,13). As gastrulation proceeds, convergence-extension movements
carry cells of all three germ layers to the dorsal side of the embryo where they intercalate to
elongate the anteroposterior (AP) axis of the body. This process brings the endoderm cells
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towards the midline, where they will later form the gut tube on the ventral surface of the embryo,
in between the yolk and the overlying mesoderm (Fig. 1b). Genetic approaches have shown
that in zebrafish both formation of the endoderm and its unique cell behaviors rely on nodal-
related TGFB molecules, which ultimately regulate expression of the casanova/sox32
transcription factor gene (reviewed in(14,15)). Sox32 is both necessary for endoderm
development and sufficient to switch mesoderm to an endodermal fate(16,17).

While we have a detailed understanding of endoderm formation in zebrafish, we know less
about the regionalization of that endoderm along the AP axis in this system or any other. The
zebrafish endoderm gives rise to a similar repertoire of structures to the mammalian endoderm
(Fig. 1), with the exception of a swimbladder rather than lungs, and an enlarged proximal
intestinal structure, termed the intestinal bulb, rather than a stomach and duodenum. Another
difference is that the zebrafish gut tube forms via cavitation rather than by folding of a sheet
as in other vertebrates(18). We also know from the Warga and Nusslein-Volhard(4) fate map
that structures in the anterior of the animal (such as pharynx) derive from endoderm close to
the dorsal organizer (or “shield™) whereas structures in the posterior of the animal derive from
endoderm that lies far from the organizer (Fig. 1). What mechanisms function to subdivide the
early endoderm into the territories that will later produce specific AP structures? Studies of
axial patterning of the nervous system have implicated the Vitamin A derivative Retinoic Acid
(RA) in the process of AP regionalization(19). This knowledge inspired us to ask whether RA
might play a similar role in endoderm regionalization.

3.1 Retinoic Acid

RA is synthesized in animals from its Vitamin A precursor through a two-step process, with
the second rate-limiting step catalyzed by aldehyde dehydrogenase (Aldh). During early
development Aldh function is provided by the Raldh2 enzyme. Two mutations in zebrafish
raldh2 have been described, neckless (nls) and no-fin (nof) mutants(20,21). We found that RA-
deficient embryos, either mutant for nls or treated with the BMS493 inverse agonist of RA
receptor (RAR) function, lack both endocrine and exocrine pancreatic cell types, as well as
markers of pancreatic progenitors. However, endoderm is present and other derivatives such
as pharynx and thyroid are able to differentiate as normal(22). Importantly, timed treatments
with BMS493 revealed that RA functions to specify the pancreatic domain between 8 and 13
hours post fertilization (hpf), at the end of the gastrulation process. Further, we found that
treatment of late gastrulae with exogenous RA has the remarkable capacity to expand the
pancreatic field throughout the anterior endoderm, acting in a dose-responsive manner to
expand foregut fates at the expense of pharyngeal structures(22). In a comparative study we
confirmed that this critical role for RA is not confined to zebrafish; both quail and Xenopus
embryos respond similarly to RA(23). RA was similarly shown to be essential for Xenopus
pancreas development by Chen and colleagues(24), who additionally found that RA promotes
endocrine cells in the dorsal pancreatic bud. Analyses of mouse Raldh2~~ mutants, which
again lack early RA production, showed that RA is similarly required for dorsal pancreatic bud
development in a mammal(25,26). These studies confirm that molecular mechanisms to
regionalize endoderm are conserved across vertebrates, although they also highlight that there
can be small but significant differences in these mechanisms. For example, while all pancreatic
derivatives, as well as liver fates, require RA signaling in the zebrafish, in mouse this
requirement is limited to the dorsal pancreatic bud. Nevertheless, RA is an important promoter
of vertebrate pancreatic fate, and consistent with this finding RA treatment is an integral
component of three recently reported protocols for the differentiation of human stem cells to
endocrine pancreas cells(27-29). Insummary, the RA signaling story represents a nice example
of how lessons from zebrafish can be highly applicable to mammalian diabetes and stem cell
research.
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AsRA isadiffusible signal produced in the mesoderm, where raldh2 is expressed, the question
arises of how it exerts its effects on endoderm. To study this, we used a cell transplantation
strategy that takes advantage of the Sox32 transcription factor. As Sox32 is both necessary and
sufficient to specifiy endoderm from mesendodermal progenitors (17,30), we are able to
microinject Sox32 mRNA into one-cell stage zebrafish embryos and thus direct cells to an
endoderm fate(31). Co-injected reagents are also directed to the endoderm, and this allows us
to determine whether a molecule of interest functions tissue-autonomously. As Sox32-
overexpressing embryos lack mesoderm they do not undergo normal gastrulation. To study the
endoderm, these embryos are therefore used as cell donors: endoderm cells are removed from
a pre-gastrula stage donor and transplanted to a pre-gastrula stage host embryo. We can
microinject the host embryo with an antisense morpholino to disrupt Sox32 function, thus
blocking its capacity to make endoderm of its own. Transferring cells from the Sox32-positive
donor to the Sox32-negative host produces a genetic chimera in which all endoderm is donor-
derived.

Using this strategy, we expressed a dominant-negative RA receptor (RAR) specifically in the
endoderm and found that RARs function in endoderm to receive the RA signals from adjacent
mesoderm(31). However, as diffusible RA is synthesized throughout the anterior mesoderm,
additional mechanisms must exist to precisely limit the endodermal domain specified as
pancreatic. As the four zebrafish RARs are broadly expressed(32), it is unlikely that this process
relies exclusively on limited RAR expression. Consistent with this hypothesis, in recent studies
we have found that the Cdx4 transcription factor plays an important role in setting the normal
posterior limit of the pancreatic field. Zebrafish mutant for cdx4/kgg (Table 2) not only have
an abnormally posteriorly-located pancreas, but also an excess number of B-cells(33). As
cdx4 is expressed in all three germ layers during early development, we asked whether Cdx4
functions directly within the endoderm to localize the pancreas. Again using cell
transplantation, we found that mesodermal expression of Cdx4 is not critical for localizing the
pancreas, but rather that endodermal Cdx4 is required(33). We predicted that in the absence
of Cdx4 function exogenous RA would have the capacity to promote pancreatic fates not only
in anterior endoderm, but also in the posterior. Consistent with this model, RA treatment of
Cdx4-deficient specimens induces scattered insulin-expression throughout the posterior
endoderm(33). Taken together, our data show that mesodermal RA and endodermal Cdx4 work
positively and negatively, respectively, to establish the pre-pancreatic region within the
endoderm (model summarized in Fig. 2).

Beyond RA signaling, what other diffusible signals might function to regionalize the
endoderm? Data from several systems implicate secreted FGF signals in this process. Wells
and Melton(34) showed that FGF4 patterns cultured E7.5 mouse endoderm in a concentration
dependent manner, with higher concentrations promoting intestinal fates and lower
concentrations promoting pancreas/duodenal fates. Wells and colleagues(35) went on to show
that local application of FGF to chick embryos, using beads at early somite stages, shifts the
expression domain of CdxB (the homolog of zebrafish Cdx4) towards the anterior.
Concomitantly, there is an anterior shift in the expression domain of the pancreas progenitor
marker Pdx1. Interestingly, our own mis-expression experiments with zebrafish cdx4 led to a
similar anterior shift of insulin expressing -cells. Conversely, when Dessimoz and colleagues
inhibited FGF signaling in chick endoderm at early somite stages, by applying a bead carrying
the SU5402 FGF receptor inhibitor posterior to the pre-pancreatic domain, Pdx1 expression
expanded posteriorly. Again, this result is reminiscent of Cdx4-deficiency in zebrafish, where
we similarly find that the Pdx1 progenitor marker domain expands towards the posterior.
Whether zebrafish Pdx1 also negatively regulates Cdx expression, as demonstrated in the chick
(36), has not been tested. Taken together, available data suggest that regulation of Cdx4 may
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be a major mechanism through which FGF4 regionalizes endoderm, and further suggest that
this regulatory pathway is conserved across vertebrates. The regulation of Cdx gene expression
by FGF signaling is likely direct, as has been demonstrated for Xenopus Xcad3(37).

Interestingly, FGFs seem to play multiple sequential roles in pancreas development. In addition
to the role of FGF4 in endoderm patterning, Hebrok et al.(38) have reported a slightly later
role for chick FGF2 in repressing Shh expression in the posterior foregut that gives rise to the
dorsal pancreas. Manfroid et al.(39) reported that endodermal expression of zebrafish fgf24
plays a later role in patterning the adjacent pancreatic lateral plate mesoderm, and subsequently,
fgf24 and fgf10 from the lateral plate signal back to the endoderm to help specify the exocrine
pancreas. Further, analysis of a zebrafish fgf10 mutant (Table 3) has revealed a critical role for
this signal in patterning the hepatopancreatic duct(40).

3.3 Sonic Hedgehog (Shh)

3.4 BMPs

As mentioned above, in chick explant experiments FGF2 inhibits Shh expression(38). This
inhibition of early endodermal Shh function is a critical step in amniote pancreas development
(38,41,42). By contrast, in zebrafish Hh signaling from the notochord is required for pancreas
development: embryos treated with the Hh inhibitor cyclopamine, or mutant for the Hh receptor
Smoothened, do not develop a pancreas(43,44). This apparent species-specific difference in
the role of Shh reflects, at least in part, a difference in developmental timing; expression of
zebrafish shh within the endoderm does not commence until 24 hpf, long after the onset of
endocrine marker gene expression, and the related twhh(shhb) gene shows an even later onset
of endodermal expression(43). However, as the mouse Shh mutant is early lethal just prior to
pancreas specification, we do not know if mouse pancreas development also has an early
requirement for notochord-derived Hh signaling. Interestingly, Chung and Stainier(45) have
recently used a cell transplantation approach to reveal that the zebrafish Shh receptor Smo
functions non-autonomously in endocrine pancreas development: its function is not required
in B—cell progenitors themselves, but rather in more laterally located endoderm cells that are
fated to form exocrine pancreas, intestine, and occasionally liver. This finding reveals that in
addition to signals from mesoderm, intra-endodermal signals from lateral cells to more medial
cells are also important in pancreas development. While the nature of these signals is not yet
known, they seem to act at close range. Chung and Stainier(45), like dilorio et al.(44), suggest
that notochord-derived Shh plays an early positive role, while endoderm-derived Shh plays a
later negative role in controlling pancreas development. In summary, similar to FGFs, Hh
signaling likely plays sequential roles in pancreas development, with cell culture experiments
suggesting a requirement for Hh signaling in adult endocrine pancreas cell function (reviewed
in(42)).

TGFp family growth factors, including BMPs, have also been implicated in the earliest stages
of pancreas development. For example, mutants in zebrafish bmp2b/swirl show a reduced
pancreatic progenitor domain, whereas mutants in the bmp antagonist chordin/dino show a
reciprocal phenotype(46). These data may reflect a general early role for BMP signaling in
setting up the basic body plan, or may suggest that BMP signals directly promote pancreas
development. The latter hypothesis is supported by data from chick explant studies. Kumar et
al.(47) showed that chick pre-pancreatic lateral plate mesoderm (LPM) has the capacity to
instruct anterior endoderm to express the pancreas progenitor marker Pdx1; this capacity is
blocked by the TGFp inhibitors Follistatin and Noggin. More anterior LPM cannot play this
role, unless RA, Activin A, or one of several BMP class molecules is also provided. Further,
mouse mutations in the Activin receptors ActRII1A and ActRI1B(48), which can transduce
signals from Activins and a subset of BMPs, lead to reduced pancreatic islets. Taken together,
these data implicate one or more TGFf family molecules in promoting pancreatic fates.
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Conversely, Spagnoli and Brivanlou(49) recently described a Xenopus BMP antagonist,
TGIF2, which negatively regulates BMP function to promote pancreatic fate. It remains to be
determined whether this apparently opposite role for BMP signaling in Xenopus versus other
species represents a true species difference, or similar to the situation with HH, rather reflects
different roles for TGFp signals at different stages of pancreatic development.

4. Morphogenesis of the pancreas

Transgenic zebrafish carrying fluorescent reporter genes provide a powerful method to follow
morphogenesis over real time. In recent years the number of transgenic lines relevant to studies
of the pancreas has increased substantially as transgenic methods have improved; these lines
are summarized in Table 3. Field et al.(50) used the convenient gutGFP transgenic line, in
which the entire digestive tract expresses Green Fluorescent Protein due to a fortuitous
transgene integration into the endoderm gene foxa3, to follow the details of zebrafish pancreas
morphogenesis. The mammalian pancreas is initially formed as two separate buds that grow
out from the developing gut tube; both dorsal and ventral pancreatic buds contribute endocrine
and exocrine cells, with the separate buds merging to form the complete organ (reviewed in
(10)). Field and colleagues showed that the zebrafish pancreas similarly derives from two
pancreatic buds: a dorsal bud is apparent by 24 hpf, with a secondary ventral bud emerging
slightly to the anterior at 40 hpf. By 52 hpf the two buds have merged to form a single pancreas
located on the right hand side of the larval fish, as a consequence of gut rotation. Analysis of
the zebrafish mutant heart and soul (has) in which gut looping fails to initiate revealed that the
dorsal bud produces almost all of the endocrine cells, with the ventral bud being the sole source
of exocrine cell types(50,51). This separation of endocrine and exocrine tissue may prove
useful in allowing the different genetic programs underlying differentiation of endocrine versus
exocrine cell types to be unraveled.

To investigate cell behavior at earlier stages of zebrafish pancreas development we recently
generated a detailed fate map focused specifically on pancreatic cell types(52). Similar to other
studies(4), we fate mapped by labeling single cells close to the blastoderm margin at late
blastula stage, localizing them relative to the shield at early gastrula stage, then following the
labeled clones to 40 or 72 hpf. This strategy enabled us to identify each labeled cell’s
contributions to the dorsal versus ventral pancreatic bud, or to endocrine versus exocrine
pancreas tissues. We found no intrinsic asymmetry in the disposition of pancreas progenitors,
however we did uncover a tendency for dorsal bud/endocrine progenitors to derive from a
location closer to the shield than the ventral bud/exocrine progenitors. While a single clone
can contribute to to both the endocrine and exocrine buds as well as to endocrine and acinar
cell types, our data suggest that even before cells have committed to a particular germ layer,
biases are being established that will influence later pattern formation.

Additional fate map data recently reported by Chung and Stainier(45) show that the endocrine
pancreas cells derive from the most medial aspect of the pdx1 expression domain, with more
lateral cells contributing to exocrine pancreas and intestine. Expression of pdx1 is initially
located in bilateral domains in the anterior trunk, as predicted by the fate maps(4,52). These
domains later merge as convergence brings foregut cells to the midline. Interestingly, Matsui
et al.(53) have described a role for non-canonical Wnt signaling in the process of foregut
convergence. This group demonstrated that a dominant-negative Disheveled molecule,
designed to specifically block non-canonical Wnt signaling, prevented Pdx1-positive
progenitors or later differentiated pancreas and liver cell types from reaching the midline;
rather, bilateral domains of expression were maintained for all foregut markers. They went on
to demonstrate that three Wnt ligands (Wntda, Wnt11 and Wnt11r) function redundantly,
through the RhoA kinase pathway, to mediate foregut convergence.
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By following B-cell development during early zebrafish embryogenesis, we have obtained a
fairly detailed picture of endocrine pancreas organogenesis. Insulin-positive p-cells are first
detectable at 15 hpf, at which time they are located in scant numbers in bilateral domains in
the anterior trunk(7). Over the next 4 hours, -cell number increases and the cells converge to
the midline, forming a nascent islet by 19 hpf(33). As the B-cells converge to the midline they
also move posteriorly. Thus, insulin-positive cells that are initially detected adjacent to somite
1 are located adjacent to somites 3—4 by 24 hpf and somites 4-5 by 48 hpf (Fig. 3A). This
change in location of the B-cells was first detected by in situ hybridization to locate insulin
transcripts. Subsequently, transgenic zebrafish have been utilized to follow p-cell movements
in live embryos via time-lapse imaging (e.g. Fig. 3). Notably, Kim et al.,(54) used
insulin:GFP transgenics to track individual B-cells over the first 8 hours of their development
following the onset of GFP expression. This study confirmed the active movement of p-cells
suggested by in situ hybridization studies. They further studied 3-cell movement by disrupting
non-canonical Wnt signaling. Morpholino knockdown of Wnt5 or the Fz2 Wnt receptor results
in a duplicated islet. Live time-lapse imaging of insulin:GFP transgenics in which Fz2 was
knocked down revealed that this was caused by the failure of individual -cells to move towards
the posterior. Rather, cell movements were randomized along the AP axis, although midline
convergence was normal. Thus non-canonical Wnt signaling plays separable roles in foregut
convergence(53) and islet coalescence and migration(54). Finally, our own time-lapse studies
of B-cell movement using the insulin:GFP transgenics have demonstrated the importance of
the Cdx4 transcription factor in correctly localizing the pancreas along the AP axis(33). We
observed that loss of Cdx4 results in movement of the -cell population to an abnormally
posterior location (Fig. 3B). Taken together, these studies demonstrate how the optically
transparent zebrafish embryo, when coupled with transgenic technology, provides a powerful
tool for studying pancreas morphogenesis.

5. Cell fate decisions

As the pre-pancreatic domain is established, precursors differentiate into the mature pancreatic
cell types in a sequential fashion (Table 1). Mouse studies have demonstrated that each of the
islet endocrine cell types differentiates independently from a common precursor pool. Lineage-
specific transcription factors have been identified for some cell types, summarized in Figure
4. Much of this developmental program may be conserved between mice and zebrafish, as
many of the transcription factors that characterize mouse pancreatic cell lineages have been
identified in zebrafish lineages as well (Figure 4). A notable difference is that ngn3, a marker
of endocrine pancreas precursors in mouse, is apparently not expressed in zebrafish pancreas
until well after the endocrine cell types have differentiated(55). By contrast, mice lacking
ngn3 expression fail to differentiate pancreatic endocrine cell types(56). Thus, although
zebrafish and mouse have many similarities with respect to pancreas development, the
developmental program is not identical.

These differences can be exploited to reveal general aspects of vertebrate pancreas
development that might otherwise be difficult to detect in a mammalian model. For example,
because the two zebrafish pancreatic buds consist of separate pools of endocrine cell types
(dorsal bud) versus largely exocrine cells (ventral bud) the zebrafish has been useful for
dissecting the differences between endocrine versus exocrine cell fate decisions. In mice, both
pancreatic buds comprise mixed endocrine and exocrine progenitors, and both require the
transcription factor gene Ptfla for differentiation(57). However, in zebrafish ptfla is required
only for the later developing ventral bud(58,59). Loss of ptfla results in loss of the exocrine
population, and the ventral-derived endocrine population is greatly reduced, revealing a later
requirement for ptfla in endocrine differentiation(59). Recently, Dong and colleagues have
added to this picture by showing that the level of ptfla expression influences cell fate choices
within the pancreatic progenitor pool. Using the akreas mutant, which is a ptfla hypomorph,
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this group showed that in the ventral bud, cells with low levels of ptfla activity adopt an
endocrine fate, whereas cells with high levels adopt an exocrine fate(60).

In the pancreas, ptfla appears to exert its influence in the context of the Notch activation state.
When Notch signaling is active, ptfla-positive cells are maintained in a proliferative state, and
when Notch signaling is inactivated, ptfla-positive cells become terminally differentiated
(reviewed in(61)). Notch signaling is also important for the sequential differentiation of
pancreatic cell types(55,62-65) and may function to limit the number of specific endocrine
cell types via lateral inhibition, in a similar fashion to its role in neuronal development
(reviewed in(66)). In mouse and zebrafish, exocrine pancreas precursors co-express ptfla and
hes1, a downstream target of the Notch pathway(65). Mouse studies have shown that inhibition
of Notch signaling results in accelerated endocrine differentiation and inhibition of exocrine
differentiation(62). These studies suggested that excessive differentiation of endocrine cells
resulted in a depletion of the common pancreatic precursor pool, thus leaving few precursors
available to differentiate into mature exocrine cells. However, Esni et al(65), using zebrafish,
showed that there is a specific role for Notch signaling in acinar differentiation. Notch signaling
must be inhibited in the precursors for exocrine cells to differentiate (reviewed in(61)). Use of
the zebrafish avoided confounding factors presented by the mixed precursor population in the
mouse pancreatic buds.

6. Regenerative capacity of B-cells

When zebrafish exocrine cells are ablated, by expressing diptheria toxin A (DTA) under control
of the acinar-cell-specific elastaseA promoter, the endocrine population appears to be
unaffected (67). At 6 days post-fertilization, a-, B-, and 5-cells are present in normal numbers
in pElaA-DTA larvae. This indicates that endocrine cells are not dependent on the exocrine
cells for maintenance or differentiation, and is consistent with the differentiation of the dorsal
endocrine population in the absence of ptfla. Two groups have used a similar strategy to ablate
B-cells in the pancreas, but have gone a step farther by using transgenes that are responsive to
drugs, enabling the temporal control of Bcell ablation(9,68). Curado et al. and Pisharath et al.
have generated transgenic lines encoding nitroreductase (NTR) in B-cells (ins:CFP-NTR and
ins:nfsB-mCherry, see Table 3). NTR converts metronidazole to a cytotoxin, resulting in -
cell death. Both groups elegantly used this strategy to show that B-cells regenerate following
drug removal. In addition, Pisharath et al. blocked exocrine pancreas development in their
transgenic embryos by using a morpholino against ptfla, and demonstrated that p-cell
regeneration is independent of the exocrine pancreas. As ptfla-morphant embryos have
variable loss of the pancreatic duct, it will be important for future studies to determine whether
the duct is required for B-cell regeneration. When coupled with lineage tracing, these new
transgenic tools will allow the important question of which cells are progenitors of the
regenerating B-cells to be addressed.

7. Harnessing the power of zebrafish genetics

One of the great advantages of the zebrafish model is its powerful genetics. Many of the studies
mentioned above have relied either on mutant lines of zebrafish, or on reverse genetic
approaches such as morpholino knock-down to disrupt candidate gene function (reviewed in
(69)). The forward genetic approach has the advantage that it allows unbiased identification
of genes based solely on the phenotypes that result from their disruption. In Table 2 we
summarize the known mutants that have a major pancreas phenotype. As any mutant lacking
endoderm will by definition also lack pancreas we have not included pan-endoderm mutants
such as casanova/sox32 in this list.

The original large-scale genetic screens carried out in Tubingen and Boston and reported in
1996 produced several mutants that disrupt pancreas development, despite the difficulty of
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visualizing changes in the endoderm derivatives based on a pure morphology screen. Notably,
the two raldh2 mutant alleles, nls and nof, were isolated during these screens, although the
absence of pancreas in nls RA-deficient embryos was only recognized several years later(22).

A directed screen based on in situ hybridization for insulin identified a new mutant allele in
tcf2/hnflb (the mislet mutant), which has a severely reduced pancreas. This screen also
identified another 8 mutants with reduced islets, disorganized endocrine cells, or both(70) (see
Table 2). Other screens have focused on the exocrine pancreas(71), where reduction or
occasional complete absence is a common phenotype. A recent screen using the gutGFP
transgenic line yielded the prometheus/wnt2bb mutant, which shows defects in liver
specification(72), as well as the akreas/ptfla hypomorph described above(60). It seems likely
that this screen and others based on available transgenic reporter lines will provide new mutants
affecting pancreas development in the future. The paucity of mutants to date that completely
lack endocrine pancreas, or even a specific endocrine cell type, is noteworthy. This is unlikely
to reflect genetic redundancy as a consequence of the ancient gene duplication event that
occurred in the lineage of the zebrafish, as, in general, duplicate genes have either been lost or
have sub-functionalized. Rather, this lack of mutants suggests that after the pre-pancreatic
domain has been appropriately regionalized there are complex and redundant mechanisms to
produce the normal complement of endocrine pancreas cell types.

8. Conclusions/Perspectives

Our understanding of some of the earliest events in pancreas development, in particular the
initial regionalization of the endoderm to produce the pre-pancreatic field, has been moved
forward by studies in the zebrafish. While work in the mouse has been particularly helpful in
establishing the intrinsic transcription factor networks critical to differentiation of pancreatic
cell types, the zebrafish has contributed to our understanding of the extrinsic signaling
pathways that influence these networks. For example, we now know that regulated RA
signaling is critical to establishing the pre-pancreatic field, and that signaling molecules such
as Shh and FGF can function more than once in pancreatic development, playing sequential
roles at different developmental stages. In addition, the accessibility of zebrafish embryos is
beginning to provide new insights into the morphogenesis of the pancreas. Nevertheless,
despite significant progress in multiple models, much remains to be discovered regarding the
details of the signaling pathways that allow differentiation of particular pancreatic cell types.
Interactions between different signaling pathways have not been fully explored, and in many
cases we lack a full understanding of the temporal sequence of events. Similarly, we do not
yet fully understand the morphogenetic processes that allow the endocrine cells to arrange into
functional islets, or indeed to build the pancreatic organ as a whole. Future studies using the
zebrafish system will likely focus on these unanswered questions, as well as on understanding
and overcoming limitations to pancreas regeneration.

Studies of pancreas developmental biology are also vital for stem cell biology; we should be
able to learn from the embryo how to coax undifferentiated embryonic stem cells into the
differentiated cell-types that make a functional pancreas. Consistent with this idea, several
groups have applied knowledge gained from study of the embryonic pathways discussed above,
to differentiate stem cells into B-cells(27-29,73,74). The protocols involve progressive
administration of signaling molecules including Activin, FGFs and RA, to step the stem cells
through a differentiation pathway from definitive endoderm, to primitive gut, to foregut, to
pancreas progenitor, to differentiated p-cells. While many hurdles remain before stem cell-
derived islets can be used to cure diabetic patients, these new findings do give significant hope
that this is a plausible therapeutic avenue. In addition, they highlight the critical importance of
understanding the normal progression of pancreatic development through the study of animal
models including the zebrafish.
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We predict that because of the tractability of the zebrafish model with respect to imaging and
genetic manipulations, studies on the function of the zebrafish pancreas will become
increasingly useful. Do zebrafish B-cells secrete insulin? Is regulation of blood glucose by the
pancreas important in zebrafish? Although these questions are beginning to be addressed,
insulin release has yet to be directly measured in zebrafish. Recent studies have measured blood
glucose and shown that glucose levels drop in response to various anti-diabetic drugs that are
routinely used in mammals(75). Changes in blood glucose levels have also been monitored by
Gleeson et al.,(76), who demonstrated that hyperglycemia in zebrafish larvae induces retinal
dysmorphology, reminiscent of retinopathy associated with both type I and type 11 diabetes in
humans. In addition to use of the zebrafish for studies of pancreas function, we expect that the
zebrafish will also become increasingly useful for other types of diabetes-related research
beyond its role as a model for vertebrate pancreas development. For example, the zebrafish
lends itself well to high throughput approaches, such as small molecule screens (reviewed in
(77)). Small molecule screens can potentially be coupled with transgenic tools, such as
reporters of gene function, or perhaps of regenerating p-cells. Such approaches will allow
zebrafish to become a useful drug discovery and screening tool of the future.

Abbreviations
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Figure 1. Organization of the zebrafish digestive tract and pancreatic islet

A) Fate mapping from 4 hpf shows that anterior endodermal organs derive from precursors
close to the dorsal organizer whereas posterior organs derive from more ventral locations(4).
The isletis organized similarly to the mammalian islet. DO: Dorsal Organizer. B) Fate mapping
shows that pancreatic precursors (red box, 5 hpf) derive from the blastoderm margin, in bilateral
domains. By the end of gastrulation (10 hpf), the precursors have converged towards the trunk
region. By the end of day 1 of development, differentiated endocrine cells cluster to form the
islet in the anterior trunk region.
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Figure 2. Model of endoderm regionalization

A) Retinoic Acid (RA) is required between 8-13 hpf to specify the pancreas. RA is synthesized
in the paraxial mesoderm by raldh2. Endodermal expression of the cdx4 transcription factor
prevents posterior endoderm from expressing insulin. The B-cells are located anterior to the
domain of high cdx4 expression. B) Opposing gradients of Retinoic Acid (RA) and cdx4 limit
insulin expression to the foregut. The posterior limit of the pancreas is set by cdx4. Endodermal
factors that limit the anterior boundary of the pancreas have not been identified.
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Figure 3. p-cell movement during islet formation

A) Schematic of B-cell location during islet formation. Over time, insulin-positive B-cells
increase in number, converge to form the islet, and move posteriorly. A, Anterior; P, Posterior;
S, Somite. B) Live timelapse imaging reveals that -cells move posteriorly during islet
formation. Cdx4 knockdown results in farther movement of B-cells. Based on in situ
hybridization, glucagon-positive -cells and somatostatin2-positive p-cells are also initially
located anteriorly in the trunk and subsequently surround the B-cell cluster within the more
posteriorly located islet. It is thus likely that a- and &-cells move posteriorly, similar to the p-
cell movement revealed by live timelapse imaging. Brightfield and fluorescent images of
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insulin:GFP transgenics taken in dorsal view at 200x magnification and merged. Numbered
brackets indicate somites.
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Figure 4. Pancreatic cell lineages

A simplified summary of transcription factors identified for mouse and zebrafish pancreatic
cell differentiation. Lineages are based on mouse data. Green indicates that a zebrafish homolog
has been identified in the pancreas (see Table 1 for more details). Function of a particular
transcription factor is not necessarily conserved between mouse and zebrafish. Gray indicates
mouse pancreatic transcription factors that have not been identified in the zebrafish pancreas.
Pancreatic Polypeptide-expressing cells (PP-cells) have not been identified in the zebrafish
pancreas, although immunostaining with a rabbit PP antibody has revealed immunopositive
cells in the intestine(116).
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mutant gene molecular function Phenotype reference

akreas (akr) ptfla transcription factor activity exocrine pancreas severely reduced, (60)
delayed

angelina agl ND B-cells severely reduced (70)

cheetah chee ND a-, B-, 8-cells scattered (70)

daedalus (dae) fgf10a growth factor activity dysmorphic ductal system, ectopic (39,40)
endocrine cells

dalmatian dal ND a-, B-, 8-cells scattered (70)

ductjam djm ND exocrine pancreas reduced, ductal (71)
defect

ducttrip dtp ND exocrine pancreas reduced, ductal (71)
defect

earl grey (egy) sart3 calcium ion binding exocrine pancreas reduced or absent (103)

floating head flh DNA binding B-cells reduced @)

flotte lotte flo ND exocrine pancreas reduced, ductal (71,104)
defect

heart and soul (has) prkci (was aPKC2) ATP binding duplicated exocrine pancreas, (50,51)
endocrine bud not fused with exocrine

ikarus (ika) fgf24 growth factor activity exocrine pancreas reduced (39)

knypek kny protein binding B-cells bilateral @)

lazarus (lzr) pbx4 DNA binding anteriorly shifted endocrine pancreas (105,106)

mind bomb mib protein binding exocrine pancreas reduced, -, 8-cells (65,107)
increased

minime mnm ND a-, B-cells scattered, B-cells reduced, (70)
exocrine pancreas reduced

mislet (mis or msl) hnflb (was vhnfl, tcf2) transcription factor activity pancreatic precursors and derivatives (70)
severely reduced

mitomess mms ND exocrine pancreas reduced, ductal (71)
defect

neckless (nls) aldhla2 (was raldh2) oxidoreductase activity pancreas absent (20,22)

nil per os (npo) rbm19 RNA binding exocrine pancreas development (108)
arrested

no relief nor ND exocrine pancreas absent (109)

peppershaker pps or ppp ND a-, B-, 8-cells scattered, exocrine (70)
pancreas disorganized

piebald pie ND exocrine pancreas reduced, ductal (71,109)
defect

scarlet sle ND a-, B-, 8-cells scattered (70)

schmalspur (sur) foxhl sequence-specific DNA binding  B-cells slightly reduced @)

sea dragon sdr ND a-, B-, 8-cells reduced; duplicated (70)
exocrine pancreas

slimjim (slj) polr3b tRNA transcription exocrine pancreas reduced, ductal (71,109)
defect

slow-muscle-omitted smo (was smu) G-protein coupled receptor activity endocrine pancreas severely reduced, (43,44,58)
bilateral ventral bud

spadetail (spt) tbx16 DNA binding B-cells bilateral or absent (7,110)

straight shot sst ND exocrine pancreas absent (109)

sweetbread swd ND exocrine pancreas reduced, ductal (71)

defect

For specific alleles and a list of additional mutants, see the Zebrafish Information Network (ZFIN). Molecular function terms are from the Gene Ontology
Consortium; some genes have multiple functions, not listed. ND, Not Determined.
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Table 3
Pancreas-related transgenic lines.
line transgene expression reference
ins:GFP insulin driving Green Fluorescent Protein (GFP) B-cells (111)
pdx1:GFP pancreatic duodenal homeobox-1 driving GFP pancreas progenitors (111)
XIEeflal:GFP (gUtGFP) Xenopus laevis e|ongati0n factor-la driving GFP thl’OUghOUt endoderm from 22 hpf (11,112)
ptfla:eGFP pancreas specific transcription factor, 1a driving enhancedexocrine pancreas (113)
GFP
sox17:GFP SRY-box containing gene 17 driving GFP endoderm percursors (114)
sox17:dsRed SRY-box containing gene 17 driving dsRed endoderm percursors (45)
elaA:EGFP elastaseA driving GFP exocrine pancreas (67)
ins:eGFP insulin driving enhanced GFP B-cells )
ins:mCherry insulin driving mCherry B-cells 9)
ins:nfsB-mCherry insulin driving nfsB-mCherry fusion protein p-cells ©)
glu:GFP glucagon driving GFP a-cells )
ins:gal4 insulin driving Gal4 B-cells 9)
ins:kaede insulin driving photoconvertable Kaede B-cells )
nkx2.2a:GFP NK2 transcription factor related 2a driving GFP endocrine pancreas (55,81)
nkx2.2a:mEGFP as above, with enhanced GFP localized to the membrane endocrine pancreas (112)
ins:CFP-NTR insulin driving Cyan Fluorescent Protein (CFP) fused to  f-cells (68)
Nitroreductase
hsp701:nog3 noggin3 is inducible via heat shock cognate 70-kd protein, inducible, ubiquitousi (115)
like

For specific alleles and further information, see the Zebrafish Information Network (ZFIN).

*
The transgene integrated into the 3’UTR of Foxa3.

Tnsz (nitrofurazone sensitivity) is an E. coli gene with nitroreductase (NTR) activity. Addition of the drug metronidazole induces NTR-mediated ablation.

¢Noggin3 inhibits BMP signaling, resulting in failure of gut looping and pancreas duplication.
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