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Abstract

Although many of the genes that regulate development of the endocrine pancreas have been identified, comparatively little is known

about how the exocrine pancreas forms. Previous studies have shown that exocrine pancreas development may be modeled in zebrafish.

However, the timing and mechanism of acinar and ductal differentiation and morphogenesis have not been described. Here, we characterize

zebrafish exocrine pancreas development in wild type and mutant larvae using histological, immunohistochemical and ultrastructural

analyses. These data allow us to identify two stages of zebrafish exocrine development. During the first stage, the exocrine anlage forms from

rostral endodermal cells. During the second stage, protodifferentiated progenitor cells undergo terminal differentiation followed by acinar

gland and duct morphogenesis. Immunohistochemical analyses support a model in which the intrapancreatic ductal system develops from

progenitors that join to form a contiguous network rather than by branching morphogenesis of the pancreatic epithelium, as described for

mammals. Contemporaneous appearance of acinar glands and ducts in developing larvae and their disruption in pancreatic mutants suggest

that common molecular pathways may regulate gland and duct morphogenesis and differentiation of their constituent cells. By contrast,

analyses of mind bomb mutants and jagged morpholino-injected larvae suggest that Notch signaling principally regulates ductal

differentiation of bipotential exocrine progenitors.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

The vertebrate pancreas serves dual physiological roles

as both an exocrine gland for digestion and nutrition and an

endocrine gland for glucose homeostasis. The exocrine

pancreas is a lobulated organ comprised of acinar cells

arranged in glands and a network of ducts that transport

digestive enzymes secreted by acinar cells into the small

intestine. Human diseases affecting the exocrine pancreas

can arise from alterations affecting either ductular or acinar

cells (reviewed by Bardeesy and DePinho, 2002; Lewis et

al., 2003; Steer, 1997; Yee et al., 2003). Studies to define

mechanisms underlying acinar and duct cell specification

and cytodifferentiation and the developmental relationship
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of the glandular and ductular systems may provide clues to

disease pathogenesis.

The morphogenetic events during vertebrate pancreas

development have been well characterized. In amniotes, the

pancreas arises from the endoderm as dorsal and ventral

buds, which subsequently fuse to form a single anlage

(Pictet and Rutter, 1972; Pictet et al., 1972; Slack, 1995;

Wessells and Cohen, 1967). Signals from lateral plate

mesoderm are believed to direct specification of the

prepancreatic endoderm prior to bud formation (Kumar et

al., 2003). Initially, the pancreatic anlage consists of a folded

epithelium that is contiguous with the gut tube and is

surrounded by mesenchyme. As development proceeds, the

epithelium expands via branching morphogenesis to form

what is generally considered the primitive ductal system.

The primitive ducts are believed to give rise to endocrine

cells that segregate to form islets and acinar glands that form

at the terminal ends of these ducts. Mesenchymal signals to
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the pancreatic epithelium play an important role in this

process (Gittes et al., 1996; reviewed by Kumar and Melton,

2003; Li et al., 2004).

Recently, this classical model of pancreas development,

in which endocrine and acinar cells arise from pancreatic

ducts, has been called into question by lineage tracing

studies (Gu et al., 2003). These experiments support a

model in which the three pancreatic lineages segregate

within the pancreatic epithelium as it undergoes branching

morphogenesis. Thus, the idea that endocrine and exocrine

cells in embryos arise from progenitors already specified to

form ducts may be misleading. Expression of the endocrine

marker, neurogenin-3 (Gu et al., 2002), within duct-like

structures in the pancreatic epithelium underscores the

difficulty of assigning pancreatic lineages based solely on

histology (Pictet et al., 1972). A lack of early duct- and

acinar-specific lineage markers further complicates these

analyses.

Although the lineage relationships of endocrine, acinar

and ductular progenitors within the pancreatic epithelium

are not completely understood, some of the molecular

signals that regulate endocrine and exocrine progenitors

have been defined. The pdx1 gene is expressed throughout

the pancreatic epithelium and is required for the prolifer-

ation and differentiation of multipotent progenitor cells

(Holland et al., 2002; Jonsson et al., 1994; Offield et al.,

1996). Notch signaling appears to be required for progenitor

cell maintenance. Notch inhibition, through targeting of the

delta-like 1 ligand, RBP-Jj (Apelqvist et al., 1999) or hes-1

genes (Jensen et al., 2000), causes pancreatic progenitors to

undergo precocious endocrine differentiation; as a result,

Notch-deficient animals have pancreas hypoplasia. By

contrast, activation of Notch signaling maintains progenitors

in an undifferentiated state (Esni et al., 2004; Hald et al.,

2003; Hart et al., 2003; Murtaugh et al., 2003; Norgaard et

al., 2003). Finally, it has recently been shown that FGF10, a

ligand normally secreted by pancreatic mesenchyme,

regulates progenitor cell proliferation and maintenance,

possibly through activation of the FGF receptor 2b

(Bhushan et al., 2001; Miralles et al., 1999).

The identification of transcriptional regulators of endo-

crine lineage specification, such as the Notch target gene

neurogenin3, led to the speculation that development of

exocrine lineages is regulated in a related fashion. The gene

encoding the p48 subunit of the PTF1 bHLH protein

complex, ptf1a, was originally proposed to play such a role

during exocrine differentiation because ptf1a�/� mutants

lack acinar and ductular cells but retain endocrine cells

(Krapp et al., 1998). However, recent studies show that

ptf1a is expressed in multipotent pancreatic progenitors, and

thus it is not an exclusive marker of cells committed to an

exocrine fate (Kawaguchi et al., 2002). Consistent with this

early role for ptf1a, pdx1 deficiency, which arrests

pancreatic progenitor development, can be rescued by

expressing pdx1 within cells that are normally ptf1a+

(Kawaguchi et al., 2002). These data suggest that pdx1 and
ptf1a may function coordinately during early stages of

pancreas development to expand progenitor pools, possibly

through interactions with the Notch signaling pathway

(Obata et al., 2001).

Other than ptf1a, few genes have been identified as

regulators of exocrine pancreas development (Cano et al.,

2004; Pin et al., 2001). Such genes would be predicted to

not only direct acinar and ductular lineage specification, but

also later events such as cytodifferentiation and glandular

and ductal morphogenesis. The zebrafish offers an attrac-

tive model system to identify such genes. Exocrine

pancreas anatomy and physiology are conserved between

teleost fish and mammals (Youson and Al-Mahrouki,

1999). Exocrine development in zebrafish and mammals

each requires the pdx1 and ptf1a genes (Lin et al., 2004;

Yee et al., 2001; Zecchin et al., 2004). Furthermore,

mutations affecting exocrine pancreas development inde-

pendent of the endocrine pancreas have been recovered

(Field et al., 2003; Mayer and Fishman, 2003; Pack et al.,

1996). In this study, we present new data describing later

stages of exocrine pancreas development. Using immuno-

histochemistry and ultrastructural analyses, we report the

timing of acinar and ductular differentiation and morpho-

genesis. These data support a model of exocrine develop-

ment in which acinar and ductular cells develop in situ

from progenitors that are spatially segregated within the

zebrafish pancreatic anlage at an earlier developmental

stage. We also characterize exocrine differentiation, pro-

liferation and morphogenesis in mutants in which pancreas

development is perturbed and following knockdown of

genes that play a role in mammalian pancreas development.

These studies show that acinar and duct development are

largely regulated in a coordinate fashion. However, Jagged-

mediated Notch signaling appears to play a predominant

role in duct development.
Materials and methods

Fish stock

Methods for raising and maintaining zebrafish stocks are

described in detail elsewhere (Westerfield, 2000; Yee and

Pack, 2004). The zebrafish AB strain was used to study

normal development of exocrine pancreas. Embryos were

raised in 10 cm petri dishes (maximum 60 fertilized

embryos per dish) containing E3 medium supplemented

with 0.6 AM methylene blue (Fisher Scientific) to inhibit

growth of contaminating fungi and other organisms in an

incubator at 28.5-C. To facilitate visualization of embryonic

and larval zebrafish digestive organs in whole-mount

preparations, skin pigmentation was inhibited by raising

embryos and larvae in E3 medium containing 0.2 mM 1-

phenyl-2-thiourea (PTU) (Sigma). The slimjim (sljm74) and

piebald (piem497) mutants were previously described by

Pack et al. (1996), the flotte lotte (floti262c) mutant by Chen
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et al. (1996), and the mind bomb (mibm132) mutant by

Schier et al. (1996) and Itoh et al. (2003).

For Notch activation experiments, hemizygous hsp70:-

GAL4 and UAS:notch1a-ICD fish were mated as described

(Esni et al., 2004; Scheer et al., 2001). Progeny were heat

shocked at 40-C for 30 min every 12 h beginning at 72 hpf.

Larvae were fixed at 120 hpf (5 dpf) and processed for

immunohistochemistry as described below. Following phe-

notypic classification, Notch-activated larvae were geno-

typed by PCR for the UAS:notch1a-ICD transgene as

described by Esni et al. (2004). Wild-type and transgenic

siblings were processed for immunohistochemical analyses

in parallel.

For ethanol treatment, wild type embryos were dechor-

ionated using forceps at 10 hpf, incubated in 1.9% ethanol

in E3 medium at 28.5-C up to 48 hpf, rinsed with E3

medium 3 times and then incubated in E3 medium for

another 48 h, during which ethanol was removed to prevent

severe developmental delay. Control embryos were incu-

bated in E3 medium for a total of 96 h. The 4 dpf larvae

were fixed and analyzed as described below.

Mutagenesis screen

Mutagenized fish were generated as described (Dosch et

al., 2004; Wagner et al., 2004). F3 progeny corresponding to

350 F2 families were screened on 5 dpf by whole mount

immunohistochemistry using anti-carboxypeptidase A and

anti-insulin antibodies (see below). Mutant families show-

ing altered carboxypeptidase A or insulin staining patterns

that were transmitted in a recessive Mendelian pattern were

selected for further analysis. Larvae that showed delayed

growth or necrosis were discarded. Complementation

analyses were conducted with all mutants. Four mutants

with altered carboxypeptidase A staining patterns were

identified: sweetbread (swdp75fm and swdp82mf ), mitomess

(mmsp13cv), ductjam (djmp26nb) and ducttrip (dtpp14nb).

Immunohistochemistry

Methods for whole-mount immunohistochemistry of

zebrafish embryos and larvae were described in detail

elsewhere (Yee and Pack, 2004). For carboxypeptidase A,

amylase, insulin and cadherin immunohistochemistry,

embryos and larvae were fixed with 4% paraformaldehyde

(Fisher Scientific). Prior to incubation with primary anti-

bodies, the rehydrated embryos were permeabilized with

0.1% collagenase (Sigma). For cytokeratin immunohisto-

chemistry, larvae were fixed in methanol:dimethyl sulfoxide

(4:1). Primary antibodies include rabbit anti-human amylase

antibodies (Sigma), rabbit anti-bovine carboxypeptidase A

antibodies (Rockland), guinea pig anti-insulin antibodies

(Linco), mouse anti-human cytokeratin 18 monoclonal

antibodies (Maine Biotechnology) and rabbit anti-pan

cadherin antibodies (Sigma). The primary antibodies were

diluted 1:100 with 5% goat serum (GibcoBRL) and
incubated at 4-C overnight. Embryos were then washed

with phosphate-buffered saline (PBS) containing 0.1%

Tween-20, pH 7.0. Fluorescence-conjugated secondary

antibodies (Molecular Probes) including AlexaR 488 or

568 nm goat anti-rabbit antibodies, AlexaR 488 or 568 nm

goat anti-mouse antibodies and AlexaR 594 nm goat anti-

guinea pig antibodies were used as secondary antibodies.

The secondary antibodies were diluted 1:100 with 5% goat

serum and incubated at 4-C overnight. Following incuba-

tion, the samples were washed 3 times in PBS containing

Tween-20. The specimens were mounted in VectashieldR
mounting medium for fluorescence (Vector Laboratories)

and examined under fluorescent stereomicroscope (Leica

MZFLIII). Confocal analyses of pancreatic ducts were

performed using a laser scanning microscope (Zeiss).

In situ hybridization

Standard protocols are followed for in situ hybridization

with antisense RNA probes and described in detail else-

where (Yee and Pack, 2004). Briefly, a digoxigenin-labeled

antisense riboprobe against pdx1 (Wallace and Pack, 2003),

gata6 (Genbank AF191578; a gift of L. Zon; erroneously

referred to as gata-5 in Pack et al., 1996), ptf1a (Lin et al.,

2004) and trypsin (Lin et al., 2004) was generated using

SP6 or T7 RNA polymerase (Enzo). For in situ hybrid-

ization, the paraformaldehyde-fixed larvae were permeabi-

lized using proteinase K (Roche) and hybridized with pre-

adsorbed riboprobe at 68-C overnight. Following hybrid-

ization, the larvae were washed extensively using 3 M

NaCl/0.3 M sodium citrate solution, pH 7.0 (SSC)

(Mediatech, Inc.) at 68-C. The hybridized RNA was

detected using anti-digoxigenin/alkaline phosphatase Fab

fragments (Roche) followed by incubation with the sub-

strates 4-Nitro blue tetrazolium chloride (NBT) (Enzo) and

5-Bromo-4-chloro-3-indolyl-phosphate (BCIP) (Enzo). The

larvae were cleared in graded glycerol solutions to improve

signal detection. Visual inspection of the specimen was

performed using a stereo dissecting microscope (Leica

MZ12) with overhead illumination from a halogen light

source.

Hybridizations of mutant larvae and wild type siblings

with ptf1a and trypsin antisense probes were performed at

48 hpf, 60 hpf, 72 hpf, 4 dpf and 5 dpf. Ptf1a and trypsin

staining patterns of 48 hpf and 60 hpf in all mutants and

wild type larvae were indistinguishable from one another.

Histological analysis

The preparation of histological sections was described in

detail elsewhere (Yee and Pack, 2004). Briefly, the speci-

mens were serially dehydrated with ethanol solutions and

then embedded with JB-4 solution according to manufactur-

er’s instruction (Polysciences). Sections of 3 Am thickness

were prepared using a microtome (Leica Model RM2155).

For light microscopic analysis, histological sections were



Table 1

Cell-specific markers for zebrafish embryos and larvae

Markers Expressing cells

Cytokeratin (cyk) Pancreatic ductular epithelia,

vascular endothelial cells

Amylase (amy) Acinar cells, exocrine pancreas

Carboxypeptidase A (cpa) Acinar cells, exocrine pancreas

Trypsin Acinar cells, exocrine pancreas

Pancreas duodenum

homeobox 1(pdx1)

Pancreatic endocrine and exocrine

progenitors, rostral gut endoderm

gata6 Exocrine pancreas, liver and intestinal

endodermal derivatives

Cadherin (cad) Acinar, centroacinar and ductular cells,

exocrine pancreas
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stained in methylene blue (Fisher Scientific)–azure II

(Sigma) solution, rinsed with distilled water, mounted with

PermountR (Fisher Scientific) and examined and photo-

graphed under a compound microscope (Axioskop) (Zeiss)

using ProgRes 4.0 software. For fluorescent microscopic

analysis, histological sectionsweremountedwithVectashieldR
mounting medium for fluorescence (Vector) and counter-

stained DNA with 4V,6 diamidino-2-phenylindole (dapi).

Analyses and photography of the histological sections were

performed under a compound microscope (Nikon Eclipse

E600) using IPLab New MP software.

Electron microscopy

Larvae were fixed with 2.5% glutaraldehyde +2%

paraformaldehyde in 0.1 M sodium cacodylate buffer pH

7.4, post fixed in 2% osmium tetraoxide, dehydrated in

graded alcohol and embedded in EPON 812. Transverse

sections of 70 nm thickness each were prepared using

Ultracut S microtome (Leica) and examined under trans-

mission electron microscope JEM 1010 (JEOL). Digital

images were captured using Hamamatsu ORCA CCD

camera aided by AMT 12-HR software. All materials were

purchased from Electron Microscopy Sciences, and these

procedures were conducted at the Biomedical Imaging Core

Facility of the University of Pennsylvania.

Morpholino injection

Morpholinos (Gene Tools, LLC) were stored as a stock

solution of 2 mM at �80-C and diluted with Danieau’s

buffer prior to injection (Yee and Pack, 2004). A combi-

nation of morpholinos against zebrafish jagged2 (5V-
tcctgatacaattccacatgccgcc-3V) and jagged3 (5V-ctgaactccgtcg-
cagaatcatgcc-3V) were microinjected, each at a 1:10 dilution

of the stock solution, into embryos at the 1-cell stage

(Lorent et al., 2004).
Results

This work represents our initial efforts to define

mechanisms of exocrine pancreas development. The goals

of this work are to characterize the anatomy and ultra-

structural features of the zebrafish acinar and ductal systems

and to identify genes that regulate their development.

Differentiated acinar cells were identified with anti-amylase

and anti-carboxypeptidase A (cpa) antibodies and duct cells

by anti-cytokeratin (cyk) antibodies. These and other

markers used for this study are listed in Table 1.

Adult zebrafish exocrine pancreas anatomy

The exocrine pancreas of adult zebrafish is a diffuse

organ comprised of a branching network of ducts and

associated acinar glands that reside between adjacent loops
of intestine (Fig. 1A). The exocrine ductal system arises as

branches of the main pancreatic duct that inserts into the

proximal intestine. We define segments or branches of

exocrine tissue and their associated ducts as lobules (Fig.

1B). Histological analyses show that the exocrine lobules

are comprised of acinar glands and large ducts lined by

cuboidal cells (Figs. 1D, E). Cyk immunohistochemistry

identifies the large ducts and small intercalated ducts

associated with acinar glands (Fig. 1C). Vascular endothelial

cells lining blood vessels are also cyk+ but can be

distinguished from small intercalated ducts by their larger

cross-sectional area and the presence of luminal blood cells.

Ultrastructural analyses revealed that the exocrine glands

(acini) are comprised of polarized cells containing apical

zymogen granules that store digestive enzymes and abun-

dant rough endoplasmic reticulum and mitochondria (Fig.

1F). Centroacinar cells, which are considered the most distal

component of the intrapancreatic ductular system, were

easily identified in electron micrographs by their location

within the acinar lumen and characteristic scant cytoplasm

(Fig. 1F). Together, these data show that exocrine morphol-

ogy and ultrastructure are highly conserved between zebra-

fish and mammals.

Exocrine pancreas morphogenesis and cytodifferentiation

during larval development

Given these similarities of zebrafish and mammalian

exocrine pancreas anatomy, we speculated that mechanisms

of acinar and ductular development were conserved during

vertebrate evolution. To define exocrine development in

zebrafish, we first characterized the timing of acinar and

ductular cytodifferentiation and morphogenesis in embryos

and larvae by in situ hybridization and immunohistochem-

istry using various markers listed in Table 1.

Zebrafish endocrine and exocrine progenitors are spatially

segregated at early developmental stages (Biemar et al., 2001;

Field et al., 2003, Fig. 2). Previous studies have shown that

the ptf1a and mnr2a genes identify exocrine progenitors

surrounding the solitary pancreatic islet at 48 hpf (Lin et al.,

2004; Wendik et al., 2004; Zecchin et al., 2004). We term this

structure and the contiguous extrapancreatic duct, the



Fig. 1. Adult exocrine pancreas. (A) Whole mount image of the dissected adult zebrafish digestive tract, right lateral view, processed for amylase

immunohistochemistry (IHC). Exocrine tissue (green) is identified between adjacent intestinal loops. (B) Adult zebrafish pancreas dissected from adherent

intestinal tissue. This fixed specimen reveals the branched network of exocrine lobules and associated ducts. Arrowhead points to insertion site of the

extrapancreatic duct to the intestine. An exocrine lobule is outlined by the dashed white line. (C) Histological section of adult pancreas processed for

cytokeratin (red) and amylase (green) IHC; DNA counterstained with dapi (blue) to visualize cell nuclei. Dashed white lines outline two acinar glands. Arrows

point to large pancreatic ducts within the lobule. Arrowheads point to intercalated ducts. (D) Sagittal histological section showing large pancreatic ducts with

adjacent exocrine and intestinal tissues. (E) Histological section of an exocrine lobule showing acinar cells with a prominent duct. Insets (* in panel D; long

arrow in panel E) show cuboidal cells lining these ducts. Red dashed line outlines an acinus. (F) Transmission electron micrograph showing an acinus

comprised of polarized cells with apical zymogen granules, basal nucleus, mitochondria and rough endoplasmic reticulum. A centroacinar cell is identified

based upon its position within the acinar lumen and its scant cytoplasm (inset). e: exocrine tissue; in: intestine; amy: amylase; s: spleen; ag: acinar glands; pd:

pancreatic ducts; ic: intercalated ducts; bv: blood vessel; a: acinus; zg: zymogen granules; m: mitochondria; rer: rough endoplasmic reticulum; ca: centroacinar

cell; A: anterior; P: posterior; D: dorsal; V: ventral.
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exocrine anlage. At this stage, exocrine cells also express

gata6 (data not shown) and the acinar marker trypsin RNA

(Lin et al., 2004; data not shown), but lack cpa protein (Figs.

3A and B), and thus appear to be analogous to the

protodifferentiated progenitors within the mammalian pan-

creatic epithelium first described by Pictet et al. (1972). By

contrast, cells of the extrapancreatic duct at this stage (48 hpf)

are cyk+ (Figs. 3A and B). Between 50 hpf and 52 hpf,

gata6+ exocrine tissue caudal to the pdx1+ islet expands to

formwhat we term the tail of the larval pancreas (Figs. 2C and

D). We find that acinar cytodifferentiation is initiated at this

stage in some larvae, as indicated by weak cpa immunor-

eactivity (not shown) that is robust at 60 hpf (Figs. 3C and D).

Small cyk+ cells embedded within clusters of cpa+ cells not

yet arranged in acini (discussed below) are also first identified

at this stage (Figs. 3C and D). Histological analysis shows

that these small cyk+ cells are not contiguous with the

extrapancreatic duct. Taken together, these data argue that

acinar and ductular cytodifferentiation in the rostral pancreas,

which we term the pancreatic head, precedes glandular and

duct morphogenesis.

At 72 hpf, exocrine tissue surrounding the islet (Fig. 2E)

has expanded, and the tail of exocrine tissue extending from

the pancreatic head to the caudal region of the swim bladder

is well formed (Fig. 2F). Cyk immunohistochemistry

identifies discontinuous segments of the small intrapancre-
atic ducts within the pancreatic tail at this time point (Figs.

4A–D). These small primary ducts are oriented longitudi-

nally, along the anterior–posterior axis of the pancreas. A

related pattern of acinar cells and associated ducts is evident

in the pancreatic head at this stage, although it is less

obvious because the islet and its prominent vasculature,

which is also cyk+, partially obscure the ductular network

(data not shown). Ultrastructural analysis at this stage

revealed acinar glands in the pancreatic tail were comprised

of cuboidal cells with few zymogen granules (Fig. 5A).

Between 72 hpf and 96 hpf, there is continued expansion

and differentiation of exocrine cells in both the pancreatic

head and tail (Figs. 4E–H). At 96 hpf, first order branches

of pancreatic ducts are identified (Figs. 4I–L). Electron

micrographs reveal that acinar cells develop a pronounced

columnar morphology with prominent zymogen granules

during this period (Figs. 5A–C). Tight junctions between

adjacent acinar cells are also evident (data not shown), and

centroacinar cells are easily identified in the center of all

glands (Fig. 5C). At 120 hpf (5 dpf), acinar cells appear

fully polarized (Fig. 5D). Cyk immunohistochemistry at this

stage reveals an organized network of ducts including

second order branches that drain individual acini (Figs.

4M–P). Interestingly, a main intrapancreatic duct was

evident in fewer than 50% of larval pancreata analyzed,

and when it was apparent in these larvae, the duct was



Fig. 2. pdx1 and gata6 expression in the developing zebrafish pancreas and

digestive tract; whole mount RNA in situ hybridization, dorsal view. (A, B)

At 36 hpf, pdx1 expression in the pancreatic islet, intestine and rostral gut

endoderm is evident; gata6 is expressed in the intestine, liver and in the

exocrine anlage. (C, D) At 52 hpf, pdx1 is expressed in cells of the

endocrine pancreas and a stalk of tissue corresponding to the extrapancre-

atic duct. Histological sections (not shown) show exocrine cells adjacent to

the islet also express pdx1. gata6 is expressed in exocrine cells surrounding

the islet that forms the pancreatic head. Tissue of the pancreatic tail is first

visible at this stage. (*) pancreatic duct insertion site. (E, F) By 72 hpf, the

exocrine pancreas has grown significantly; pdx1 expression in the

pancreatic duct is diminished. i: pancreatic islet; in: intestine; g: gut

endoderm; l: liver; ea: exocrine anlage; pd: pancreatic duct; sb: swim

bladder; ph: pancreatic head; pt: pancreatic tail.
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discontinuous (Figs. 4O and P). In larvae without such

segmented main ducts, individual acini were linked to one

another and the extrapancreatic duct by a network of small

interconnecting ducts (examples in Figs. 9A5 and A6).

Although cpa immunohistochemistry allowed us to

visualize acinar cells, acinar gland morphogenesis was

difficult to appreciate in routine histological sections or

tissue sections of cpa-stained embryos and larvae. To better

understand, the timing of gland morphogenesis, we used

cadherin immunohistochemistry to define acinar structure.

The cadherin immunostainings outlined the basolateral

border of acinar cells and the small centrally located

centroacinar cells. Tissue sections of 48 hpf and 60 hpf

cadherin stained larvae identified immature acini rostral to

the islet (Figs. 6A and B). Well-defined acini were first
observed at 72 hpf in this location (Fig. 6C). By contrast,

posterior (tail) exocrine cells at this stage appeared to be

arranged in contiguous longitudinally aligned acini (Fig.

6E). At 84 hpf, lobulation of the exocrine tissue rostral to

the islet was evident (Fig. 6D), and multiple acini were now

evident in the pancreatic tail (Fig. 6F). Between 84 hpf and

120 hpf, there is marked expansion of the exocrine tissue;

cadherin immunostainings at this stage reveal numerous

small acini in the pancreatic head (data not shown) and tail

(Figs. 6G and H).

The morphological changes and ultrastructural features

of the exocrine pancreas during embryonic and larval

development are summarized in Table 2.

Morphogenetic mechanisms underlying exocrine pancreas

development

The mammalian pancreas develops from dorsal and

ventral anlagen that arise from foregut endoderm. These

tissue buds are comprised of epithelial evaginations,

perpendicular, but contiguous with the adjacent prospective

intestinal endoderm. Although the lineage relationships

within the pancreatic epithelium have not been completely

characterized, it is generally believed that acini develop at

the terminal branches of the pancreatic duct-like epithelium,

whereas the endocrine cells segregate from the epithelium to

form islets at early stages (Gu et al., 2003; Pictet and Rutter,

1972). Zebrafish exocrine and endocrine pancreas develop

from distinct, spatially segregated rostral and caudal anlagen

(Fig. 2; Biemar et al., 2001; Field et al., 2003; Lin et al.,

2004; Zecchin et al., 2004). Cadherin immunohistochemis-

try suggests a different organization of cells within the

exocrine anlage. At 48 hpf, the extrapancreatic duct is

arranged as a simple epithelium (Figs. 3A and B). Based

upon morphology, we consider this structure to be analo-

gous to the mammalian pancreatic epithelium. However, in

zebrafish, exocrine tissue contiguous with the duct appears

to be arranged as a stratified rather than a simple epithelium

(Fig. 6A; Supplementary Fig. 1). Over time, this arrange-

ment of cells resolves into a well-defined acinar pattern with

associated small ducts (Figs. 3C and D, 6A–H). Thus,

zebrafish pancreatic acini appear to form in situ, from

exocrine progenitors that are not arranged as a simple

epithelium.

Staged cyk immunostainings suggest a similar mechanism

for duct formation (Figs. 3 and 4). These data show that ducts

within the zebrafish pancreas originally arise in situ from

isolated progenitor cells rather than arising from reiterative

branching of the pancreatic epithelium. This process of

pancreatic duct formation in zebrafish may be analogous to

the mechanism of duct formation in the mammalian

mammary and salivary glands (Hieda et al., 1996; Hogg et

al., 1983). Here, non-polarized cells within a stratified

branching epithelium rearrange to form small lumens that

subsequently join to form a tubular network of primitive

ducts. A related mechanism of duct formation has also been



Fig. 3. Exocrine differentiation and gland morphogenesis. (A–D) Histological cross-sections of 48 hpf (A) and 60 hpf (C) larvae processed for whole mount

cpa and cyk immunohistochemistry (IHC) and dapi. (B and D) Merged fluorescent images without dapi staining (A and C) and bright field images of the

corresponding histological sections stained with methylene blue and azure II. The main pancreatic duct (pink outline) is contiguous with the intestine (in,

yellow outline) at 48 hpf. Cpa expression is evident in exocrine cells forming a primitive acinus-like structure at 60 hpf (white outline). Cyk+ duct cells

(arrowheads) are present adjacent to the developing acinus but are not contiguous with the extrapancreatic duct in this and adjacent sections (not shown). cpa:

carboxypeptidase A; cyk: cytokeratin; pd: pancreatic duct; a: acinus; in: intestine.
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proposed to occur within the mammalian pancreatic epithe-

lium (Hogan and Kolodziej, 2002; Jensen, 2004).

Given these potential differences between the developing

zebrafish and mammalian intrapancreatic ductal systems, we

next examined the relationship of ductal progenitors to the

gut epithelium. Although we found no histological evidence

of expansion and branching of zebrafish exocrine progen-

itors into surrounding mesenchyme, previous work (Field et

al., 2003) suggests that the exocrine anlage arises as a bud
Fig. 4. Pancreatic ductal morphogenesis during larval development. (A–P) Confoc

(green) and cpa (red) immunohistochemistry. (A–D) At 72 hpf, small primary pan

H) The 84 hpf pancreas has a few more ducts than at earlier stages. (I –L) At 96 hp

into the nearby acinar glands. (M–P) At 120 hpf (5 dpf), second order ductal bran

First order ductal branches (single arrow) and main pancreatic duct segments are

pancreatic ducts; fob: first order ductal branches; mpd: main pancreatic duct; ct:
of cells from either a rod of rostral endoderm or the rostral

gut tube (intestinal anlage) itself, between 32 hpf and 34

hpf. An alternative model of exocrine development posits

that the exocrine anlage arises independently of the gut

epithelium and joins the rostral intestine at subsequent

stages (Wallace and Pack, 2003). Fusion of the exocrine

anlage with the intestine, and subsequent anlage growth,

could resemble tissue budding described in staged, real-time

observations (Field et al., 2003).
al images (right, lateral view) of whole mount specimens processed for cyk

creatic ducts are evident, and there is strong cpa staining in acinar cells. (E–

f, first order ductal branches are evident. These small ducts appear to extend

ches (double arrows) that clearly extend into well formed acini are evident.

also evident at this stage. cyk: cytokeratin; cpa: carboxypeptidase A; pd:

connective tissue; bv: blood vessel.



Fig. 5. Acinar cell ultrastructure. (A–D) Transmission electron micrographs of pancreatic acini (outlined by red dashed lines). Progressive maturation of acinar

cells is evident between 72 hpf and 5 dpf as determined by the cell polarity, number and size of zymogen granules (green arrows) and the amount of

mitochondria (yellow arrows) and rough endoplasmic reticulum. Centroacinar cells are indicated by pink arrows.

N.S. Yee et al. / Developmental Biology 284 (2005) 84–101 91
To explore this possibility, we treated zebrafish embryos

with ethanol, which impedes midline migration of endo-

dermal cells in zebrafish gastrulae (Blader and Strahle,

1998). Embryos treated with ethanol during gastrulation had

exocrine pancreas duplications consisting of cpa+ (Fig. 7),

trypsin+ (not shown) cells and a morphologically identifi-

able extrapancreatic duct (Fig. 7). However, neither of the

duplicated pancreatic ducts inserted into the intestine (Fig.

7). These findings are most compatible with in situ

differentiation of bilateral sets of acinar and ductular

progenitors (whose midline migration was delayed by

ethanol treatment) rather than the formation of duplicate

buds that arise and subsequently dissociate from the gut

tube. By analogy, these data support the idea that, during

normal development, the exocrine anlage arises from

bilateral sets of progenitors within the blastoderm margin

that migrate to the midline (Warga and Nusslein-Volhard,

1999), fuse and differentiate prior to joining the rostral

intestine (gut tube).

Coordinated morphogenesis of the ductular system and

acinar glands

Identification of cpa+ and cyk+ cells before the appea-

rance of well defined acinar glands and ducts suggests that

pancreatic morphogenetic programs begin after initiation of
cellular differentiation. When acinar glands and ducts first

form, they do so in close proximity to one another. This

further suggests that gland and duct morphogenesis may be

directed by common molecular programs. To explore this

possibility, we analyzed duct morphology in zebrafish

larvae carrying mutations that disrupt acinar development.

These mutants were derived from two morphology-based

screens (Chen et al., 1996; Pack et al., 1996) and the

screening of a smaller collection of mutagenized fish for

mutations that altered patterns of immunoreactive cpa and

insulin.

The intestinal epithelium and exocrine pancreas of

slimjim (sljm74) and piebald (piem497) mutants undergo

degeneration between 4 dpf and 5 dpf (Pack et al., 1996).

The flotte lotte (floti262c) mutant (Chen et al., 1996) has

similar intestinal (Wallace et al., 2005) and exocrine

pancreas defects as slj and pie (Fig. 8). Development of

the pancreatic islet occurs normally in each of these mutants

(data not shown). Cpa and cyk immunostaining of 4 dpf slj,

pie and flo mutants revealed an extrapancreatic duct and a

small exocrine remnant that contained virtually no cpa+ cells

(Fig. 8). Histological sections of these specimens showed

that acinar gland and intrapancreatic duct morphology are

severely altered. The 4 dpf cyk staining patterns resembled

those of less mature wild type larvae, suggesting that duct

development is arrested in each mutant. Supporting this,



Fig. 6. Acinar gland morphogenesis during larval development. (A–D) Histological sections through the anterior pancreas (rostral to islet) of larvae processed

for cadherin (green) immunohistochemistry and dapi (blue). The main pancreatic duct and the acini are demarcated (red and white dashed lines respectively),

and centroacinar cells are indicated (red arrowheads). (A) At 48 hpf, the distal end of the main pancreatic duct appears as a multi-layered stratified epithelium

(white dashed lines). (B) By 60 hpf, a primitive acinus-like structure is formed. (C) At 72 hpf, four distinct acini are recognized. (D) By 84 hpf, two exocrine

lobules are evident. (E–H) Histological cross-sections through the pancreas (caudal to islet) of larvae processed for cadherin immunohistochemistry (green)

and dapi (blue). Acini (demarcated by white dashed lines) are shown. Acinar number increases on successive days post-fertilization. Two, three, six and nine

acini are identified in these 72 hpf (E), 84 hpf (F), 96 hpf (G) and 5 dpf (120 hpf) (H) larvae, respectively. pd: pancreatic duct; a: acinus; l: exocrine lobule;

cad: cadherin.
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exocrine size in the slj, pie and flo larvae, as assessed by the

expression of trypsin (Supplementary Fig. 2) and ptf1a (data

not shown), was markedly reduced at 72 hpf, whereas it is

normal at 48 hpf (data not shown).

Taken together, these data suggest that the functions of

the slj, pie and flo genes are required for the proliferation

and survival of acinar and ductal progenitors. Compound

exocrine defects in these mutants support the hypothesis that

acinar and duct development may be regulated by common

genetic pathways. To further test this hypothesis, we
Table 2

Timing of zebrafish exocrine pancreas development

36

hpf

48

hpf

60

hpf

72

hpf

84

hpf

96

hpf

120

hpf

EPD +

CYK +

Trypsin +

CPA/AMY +

Acinus +

CAC +

Lobule +

FOB +

SOB +

EPD: extrapancreatic duct; CYK: cytokeratin protein; trypsin RNA; CPA:

carboxypeptidase A protein; AMY: amylase protein; CAC: centroacinar

cell; FOB: first order ductal branch; SOB: second order ductal branch; hpf:

hour-post-fertilization. ‘‘+’’ indicates initial appearance.
analyzed four novel exocrine mutants that were identified

by altered cpa staining and normal islet morphology. Each

mutation is inherited in a Mendelian recessive manner.

Complementation studies showed that the mutations affect

four distinct genes. Immunohistochemical analyses revealed

that these mutations have variable effects on exocrine

growth and acinar cytodifferentiation and morphogenesis.

Ductular development is also altered by each mutation.

However, unlike slj, pie and flo, ductular and acinar defects

are not always proportional.

The sweetbread (swd) mutation affects pancreas and

melanophore development. The exocrine pancreas of 5 dpf

swd mutants is small, and the skin pigmentation is reduced

(Figs. 9B1–B4). The swd mutants also have reduced

numbers of dopachrome tautomerase positive (dct+)

melanoblasts (data not shown), but normal retinal pigmen-

tation (Fig. 9B1). The number and distribution of Hu+

enteric neurons (data not shown) are also normal in swd

mutants. These findings suggest that the swd mutation may

affect the development of specific neural crest derivatives.

The swd phenotype is, to our knowledge, the first that links

exocrine pancreas with neural crest development.

Cyk and cpa immunostainings of 5 dpf swd mutants

revealed reduced branching of intrapancreatic ducts and a

marked reduction in the number of acinar cells (Figs. 9B4–

B6). The ducts in the swd mutant appear to join to form a

main duct within the pancreatic tail. A small number of first



Fig. 7. Ethanol treatment disrupts exocrine pancreas morphogenesis. Histological cross-sections (viewing posteriorly) of a 4 dpf control (A, B) and an ethanol-

treated larva (C–F) processed for cyk (green) and cpa (red) immunohistochemistry. (A, C, E) Fluorescent images with dapi (blue); (B, D, F) merged fluorescent

images without dapi and bright field images of the corresponding histological sections stained with methylene blue and azure II. (A, B) The extrapancreatic duct

and extra-hepatic bile duct of control larvae join the intestine at the same level. Inset shows site of pancreatic duct insertion into the intestine (arrow). (C–F)

Bilateral cyk+ and cpa+ exocrine tissues are present in ethanol-treated larva. Bilateral extrapancreatic ducts that fail to join the intestine in these sections, as well

as in consecutive rostral and caudal sections (not shown). Sections depicted in panels (C), (D) and (E), (F) are separated by 9 Am (C and D rostral to E and F). cyk:

cytokeratin; cpa: carboxypeptidase A; pd: pancreatic duct; bd: bile duct; in: intestine; e: exocrine tissues; gb: gall bladder.
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order duct branches were seen in some swd mutants (data

not shown). Cadherin immunohistochemistry (data not

shown) and ultrastructural analysis show that the swd

exocrine pancreas is comprised of small acini formed by

immature exocrine cells (Supplementary Figs. 3C and D).

The overall appearance of the 5 dpf swd exocrine pancreas

resembles a stage intermediate between the 72 hpf and 96

hpf wild type pancreas. Consistent with this idea, exocrine

pancreas morphology and size, as assessed with the

exocrine markers trypsin (Supplementary Figs. 3A and B)

and ptf1a (data not shown), are both normal in 72 hpf swd

mutants. We interpret these findings as evidence that the

swd mutation arrests proliferation of acinar and ductal

progenitors. Swd mutants are distinguished from slj, pie and

flo mutants, which also have arrested development of

exocrine progenitors, by their normal pattern of trypsin

expression at 72 hpf, identifiable cpa+ cells, a larger number

of cyk+ ducts and the lack of subsequent degeneration of

exocrine cells.

Three other mutations cause distinct patterns of altered

ductal branching associated with impaired acinar cell

cytodifferentiation. In the mitomess (mms) mutant, first

order ductal branches are evident (Figs. 9C5 and C6).
Acinar cells are arranged in glands but have low levels of

cpa and zymogen granules (Figs. 9C2, C4 and C6).

Prominent cytoplasmic vacuole-like structures are seen in

many acinar cells; electron micrographs identified that these

vacuoles are dilated mitochondria (Supplementary Figs.

3E–H). The 5 dpf mms and swd mutants resemble one

another in that the pancreas is comprised of incompletely

differentiated acinar cells and a truncated ductular network

in both mutants. Exocrine morphology and differentiation,

as assessed by trypsin and ptf1a expression (data not

shown), are also normal in each mutant at 72 hpf. However,

mms mutants have first order ductal branches, while such

branching is rarely observed in swd mutants. Furthermore,

compared with swd, mms larvae have comparatively well-

developed acini, but paradoxically, far less cpa protein.

Thus, although acinar and duct development are disrupted in

both mutants, the relative defects in each lineage are

disproportional.

Acinar and ductular defects in two other exocrine

mutants, ductjam (djm) and ducttrip (dtp), are distinguish-

able from swd and mms mutants. In djm larvae, segments of

the main intrapancreatic duct, when visible, are truncated,

and they appear ectatic as do the few identifiable ductal



Fig. 8. Mutations affecting early stages of exocrine pancreas development on 4 dpf. Right lateral view of live wild type (A), slj (B), pie (C) and flo (D) larvae.

In the wild type larva (A), the intestinal epithelium is folded, only a small amount of yolk is evident, and the swim bladder is inflated. By comparison, the

intestines in slj (B), pie (C) and flo (D) are narrow, and they lack folds. (E–H) Histological cross-sections through the exocrine pancreas 3 Am caudal to the

islet. Wild type acinar cells contain zymogen granules (E, red arrows), whereas in slj (F), pie (G) and flo (H), the pancreatic cells lack zymogen granules. (I –L)

Dorsal view of larvae processed for whole mount RNA in situ hybridization using an antisense trypsin probe. Strong trypsin expression is present in the wild

type larva (I), whereas in slj (J), pie (K) and flo (L) larvae, there is reduced trypsin expression. Arrows point at pancreatic head and pancreatic tail. (M–P) Wild

type and mutant pancreata processed for whole mount cyk and cpa immunohistochemistry (IHC). The wild type exocrine pancreas (M) is comprised of cpa+

acinar cells and a network of cyk+ ducts that joins the extrapancreatic main duct. The exocrine pancreata of slj (N), pie (O) and flo (P) larvae are small. The

extrapancreatic duct can be identified, but there is no significant cpa detected, and only a small number of ducts are recognizable. (Q–T) Confocal analysis of

pancreatic ducts following cyk IHC. Ducts in the mutant pancreata resemble primary ducts seen in wild type larvae (Figs. 4C, G). (U–X) Histological cross-

sections through the pancreas ¨3 Am posterior to the islet of larvae processed for cyk IHC merged with bright field images of the corresponding histological

sections stained with methylene blue and azure II. Small ducts are evident in the wild type larva (U; arrowheads) and in slj (V), pie (W) and flo (X) larvae). slj:

slimjim; pie: piebald; flo: flotte lotte; e: exocrine pancreas; in: intestine; cyk: cytokeratin; cpa: carboxypeptidase A; epd: extrapancreatic main duct.
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branches (Figs. 9D4–D6). In dtp larvae, only small duct

remnants are present (Figs. 9E4–E6). Histological analyses

of both mutants processed for cyk immunohistochemistry

showed that some of the cyk+ cells had arranged as small

ducts (data not shown). Acinar cells in both mutants were

markedly reduced in number, poorly organized and rarely,

weakly cpa+ (Figs. 9D4 and D6, E4 and E6). As described

for mms and swd mutants, normal trypsin and ptf1a

expression patterns were present within the pancreas of 72

hpf djm mutants (data not shown). By contrast, 72 hpf dtp

mutant larvae had normal numbers of trypsin+ cells, but

levels of trypsin expression were reduced compared with

wild type siblings (Supplementary Fig. 2E). These findings

distinguish early stage (72 hpf) djm and dtp mutants from

slj, pie and flo, whereas the ductal anatomy of both groups

of mutants is quite similar (Supplementary Fig. 2, Figs. 8

and 9).
A phenotypic comparison of the seven exocrine pancreas

mutants is presented in Table 3.

Notch signaling preferentially regulates pancreatic duct

development in zebrafish larvae

Pancreas mutants described in this report were identified

using organ morphology or cpa staining patterns as

screening criteria. With this strategy, mutants that have

both acinar and duct defects were recovered, whereas

mutants with isolated ductal defects may have been

overlooked. Recently, we have shown that pancreatic duct

development is selectively altered by targeting of jagged-

mediated Notch signaling; compound knockdowns of

zebrafish jagged2 and jagged3 genes lead to the formation

of enlarged acini and a paucity of ducts within the

pancreatic parenchyma (Lorent et al., 2004). Here, we



Fig. 9. Mutations affecting late stages of exocrine pancreas development. (A1–E1) Right lateral view of live 5 dpf wild type and mutant larvae. (A1) The

wild type intestinal epithelium is folded, a widely patent gut lumen is obvious, and there is little residual yolk. The intestine is grossly normal in swd (B1),

mms (C1), djm (D1) and dtp (E1) mutants. In swd, skin pigmentation (melanophores) is reduced, but xanthophores and iridophores appear unaffected (B1).

There is a small amount of residual yolk in dtp (E1). (A2–E2) Histological cross-sections through the 5 dpf pancreas, 3 Am caudal to the islet. In wild

type (A2), there are multiple exocrine acini; in swd (B2), there are relatively few exocrine acini, and electron micrograph shows that the acinar cells

contain zymogen granules (Supplementary Fig. 3D); in mms (C2), multiple acini are observed, but the cytoplasm of the acinar cells contains vacuole-like

structures and very few zymogen granules (Supplementary Fig. 3H); in djm (D2) and dtp (E2), there are no recognizable acini present, and the exocrine

cells appear undifferentiated. (A3–E3) Right lateral view of whole mount trypsin in situ hybridization on 5 dpf. Strong trypsin expression is evident in the

wild type pancreas (A3), whereas in swd (B3), mms (C3), djm (D3) and dtp (E3), trypsin expression is reduced. There is background staining in the yolk.

(A4–E4) Visualization of pancreatic ducts and acinar cells by cyk and cpa immunohistochemistry, respectively. The wild type ductal system is composed

of a branching network of small ducts and cpa+ acinar cells (A4). The swd pancreas (B4) is small, but there is relatively normal cpa; in the mms pancreas

(C4), there are only low levels of cpa. There is no significant cpa detected in djm (D4) and dtp (E4). (A5–E5 and A6–E6) Confocal projection of

pancreatic ducts (green) and acini (red) in larvae processed for cyk and cpa immunohistochemistry. Wild type pancreatic ducts are highly branched, and

individual acini are each drained by single intercalated duct (A5, 6). In swd (B5, 6), the main pancreatic duct with few branches is evident, whereas in

mms (C5, 6), duct branching is evident, albeit less pronounced than in wild type. By comparison, the ductal networks of djm (D5, 6) and dtp (E5, 6) are

markedly aberrant. swd: sweetbread; mms: mitomess; djm: ductjam; dtp: ducttrip; e: exocrine pancreas; in: intestine; y: yolk; cyk: cytokeratin; cpa:

carboxypeptidase A.
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present a more detailed examination of the pancreatic

phenotype of these and other larvae in which Notch

signaling is altered.

Histological analyses of cpa/cyk immunostained jagged2/

3 morpholino-injected larvae revealed that the enlarged acini

observed in whole mount specimens were contiguous and

their lumens formed elongated duct-like structures (Figs.

10A–D). These studies also confirmed the presence of apical

acinar cell cyk protein as suggested by confocal analyses

(Lorent et al., 2004). Ultrastructural analyses of jagged2/3

morpholino-injected larvae confirmed the presence of

enlarged acinar glands comprised of normally differentiated

exocrine cells (Figs. 10E and F). Centroacinar cells were

absent, and ducts were not identified (Table 3).

Consistent with these findings, zebrafish mind bomb

(mibm132) mutants, which are deficient in the function of a
ubiquitin ligase that is essential for Delta- (Itoh et al., 2003)

and possibly Jagged-mediated Notch signaling (A. Chitnis,

personal communication) had related exocrine defects.

Previous studies have shown precocious expression of the

exocrine markers ptf1a and trypsin in mib mutants (Esni et

al., 2004). Here, we show that duct development is

disrupted by the mib mutation. Cpa and cyk immunohis-

tochemistry showed that 5 dpf mib larvae have paucity of

intrapancreatic ducts and enlarged acini that resemble the

acini of jagged2/3 morpholino-injected larvae (Figs. 10G

and B, Table 3). Histological analysis confirmed these

findings (Figs. 10I and J). Exocrine development was less

advanced in mib larvae than in jagged2/3 morpholino-

injected larvae, a difference we attribute to the general delay

in larval development associated with loss of mib gene

function.



Table 3

Summary of exocrine pancreas features of zebrafish mutations

slj pie flo swd mms djm dtp jag-MO mib notch1a-ICD

EPD + + + + + + + + + +

PRD +/� +/� +/� + + +/� +/� +/� +/� +

FOB � � � +/� + � � � � �
SOB � � � � � � � � � �
CAC � � � + + � � � � +

Acinus � � � + + � � + + +

CPA/AMY � � � + + � � + + +

slj: slimjim; pie: piebald; flo: flotte lotte; swd: sweetbread; mms: mitomess;

djm: ductjam; dtp: ducttrip; jag-MO: jagged2/3 morphant; mib: mind

bomb; notch1a-ICD: notch1a-intracellular domain.

EPD: extrapancreatic duct; PRD: primary ducts; FOB: first order ductal

branch; SOB: second order ductal branch; CAC: centroacinar cell; CPA:

carboxypeptidase A protein; AMY: amylase protein. ‘‘+’’ indicates

presence; ‘‘+/�’’ indicates variable or reduced presence; ‘‘�’’ indicates

absence.
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One way of explaining the combination of precocious

acinar differentiation and ductal paucity in Notch-deficient

larvae is to postulate that the Notch signal normally

maintains larval exocrine progenitors in an undifferentiated

state and that, upon loss of this signal progenitor, cells adopt

a default acinar rather than duct cell fate. Notch has been

proposed to play such a suppressive role in the developing

mammalian pancreas, although here the default fate is

endocrine rather than exocrine (Apelqvist et al., 1999;

Jensen et al., 2000). Alternatively, it could be argued that, in

zebrafish, Notch directly promotes duct development, and

that in Notch-deficient larvae, acinar development, albeit

premature, is otherwise unaffected. Notch activation experi-

ments could theoretically help distinguish between these

two models of how Notch regulates duct development; the

former predicts that Notch activation should inhibit duct

development, while the latter predicts that Notch activation

should promote duct development.

Previous work has shown that delayed trypsin gene

expression occurs following Notch activation in early

zebrafish embryos (Esni et al., 2004). Duct development

could not be assessed in these Notch-activated fish at larval

stages because of developmental delays (data not shown).

For this reason, we analyzed larvae in which Notch

activation was initiated at later developmental time points.

Larvae induced to express a constitutively active notch1a-

ICD transgene beginning at 72 hpf developed in a near

normal fashion but had exocrine defects. Acinar differ-

entiation, as determined by cpa immunostaining, appeared

normal in most larvae (Fig. 10H; n = 18 of 20 larvae) but

was altered in others, as evidenced by reduced levels of cpa

protein and small zymogen granules (data not shown).

Importantly, the ductal system was truncated in all of the

Notch-activated larvae and in none of these larvae were

ectopic pancreatic ducts identified (Fig. 10H, Table 3).

These findings argue against a direct role for the Notch

signal in duct development and instead support a model in

which Notch normally functions to maintain undifferenti-

ated exocrine progenitors.
Discussion

Although a significant number of genes that regulate

endocrine pancreas development have been identified,

relatively few genes are known to play a specific role in

development of the exocrine pancreas. Furthermore, very

little is known about the developmental biology of this

organ. In this report, we characterize zebrafish exocrine

anatomy and development and describe mutations that

perturb exocrine development in larval zebrafish.

Stages of exocrine development: 1. Formation of the

exocrine anlage and appearance of protodifferentiated

progenitor cells

Immunohistochemical and ultrastructural analyses of

wild type embryos and larvae allow us to define two stages

of exocrine pancreas organogenesis. During the first stage of

exocrine development, ptf1a+ progenitor cells appear within

endoderm rostral to and within a small number of cells of

the newly formed gut tube (Lin et al., 2004; Zecchin et al.,

2004). At this stage, presumptive exocrine progenitor cells

also express the homeobox transcription factor mnr2a

(Wendik et al., 2004). Later, these cells migrate to surround

the solitary pancreatic islet. The ptf1a+ progenitors within

the exocrine anlage begin to express the acinar gene trypsin

but lack histological features of differentiated cells and do

not contain digestive enzyme proteins such as cpa and

amylase (unpublished data) or the cytokeratin duct marker.

Thus, we consider these cells protodifferentiated exocrine

progenitors.

This first phase of zebrafish exocrine development may

be considered analogous to the stage of mammalian

pancreas development when ventral and dorsal pancreatic

anlagen form. Function of both ptf1a and pdx1 genes are

required for this stage of exocrine development in zebrafish

and mammals (Jonsson et al., 1994; Kawaguchi et al., 2002;

Krapp et al., 1998; Lin et al., 2004; Offield et al., 1996; Yee

et al., 2001; Zecchin et al., 2004). These similarities

notwithstanding, we show that the zebrafish exocrine anlage

forms and is arranged in a different fashion than its

mammalian counterparts. The mammalian pancreatic anla-

gen are comprised of undifferentiated progenitor cells

arranged in a single-layered folded epithelium that is

contiguous with the gut tube. The epithelium is also

surrounded by a thick layer of mesenchymal cells. By

contrast, progenitor cells within the zebrafish exocrine

anlage are arranged in a stratified epithelium. A pronounced

mesenchymal layer surrounding the exocrine progenitors is

not identified. Furthermore, zebrafish exocrine progenitors

appear to arise from endoderm rostral to the gut tube, which

it subsequently joins, rather than as an extension of the

epithelium of the main duct. Thus, we argue against a

classical model (Field et al., 2003) in which the zebrafish

exocrine pancreas buds from either a rod of pre-intestinal

endoderm or the gut tube which in zebrafish gives rise to the



Fig. 10. Notch signaling regulates pancreatic duct development. (A, B) Sagittal optical section (A) and histological section (B) of the pancreas of wild type (A) and

jagged2/3 morpholino-injected (B) 5 dpf larvae processed for cpa (red) and cyk (green) immunohistochemistry (IHC), right lateral view. Cpa is present in the

jagged morpholino-injected larva (B), although the levels are reduced compared with wild type (A). By contrast, the ductal system is markedly reduced in the

jagged morpholino-injected larva (B). (C, D) Sagittal histological sections through the pancreas of 5 dpf wild type (C) and jagged morpholino-injected (D) larvae.

Note the contiguous enlarged acini present in the jagged morpholino-injected larva. By contrast, individual wild type acini are difficult to delineate because they

are numerous, relatively small and in close proximity to each other. (E, F) Transmission electron micrographs showing acini (red dashed lines) from wild type (E)

and jagged morpholino-injected (F) larvae. The acinar lumen of the jagged morpholino-injected larva is dilated, and centroacinar cells are absent. An intercalated

duct exiting the wild type acinus is evident (green dashed line), and two centroacinar cells are indicated by yellow arrowheads. (G, H) Confocal projection of larvae

processed for cyk (green) and cpa (red) IHC. Cyk IHC shows altered ductal morphology in mib (G) and Notch-activated (H) larvae. Cpa IHC shows clusters of

enlarged acini in mib (G), whereas following Notch activation, the level and distribution of cpa protein are near normal (H), compared with wild type pancreas

(Figs. 4O and P; Figs. 9A5 and A6). (I, J) Sagittal histological sections through the 5 dpf wild type (I) andmib (J) pancreas, right lateral view. Note enlarged acini

(inset showing a magnified view) in the mib larva. jag-MO: jagged2/3 morphant; mib: mind bomb; notch1a-ICD: notch1a-intracellular domain; cpa:

carboxypeptidase A; cyk: cytokeratin; al: acinar lumen. Arrows in panels (A) and (B) point to immunoreactive cyk in pancreatic connective tissue.
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intestine (Wallace and Pack, 2003). A previous study

defining the zebrafish endodermal fate map seems to

support our model in that only one of six singly labeled
blastomeres within the zebrafish embryo that gave rise to

pancreas also gave rise to intestine (Warga and Nusslein-

Volhard, 1999). However, formal resolution of these models
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may not be feasible without a more detailed lineage

analysis.

Stages of exocrine development: 2. Exocrine differentiation

and acinar gland and duct morphogenesis

Acinar and duct cytodifferentiation and morphogenesis

define the second stage of exocrine development. During

this phase, the onset of cytodifferentiation precedes gland

and duct morphogenesis in the region surrounding the islet.

Here, and at slightly later stages in the pancreatic tail,

differentiated cpa+ and cyk+ cells appear to arise contem-

poraneously. The ductular system appears to arise from the

cyk+ cells in situ, in the form of small networks that

ultimately join to form a contiguous structure. This model of

duct morphogenesis in zebrafish contrasts with the classical

branching morphogenesis model of mammalian exocrine

duct formation, but it resembles the mechanism of duct

formation in developing salivary and mammary glands

(Hieda et al., 1996; Hogg et al., 1983). Interestingly, in over

half of the larvae we analyzed, ducts draining adjacent acini

appeared linked directly to one another rather than to a well

defined main pancreatic duct. In the remaining larvae, acini

within short segments drained into a common, albeit

segmented main duct that did not directly link to compa-

rable ducts within adjacent segments. This ductal morphol-

ogy may not be surprising, given the highly branched, and

thus diffuse architecture of the mature pancreas of adult fish.

In addition to duct formation, acinar gland morpho-

genesis was also evident during the second stage of

zebrafish exocrine pancreas development. Well-formed

acini and small ducts were clearly evident in 72 hpf larvae,

a time point beyond when cpa and cyk protein, markers of

differentiated acinar and duct cells, were first evident. The

number of ducts and acini increased considerably during

subsequent stages of larval development. Although we can

only speculate as to the mechanism of acinar expansion, our

impression from BrdU immunostaining (unpublished data)

is that new acinar glands arise, at least in part through

proliferation of differentiated (cpa+) acinar cells. Whether

expansion of the ductal system also involves proliferation of

differentiated cells could not be addressed because of the

difficulty encountered identifying duct nuclei in histological

sections.

Distinct pancreatic phenotypes arise from mutations

affecting early and late stages of exocrine development

Mutations affecting exocrine pancreas and intestinal

development were described in previous morphology-based

mutagenesis screens (Pack et al., 1996). Here, we show that

two of these mutants (slj and pie) and a third intestinal

mutant not previously known to alter pancreas development

(flo) (Chen et al., 1996) have related exocrine phenotypes.

All three mutations affect expansion of the exocrine anlage

during the initial phase of exocrine development. In these
mutants, there is also a general failure of exocrine

cytodifferentiation, and gland and duct morphogenesis

followed by cellular degeneration. These phenotypic fea-

tures, coupled with intestinal (Wallace et al., 2005) and

pharyngeal defects (not shown) of these mutants, suggest

that the responsible genes regulate pathways required for the

maintenance of digestive epithelia. Thus, it may not be

surprising that these mutants had pronounced acinar and

duct defects. Whether these mutations interfere with genes

that have been shown to be essential for mesenchymal-

mediated expansion of the mammalian pancreas anlagen,

such as fgf10 (Bhushan et al., 2001), isl1 (Ahlgren et al.,

1997) or N-cadherin (Esni et al., 2001), may be explored in

subsequent studies.

Four novel exocrine mutants identified by the presence

of reduced cpa staining but comparatively normal intestinal

morphology are also described in this report. Normal or

near-normal trypsin expression patterns in each mutant at 72

hpf suggest that the affected genes regulate the second phase

of pancreas organogenesis. Although the appearances of

these mutant pancreata are similar at this stage, histological

and immunohistochemical analyses at subsequent stages

revealed variable acinar and duct defects. For example,

acinar and ductal differentiation and morphogenesis

appeared to be disproportionately delayed in swd mutants

and mms mutants. By contrast, pronounced acinar and

ductal defects were seen in djm and dtp mutants. Thus,

variable defects may arise from mutations that appear to

affect the second stage of exocrine development.

Pancreatic phenotypes of Notch-deficient and

Notch-activated larvae establishes a link between acinar

morphogenesis and intrapancreatic duct development

Phenotypic comparison of the pancreas mutants pre-

sented in this study suggests that common molecular

programs may regulate acinar and duct differentiation and

morphogenesis. Analysis of larvae in which the Notch

signaling pathway was disrupted allowed us to begin to

refine our understanding of this relationship. Notch-defi-

cient mib and jagged2/3 morpholino-injected larvae lack

nearly all intrapancreatic ducts but have differentiated acinar

cells that are arranged in broad tubules rather than well

defined glands. They are distinguished from the previously

described pancreas mutants that have strong ductal pheno-

types (slj, pie, flo, dtp and djm) by their highly differ-

entiated acinar cells and their distorted glandular

architecture. Exocrine defects in mib and jagged morpho-

lino-injected larvae suggest that the Notch signal is required

for the development of intrapancreatic ducts and proper

morphogenesis of the acinar gland, but not acinar cell

differentiation.

An interesting aspect of the mib and jagged knockdown

phenotypes is the presence of the cytokeratin duct marker in

differentiated acinar cells. The presence of acinar cell cyk

supports the idea that the Notch signal regulates ductal
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differentiation of a common acinar–duct cell progenitor. We

theorize that, in the absence of Notch activity, these

progenitors adopt an acinar rather than ductal cell fate.

Since ectopic ducts were not identified following Notch

activation at larval stages, we also hypothesize that one

function of Notch in the developing zebrafish pancreas is to

suppress ductal differentiation of bipotential progenitor

cells. A related suppressive mechanism of Notch signaling

during mammalian pancreas development (Hald et al., 2003;

Hart et al., 2003; Murtaugh et al., 2003) has also been

proposed to be mediated by Jagged ligands (Norgaard et al.,

2003). Similarly, previous work in zebrafish has shown

delayed insulin and trypsin expression following Notch

activation at embryonic stages (Esni et al., 2004). Interest-

ingly, this suppressive role of Notch in the zebrafish

exocrine pancreas contrasts with its role in the developing

zebrafish and mammalian liver. Here, Notch inhibition

(Lorent et al., 2004; Piccoli and Spinner, 2001) and

activation (B. Stanger and D. Melton, personal communi-

cation) have reciprocal effects on bile duct formation.

These arguments notwithstanding, we recognize that

there are alternative explanations for the exocrine pheno-

types of Notch-deficient and Notch-activated larvae. For

example, acinar cyk immunoreactivity in Notch-deficient

mib and jagged2/3 morpholino-injected larvae could arise

from the transdifferentiation of duct cells or ectopic cyk

expression. The well known propensity of mammalian

acinar cells to undergo ductular metaplasia (Arias and

Bendayan, 1993; Cano et al., 2004; De Lisle and Logsdon,

1990; Hall and Lemoine, 1992; Miyamoto et al., 2003; Pin

et al., 2001; Scarpelli et al., 1991) supports this latter

hypothesis. Similarly, ductal paucity in Notch-activated

larvae, which we argue supports the suppressive model of

Notch function, could arise from reduced proliferation or

apoptosis of committed duct cells rather than maintenance

of ductal progenitors in an undifferentiated state. Future

experiments, in which Notch is activated in labeled exocrine

progenitors, such as those that express ptf1a, may help test

these hypotheses.
Conclusion

Genetic analyses in zebrafish offer the opportunity to

identify genes that selectively regulate exocrine rather than

endocrine pancreas development and physiology. Screens

to identify such mutants in zebrafish are feasible because

endocrine and exocrine progenitors are segregated at a

relatively early developmental stage. In this study, we

characterize exocrine development in larval zebrafish and

describe mutant phenotypes using two screening strategies.

We show mutations that disrupt digestive system morphol-

ogy likely target progenitor cell function during early

stages of exocrine development, whereas mutations that

preferentially target exocrine differentiation more likely

disrupt later developmental processes. In both sets of
mutants, the larval endocrine pancreas developed normally.

However, the development of accessory islets that are

embedded within adult, but not larval zebrafish exocrine

tissue could not be assessed because all mutants die during

either larval or early juvenile stages. Thus, it is conceivable

that genes that direct exocrine pancreas development in

zebrafish larvae also play a role in subsequent stages of

endocrine pancreas development.
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