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Abstract

Despite the essential functions of the digestive system, much remains to be learned about the cellular and molecular mechanisms
responsible for digestive organ morphogenesis and patterning. We introduce a novel zebrafish transgenic line, the gutGFP line, that
expresses GFP throughout the digestive system, and use this tool to analyze the development of the liver. Our studies reveal two phases of
liver morphogenesis. budding and growth. The budding period, which can be further subdivided into three stages, starts when hepatocytes
first aggregate, shortly after 24 h postfertilization (hpf), and ends with the formation of a hepatic duct at 50 hpf. The growth phase
immediately follows and is responsible for a dramatic alteration of liver size and shape. We also analyze gene expression in the developing
liver and find a correlation between the expression of certain transcription factor genes and the morphologically defined stages of liver
budding. To further expand our understanding of budding morphogenesis, we use loss-of-function analyses to investigate factors potentially
involved in this process. It had been reported that no tail mutant embryos appear to lack aliver primordium, as assessed by gata6 expression.
However, analysis of gutGFP embryos lacking Ntl show that the liver isin fact present. We also find that, in these embryos, the direction
of liver budding does not correlate with the direction of intestinal looping, indicating that the left/right behavior of these tissues can be
uncoupled. In addition, we use the cloche mutation to analyze the role of endothelial cellsin liver morphogenesis, and find that in zebrafish,
unlike what has been reported in mouse, endothelial cells do not appear to be necessary for the budding of this organ.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

The digestive system consists of an alimentary canal and
its associated organs, the liver, gallbladder, and pancreas.
Although pancreas development has received alot of atten-
tion in different organisms (Biemar et al., 2001; Edlund,
2002; Slack, 1995), formation of the liver is relatively
understudied. Hepatocytes make up the mgjority of the liver
and carry out most of the liver's function, including bile
production, blood detoxification, the production of critical
plasma proteins and clotting factors, and the storage of
many substances, such as lipids, amino acids, iron, and
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glycogen. Theliver develops as an outgrowth of the anterior
intestine. Tissue explant studies have demonstrated the ne-
cessity of adjacent mesoderm for hepatocyte differentiation
and maintenance (Cascio and Zaret, 1991; Gauldi et al.,
1996; Le Douarin, 1970, 1975). More recent studies have
implicated FGFs (Jung et al., 1999) as well as BMPs (Rossi
et al., 2001) in these tissue interactions (reviewed by Zaret,
2002). Although the molecular details of hepatocyte differ-
entiation are beginning to emerge, much remains to be
learned. Even less is known about the mechanisms respon-
sible for liver morphogenesis. For example, while Prox1 is
known to be necessary for the migration of hepatocytes into
the septum transversum in mouse (Sosa-Pinedaet al., 2000),
its specific mechanism of action remains to be determined.

The zebrafish has emerged as a valuable organism for
genetic studies of vertebrate organ formation and promises
to be asignificant addition to the model organisms currently

0012-1606/03/$ — see front matter © 2003 Elsevier Science (USA). All rights reserved.

Pll: S0012-1606(02)00017-9


https://core.ac.uk/display/81195051?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

280 H.A. Field et al. / Developmental Biology 253 (2003) 279290

Dorsal

Fig. 1. The 52-hpf zebrafish digestive system as visualized in the stable transgenic gutGFP line. (A) Two-dimensional projection of a confocal stack, ventral
view with anterior to the top. GFP expression occurs in al organs of the digestive system as well as the endodermal lining of the swim bladder. Scale bar,
100 um. (B) Schematic drawings (ventral and dorsal views, anterior to the top) showing the identity and location of GFP-expressing organs at 52 hpf. L,
liver; hd, hepatic duct; pd, pancreatic duct; P, pancreas; ib, intestinal bulb; pi, posterior intestine; pp, posterior region of the pharynx; oe, oesophagus; sb,
swim bladder.

Ventral P

used to study liver development. Since the liver is an early
hematopoietic organ in mammals, mutations affecting its
development in mouse lead to early lethality from anemia
(Reimold et a., 2000), thus making prolonged in vivo
studies of mouse liver morphogenesis difficult. Hematopoi-
esis in zebrafish takes place in the intermediate cell mass
(ICM) and subsequently in the kidney, not the liver (re-
viewed by Thisse and Zon, 2002), thus liver defects do not

embryonic development to proceed relatively normally for
several days (reviewed by Stainier, 2001), eliminating some
of the problems encountered with mammalian model organ-
isms. The relative optical clarity of zebrafish embryos is
another advantage for studies of internal organs, especially
in conjunction with the use of GFP transgenes, which allow
analysis of fluorescing tissues throughout development in
the living embryo.

Here, we introduce a transgenic zebrafish line, the gut-
GFP line, that expresses GFP throughout the developing

lead to anemia. In addition, zebrafish embryos lacking cir-
culation receive enough oxygen through diffusion to allow

Fig. 2. Time course of liver budding. (A—F) Two-dimensional projections of confocal stacks showing ventral views of the gutGFP line, anterior to the top.
Scale bar, 100 um. Embryos were fixed and imaged at (A) 24, (B) 28, (C) 30, (D) 34, (E) 36, and (F) 46 hpf. (A, B) The liver (arrowhead) starts budding
from the intestinal rod between 24 and 28 hpf. (C) At 30 hpf, the liver is a smooth thickening on the outer curvature of the intestinal bulb primordium, which
at this time has a clear leftward bend. (D) A furrow (open arrow) begins to form between the medial anterior edge of the liver and the adjacent oesophagus
and continues to expand posteriorly (E, F) to separate the liver from the intestinal bulb primordium. The pancreas (asterisk) and endodermal lining of the
swim bladder (arrow) can also be seen developing from the intestinal bulb primordium over time. (G-) Transverse sections through the gutGFP line stained
with rhodamine-labeled phalloidin to visualize surrounding tissues. The liver is marked by an arrowhead; the intestinal bulb primordium is outlined in white.
Dorsal isto thetop, and left isto the right to keep with the orientation of the ventral views. The level of the sectionsin (G-l) isindicated by the yellow dashed
linesin (B), (C), and (E), respectively. (G) At 28 hpf, the first aggregation of hepatocytes from the intestinal bulb primordium is slightly to the left of the
midline and adjacent to the yolk (y). The tissue that resides between the endoderm and the overlying notochord and somites is the lateral plate mesoderm.
(H) At 30 hpf, the budding liver, which is positioned | eft of the midline, has an extensive connection to theintestinal bulb primordium. Lateral plate mesoderm
is present both dorsal and ventral to the intestinal bulb primordium, but not ventral to the liver. (1) By 36 hpf, the connection between the liver and intestinal
bulb primordium has started to restrict, and lateral plate mesoderm is present in the resulting space. The liver sits directly on the yolk (y). n, notochord; s,
somites; nt, neura tube.
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A 30hpf

B 50hpf

C 4dpf

Fig. 3. Sketches showing the location of the liver in the context of the
embryo at 30 hpf (A), 50 hpf (B), and 4 dpf (C). (A, B) At 30 and 50 hpf,
the liver (arrowhead) extends from the duct of Cuvier, anteriorly, to the
midlevel of the fin bud, posteriorly. (C) At 4 dpf, the liver can be seen
touching the pericardial cavity and resting on top of the remaining yolk.
The intestinal bulb has inflated and is pressed against the left side of the
embryo. ov, otic vesicle; dc, duct of Cuvier; L, liver; fb, fin bud; y, yolk;
ib, intestinal bulb; n, notochord; pc, pericardia cavity.

digestive system. This unique tool can be used to examine,
in living and fixed embryos, endodermal organs otherwise
obscured by the yolk ball and dorsal tissues. In the present
study, we investigate liver morphogenesis both in wildtype
and in a selective and informative set of mutant embryos.
Our analyses reveal the timing and nature of the morpho-
genetic movements, as well as gene expression patterns,
associated with liver budding. We also find that directional
outgrowth of the liver can be uncoupled from the direction
of intestinal looping, and that, surprisingly and contrary to
what has been reported in mouse (Matsumoto et al., 2001),
endothelia cells do not appear to be required for budding
morphogenesis of the liver in zebrafish.

Materials and methods
Embryo culture and zebrafish stocks

Fish and embryos were maintained, collected, and staged
as described (Westerfield, 1995). We collected embryos
homozygous for the clo®® mutation (Wayne Liao and
D.Y.R.S., unpublished observations) and used wildtype sib-
lings as controls.

Transgenic animals

To visualize the gut and associated organs, we used a
new stable transgenic strain referred to as the gutGFP line.
Thisline was generated by Tobias Roeser in Herwig Baier’s
group in the lab of Christiane Nusslein-Volhard (Tubingen,
Germany), using a DNA construct that consists of a Xeno-
pus EF-1« promoter regulating GFP expression. Character-
ization of the inserted transgene and the insertion site is
ongoing and will be published elsewhere. The gutGFP line
will be available through the Zebrafish Stock Center.

To visualize endothelial cells, we used a stable trans-
genic line that expresses GFP under the control of the
mouse Tie2 enhancer (Motoike et al., 2000).

RNA in situ localization

In situ hybridization was performed with digoxigenin-
labeled RNA anti-sense probes for the following genes:
foxA2/axial/hnf3B, foxA3/fkd2 (Odenthal and NUsslein-Vol-
hard, 1998), prox1 (Glasgow and Tomarev, 1998), seleno-
protein Pb (sePb) (Kryukov and Gladyshev, 2000; Kudoh et
a., 2001), hnf4 (Kudoh et al., 2001), and sox17 (Alexander
and Stainier, 1999).

Whole-mount in situ hybridization was performed as
described (Alexander et al., 1998) with the following mod-
ifications. Embryos older than 24 hpf were raised in 0.003%
1-phenyl-2- thiourea (PTU; Sigma) in egg water to inhibit
the production of pigment and, after fixation, were treated
with 10 wg/ml proteinase K (Roche Diagnostics).

Images were acquired by using either aZeiss StemiSV11
stereomicroscope or a Zeiss Axioplan, equipped with a
Zeiss color Axiocam digital camera running Axiovision 3.0
software.

Immunofluorescence and histological stains

Immunofluorescent analysis of protein expression was
performed with a rabbit anti-Prox 1 antibody (Wigle et al.,
1999). Embryos were fixed in 4% paraformaldehyde for 1 h
at room temperature, then manually deyolked, washed with
PBS, and incubated in a 1:100 dilution of antibody in PBS
with 1% Triton-X and 2% sheep serum for approximately
40 h at 4°C. Embryos were mounted in 4% SeaPlague
agarose (BioWhittaker Molecular Applications) in PBS.
Bound antibody was detected on transverse vibratome sec-
tions (100 wm thick) by using Alexa Fluor-594 goat anti-
rabbit IgG H + L antibody (1:200; Molecular Probes). To
visualize actin, transverse vibratome sections were incu-
bated in rhodamine-labeled phalloidin (1:100; Molecular
Probes).

Confocal images were acquired by using a Leica TCS
NT confocal microscope. Image overlays were assembled
by using Adobe Photoshop 5.0 LE. Two-dimensional pro-
jections were generated by using Scion Image version 4.0.2.

Morpholino injection

We designed morpholino oligonucleotides to overlap the
translational start site of no tail, 5'-GACTTGAGGCAG-
GCATATTTCCGAT-3', and they were injected essentially
as described (Heasman et al., 2000). Briefly, morpholinos
were solubilized in 10 mM Hepes, pH 7.6, to createal mM
stock. Stock was diluted with a 5 mM Hepes, pH 7.6,
solution that contained 0.05% phenol red for visual detec-
tion of successfully injected embryos. A total of 3.2 ng of
morpholino was injected per embryo. Noninjected, Hepes-
injected, and embryos injected with morpholinos designed
against other genes served as controls.
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Results
Introduction of the gutGFP line

To investigate liver development in zebrafish, we used a
novel GFP-expressing transgenic line which facilitates ob-
servation of the digestive tract and its associated organs in
living (data not shown) as well as fixed embryos (Fig. 1A).
This gutGFP line was generated by random integration of a
GFP-containing construct (see Materials and methods). Ini-
tially ubiquitous, GFP expression becomes restricted to the
endoderm by approximately 22 hpf. Expression is also ob-
served in the notochord until approximately 30 hpf, and in
the eye and hatching gland (data not shown). GFP expres-
sion is sometimes variable in heterozygous animals (data
not shown) but uniform throughout the endoderm of em-
bryos homozygous for the transgene. Homozygous animals
are viable and have no observable phenotype.

At 52 hpf, when the internal organs are easily recogniz-
able, GFP expression is present along the entire alimentary
canal: the pharynx, oesophagus, intestinal bulb, and the
posterior intestine up to and including the anus (Fig. 1B).
Additionally, expression is observed in the endodermal
component of all accessory organs: the liver, pancreas, gall
bladder (visible by 72 hpf; data not shown), the duct sys-
tems of these organs, and the swim bladder (Fig. 1B).

Liver morphogenesis

To characterize the progression of liver morphogenesis,
we analyzed the pattern of GFP expression in homozygous
gutGFP embryos at multiple time points between 24 and 46
hpf. We describe liver morphogenesis in two phases: (1)
budding, which is further divided into three stages based on
distinct liver morphology, and (2) growth. Confocal analy-
sis of 24-hpf embryos revealed the endoderm as a flat sheet
in the pharyngeal region that constricts into a solid rod of
midline cells, the intestinal rod, just rostral to the first
somite (Fig. 2A). By 28 hpf, two thickened regions are
present on the intestinal rod (Fig. 2B). The posterior thick-
ening, situated dorsally on the intestinal rod at the level of
the fourth somite, expresses Somatostatin and will contrib-
ute to the pancreas (unpublished observations). The anterior
thickening is positioned dlightly left of the midline and
projects from the ventral side of the rod at the level of the
first somite. This aggregation of cells marks the first mor-
phogenetic movements of liver organogenesis and is defined
as budding stage |. The timing of this first stage of budding
varies dightly, but was consistently seen between 24 and 28
hpf.

During stage I, the intestinal bulb primordium under-
goes aleftward bend at the level of the developing liver. The
aggregate of liver cells increases in size, resulting in a
smooth, thickened area along the outer curvature of the
intestinal bulb primordium by 30 hpf (Fig. 2C). We define
this process as budding stage |1, since the appearance of the

nascent liver is distinct from that observed in stage | (Fig.
2C and D).

Stage 111 of budding begins at approximately 34 hpf
when a furrow starts to form between the liver bud and the
adjacent oesophagus (Fig. 2E). This furrow expands poste-
riorly over time, restricting the connection between the liver
and the intestinal bulb primordium (Fig. 2E and F). By 50
hpf, cells connecting these two organs have formed the
hepatic duct. Transverse sections through the hepatic duct at
this time show between 5 and 10 cells, with pronounced
apical actin staining, arranged around a small central lumen
to form asimple tubular duct (data not shown). Hepatic duct
formation marks the end of stage Il and the end of the
budding process.

Upon completion of budding, the liver is a well-defined
structure that increases in size and modifies its shape and
placement. We refer to this subsequent size increase as the
growth phase of liver development. By 72 hpf, the size of
the liver has increased moderately but the shape has not
atered. By 96 hpf, liver growth has resulted in a medial
expansion so that it extends from the | eft side of the embryo
al the way across the midline ventral to the oesophagus
(data not shown).

During budding, hepatocytes emerge from the intestinal
rod and protrude to the left as a disorganized but cohesive
mass of cells (Fig. 2G-). The hepatocytes maintain very
close apposition with one another asthe liver expands to the
left. Throughout the budding phase, mesodermal cells are
observed adjacent to the intestine and dorsal to the liver
(Fig. 2GH). As the furrow between the liver and oesopha-
gus expands, mesodermal cells can be seen in the resulting
gap (Fig. 2I). The liver is directly adjacent to the yolk ball,
and we observed no mesodermal cells in contact with the
ventral face of the liver at any stage of liver budding (Fig.
2G-). The necessity of adjacent mesoderm on liver devel-
opment has been shown in other vertebrates (Cascio and
Zaret, 1991; Gauldi et a., 1996; Le Douarin, 1970, 1975),
but in zebrafish, the influence of surrounding tissues has
never been studied. The proximity of the developing liver to
the yolk and mesoderm makes these tissues likely candi-
dates to be involved in the budding process.

In addition to investigating the location of the liver with
respect to adjacent tissues, it is important to note the posi-
tion of the liver with respect to the entire embryo. During
budding, the anterior edge of the liver aligns with the duct
of Cuvier and extends caudally to the mid-level of the fin
bud (Fig. 3A). By the completion of the budding process at
50 hpf, the liver protrudes slightly beyond the lateral edge of
the left somites. A left lateral view shows its anterior edge
situated immediately posterior to the duct of Cuvier and its
posterior edge extending halfway through the level of thefin
bud (Fig. 3B). By 4 days postfertilization (dpf) (96 hpf), the
liver is in the growth phase. A left lateral view of the
embryo shows the liver overlying the anterior portion of the
remaining yolk ball and the anterior edge of the liver in
contact with the pericardial cavity (Fig. 3C).
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Fig. 4. Gene expression patterns in the developing digestive system. Dorsal views, anterior to the top. The liver is marked with an arrow (A-J) and outlined
in yellow (C, E). The pancreas is marked with an asterisk. (A—E) Embryos are 48 hpf. (A) The level of prox1 expression is high in the liver, dightly lower
in the pancreas (asterisk), and even lower throughout the ducts connecting the two organs to the alimentary canal. (B) hnf4 expression is restricted to the liver
and alimentary canal posterior to the hepatic duct. (C) foxA2 expression is present in the digestive system from the pharynx to the anterior boundary of the
posterior intestine. Expression is highest in the pharynx, oesophagus, the endodermal lining of the swim bladder, the pancreas (asterisk) and its duct, and the
ductwork of the liver. (D) sePb is expressed exclusively in the liver. (E) sox17 expression is found at a low level throughout the digestive system and at a
higher level in a patch of cells (arrowhead) most likely representing the gall bladder precursors. (F-J) foxA3 expression at 24 (F), 30 (G), 34 (H), 40 (1), and
48 hpf (J); it reveals structures corresponding to those observed by fluorescence in the gutGFP line, namely the digestive system and the endodermal lining
of the swim bladder. (K) Timeline showing the onset and duration of transcription factor gene expression in the liver during budding. Approximate periods
of the stages of liver budding are represented under the timeline.

Gene expression in the digestive system

To identify genes that may be involved in the morpholog-
ical trangitions described above, we performed in situ hybrid-
ization of endodermally expressed genes a multiple time
points between 24 and 48 hpf. Although the general expression
pattern of these genes has been previoudy reported (see Ma
terids and methods), we present them here specificaly in the

context of the developing digestive system. Interestingly, we
found that some genes appear to initiate or halt their expression
at specific morphologica transitions during liver devel opment.
For example, prox1 (Glasgow and Tomarev, 1998) expression
first appears in the liver around 24 hpf, concurrent with the
onset of the first stage of budding, while initiation of hnf4
(Kudoh et al., 2001) expression appears to coincide with
the onset of stage II.
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Fig. 5. The direction of liver budding can be uncoupled from the direction
of intestinal bulb looping. (A, B) Ventral views of confocal stacks, anterior
to the top, showing wildtype (A) and ntl morpholino-injected embryos (B)
at 52 hpf. (A) The liver (arrowhead) in wildtype embryos is located to the
left of the midline, and the intestinal bulb (ib) curves to the left. (B) In ntl
morpholino-injected embryos where the intestinal bulb (ib) curves to the
left, a single liver (arrowhead) can be located symmetrically across the
midline. (C, D) Transverse sections through the gutGFP line stained with
rhodamine-labeled phalloidin to visuaize surrounding tissues. The liver is
marked by an arrowhead; the oesophagus is outlined in white. Dorsal isto
the top, and |eft isto the right. The level of the sectionsin wildtype (C) and
ntl morpholino-injected embryos (D) is indicated by the yellow dashed
lines in (A) and (B), respectively. These figures clearly show that, in ntl
morpholino-injected embryos, the liver can reside symmetrically with
respect to the midline even when the intestinal bulb loops correctly.

Initial prox1 expression appears at the level of the first
somite in a subset of medial endodermal cells that will bud
to form the liver (data not shown). prox1 expression persists
throughout liver development (Fig. 4A and K). From its
onset of expression, hnf4 is found in the liver bud and the
intestinal primordium posterior to the oesophagus, and this
pattern of expression is observed throughout the budding
process (Fig. 4B and K). Endodermal foxA2 expression first
appears by the 10-somite stage (Odenthal and Nusslein-
Volhard, 1998). By 24 hpf, foxA2 expression stretches from
the rostral end of the digestive system to the boundary
between the intestinal bulb and posterior intestine (Odenthal
and Nussein-Volhard, 1998). Shortly after the onset of
budding stage 11, foxA2 expression in the liver decreases,
and it is nearly absent from this organ at 32 hpf (Fig. 4K).

At 48 hpf, foxA2 expression is elevated in the hepatic and
pancreatic ducts, pancreas, swim bladder, oesophagus, and
pharynx, and is very low in other parts of the digestive tract
(Fig. 4C).

To extend the set of molecular markers valuable to the
study of the zebrafish digestive system, we also examined
the expression pattern of selenoprotein Pb (sePb) (Kryukov
and Gladyshev, 2000; Kudoh et al., 2001) and sox17 (Al-
exander and Stainier, 1999), which are restricted to specific
tissues. Expression of sePb, which encodes a serum protein
produced by the liver, isfirst detected during stage Il of liver
budding and isrestricted to the liver throughout the budding
process (Fig. 4D). At 48 hpf, expression of sox17 is detected
a alow level throughout the digestive system with height-
ened expression in a subset of liver cells adjacent to the
hepatic duct (Fig. 4E). In Xenopus, sox17« expression is
down-regulated in al but the gallbladder (Zorn and Mason,
2001), suggesting that the cells with heightened sox17 ex-
pression in zebrafish may also represent the gallbladder
precursors.

foxA3 (Odenthal and Nusslein-Volhard, 1998) expres-
sion is detected in the digestive tract throughout the duration
of liver budding (Fig. 4FJ). The expression pattern of
foxA3 nearly mimics that of GFP in the gutGFP line, with
the exclusion of pharyngeal expression, and provides a
valuable aternative for visualizing the morphology of the
digestive system in fixed embryos. Using this marker, liver
development, as well as the development of other endoder-
mally derived organs, can be clearly examined in the con-
text of the digestive system.

Uncoupling the left/right positioning of the liver and
intestinal bulb

Chin et al. (2000) reported that, in no tail (ntl) mutant
embryos, liver primordia could not be detected at 30 hpf by
looking at gata6 expression, prompting us to further inves-
tigate the role of ntl in liver formation. In order to visualize
the liver in the context of the entire digestive system, we
injected ntl morpholino into the gutGFP line. We found that
95% of the morpholino-injected embryos perfectly pheno-
copied ntl mutants as assessed morphologically (data not
shown), consistent with what has been previously reported
(Feldman and Stemple, 2001). Surprisingly, we observed a
distinct liver in al embryos showing ntl phenocopy, indi-
cating that the liver does form, but may not differentiate
properly, in embryos lacking Ntl.

In addition, we noticed that the position of the liver in
Ntl-deficient embryos did not aways correlate with the
chirality of the intestina bulb. Although uncoupled lateral-
ity has been observed between structures in different organ
systems, such as the heart and gut (Bisgrove et al., 2000;
Schilling et al., 1999), adtered situs of organswithin asingle
organ system has not been reported in zebrafish. We further
investigated this phenomenon of uncoupled digestive organ
position by recording the position of the liver in embryos
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where the intestinal bulb had looped to either the left or
right. We observed that, at 52 hpf, the intestina bulb of
72.6% of the embryos showing a ntl phenotype (n = 124)
had looped to either the left or right. [The intestinal bulbs of
the other 27.4% had remained midline.] Of the 90 embryos
that showed intestinal bulb looping, 65 (72%) exhibited a
liver that stretched to both the left and right of the midline
with a single hepatic duct connecting it to the alimentary
canal (Fig. 5B and D), while the rest showed a liver that
overlapped the midline but usually budded off the outer
curvature of the intestinal bulb (data not shown). We ob-
served the same phenotypes in ntl mutant embryos stained
for foxA3 expression (data not shown). These data show
that, in the absence of Ntl, the directional outgrowth of the
liver can be uncoupled from the direction of intestina bulb
looping.

Role of endothelial cells in liver budding morphogenesis

The adult liver is a highly vascularized organ, and this
vascularization is critical for liver function. Recent work in
mouse has indicated that endothelial cells are additionally
required for liver morphogenesis, even before a vascular
network is formed (Matsumoto et al., 2001). These studies
showed that, in Vegfr2/FIk-1 mutant mice, which lack en-
dothelial cells, liver budding fails to occur altogether. Here,
we investigate whether liver budding in zebrafish is aso
dependent on endothelia cells.

To examine the timing and nature of liver vascularization
in zebrafish, we performed a time course of vascular devel-
opment in the liver using the Tie2-GFP transgenic line to
visualize endothelial cells (Motoike et al., 2000) and an
anti-Prox 1 antibody to label the hepatocytes (Wigle et al.,
1999). GFP-expressing endothelial cells are positioned ad-
jacent to, but not completely encasing, the liver bud at 36
(data not shown) and 48 hpf (Fig. 6A). By 60 hpf, endo-
thelial cells remain present around the liver as seen earlier,
but are also found between surface hepatocytes of the liver
(Fig. 6B). By 72 hpf, endothelial cells permeate the entire
liver (Fig. 6C).

To analyze the potential role of endothelial cells in
liver morphogenesis, we examined liver formation in
embryos homozygous for the cloche (clo) mutation,
which appear to lack all endothelial cells from an early
stage (Liao et al., 1997; Stainier et al., 1995; Thompson
et al., 1998). Liver budding and differentiation are indis-
tinguishable in clo mutant embryos and their wildtype
siblings, as assessed by foxA3 (n = 56) (Fig. 6D and E)
and sePb expression (n = 48) at 48 hpf (Fig. 6F and G).
[clo mutant embryos were distinguished from their wild-
type siblings by their distinct heart phenotype.] These
observations suggest that, in zebrafish, endothelia cells
are not required for liver budding morphogenesis or he-
patocyte differentiation.

Discussion
Anatomy of the zebrafish digestive system

We have analyzed the morphogenesis of the developing
zebrafish liver using a unique GFP transgenic line to facil-
itate observations of the endoderm. While collecting data
presented in this paper, we were faced with the difficulty of
choosing the correct terminology. To date, there has been no
convention in the nomenclature used for zebrafish digestive
anatomy, resulting in multiple terms being used to identify
a single structure. With the ability to observe the entire
digestive tract in the gutGFP line, we took the opportunity
to define a nomenclature for the digestive anatomy of the
zebrafish.

Our observations suggest that the zebrafish gut is divided
into the pharynx, oesophagus, intestinal bulb, and posterior
intestine, as depicted in Fig. 1. This nomenclature partitions
the gut based on distinct topographical characteristics. The
pharynx isthe region of the alimentary canal posterior to the
oral opening. The oesophagus isidentified as the constricted
region posterior to the pharynx. The dorsal wall of the
oesophagus opens into the pneumatic duct which connects
to the endodermal lining of the swim bladder. Although not
part of the digestive system, the lining of the swim bladder
isincluded here to show a complete diagram of the endoder-
mally derived organs that express GFP in the gutGFP line.
The connection of the hepatic duct to the alimentary canal
demarcates the caudal boundary of the oesophagus.

The region of the digestive tract posterior to the hepatic
duct has had multiple designations. It has been referred to as
the stomach, the duodenum, the anterior intestine, and the
foregut. The term foregut usually refers to the region of the
digestive system rostral to the hepatic duct. Histological
studies have been performed on both the adult and devel-
oping zebrafish digestive tract (Pack et a., 1996), and iden-
tity of this region is not exclusively analogous to the stom-
ach or small intestine. Members of the Cyprinidae family,
which includes zebrafish, lack stomachs, and the widened
anterior portion of the intestine is referred to as the pseu-
dogaster (Harder, 1975). However, we employed the term
“intestinal bulb” to label this structure since it had previ-
ously been used for this region in adult zebrafish (Wester-
field, 1995) and more precisely describes the anatomical
structure.

The intestina bulb, distinguishable primarily by its bul-
bous appearance, begins to develop a lumen around 42 hpf
(Horne-Badovinac et al., 2001). Increases in the diameter of
this lumen, amongst other events, lead to a clearly inflated
structure by 3 dpf. The intestinal bulb extends caudally to
the level where the gut realigns with the midline of the
embryo. Posterior to the intestinal bulb lies the posterior
intestine which continues down the midline of the embryo
and ends at the anal opening.

The terms foregut, midgut, and hindgut are commonly
used when referring to regions aong the digestive tract.
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However, using this terminology in zebrafish is deceptive;
many of the structures used to define these regions in other
organisms (Langman and Sadler, 1985) are not present in
zebrafish and thus there is no consensus for where the
boundaries should be. These subdivisions have been used to
label the digestive tract in other fishes, although the defini-
tion of borders between regions in those organismsis again
ambiguous (Harder, 1975). Given this confusion in precise
anatomical terminology, we suggest that this vocabulary be
used very carefully in zebrafish and only in conjunction
with terms that refer to the specific structures of the diges-
tive system.

Early in development, before a hepatic duct is formed,
the boundaries of the oesophagus, intestinal bulb, and pos-
terior intestine are not as clear. When the endoderm is a
solid rod of midline cells, before the liver primordium has
formed, all endoderm posterior to the constricted caudal end
of the pharynx can be referred to as the intestinal rod. Once
the liver primordium is present, the intestina rod can be
subdivided into three regions. The oesophagus stretches
from the caudal end of the pharynx to the anterior extent of
the liver bud. The intestinal bulb primordium begins at the
caudal end of the oesophagus. The exact border between the
intestinal bulb primordium and the posterior intestine is not
easy to distinguish at this stage based on anatomy alone.
Careful histological analyses will be necessary to define this
boundary. Further analyses of the developing digestive sys-
tem in zebrafish will undoubtedly refine the terminology
proposed here.

Morphological characteristics separate liver development
into two phases

To chart the timing and location of liver morphogenesis,
we performed a developmenta time course using the gut-
GFP transgenic line, which alowed us to visualize the liver
in the context of the entire digestive system.

We divided liver morphogenesis into two phases: bud-
ding and growth. Budding is the phase of liver development
when the organ emerges from the intestinal rod to become
a separate and distinct structure on the embryo’s |eft. Based
on different shapes of the liver throughout budding, we
further divided this process into three stages. Stage | begins
around 24 hpf, when we first noticed an aggregation of
prehepatic cells on the ventral surface of the intestinal rod.
Stage 1l begins once the prehepatic region is a smooth
thickening projecting to the left of, but still contiguous with,
the intestinal bulb primordium. Stage Il begins when a
furrow starts forming between the anterior edge of the liver
and the adjacent oesophagus and ends when the stalk of
cells connecting the liver and intestinal bulb primordium
forms an ordered hepatic duct with columnar epithelia
cells. The behavior of hepatocytes during the budding pro-
cess was somewhat surprising when compared with that
described in mammals, but consistent with that seen in other
fishes. In mammals, the hepatocytes appear to dissociate

from one another and migrate into the mesenchyme of the
adjacent septum transversum. This process is referred to by
Elias (1955) as “interdtitial invasion.” In sea bream, as we
observed in zebrafish, interstitial invasion does not appear to
occur (Guyot et a., 1995). The cells of the nascent liver are
closely juxtaposed, forming a single mass on the left side of
the digestive tract.

The growth phase follows the completion of budding and
is characterized by a dramatic change in liver size and
shape. As a result of this growth phase, the liver comes to
occupy a substantial portion of the abdomina cavity and
spreads across the midline. Further analysis of this phase
will be extremely informative sinceit is during thistime that
the liver becomes vascularized and presumably begins its
physiological functions.

In addition to this detailed anadysis of liver morphogenesis,
we aso examined the spatiotempord expression patterns of
specific molecular markers. The expression patterns of the
transcription factor genes foxA2, proxl, and hnf4 appear to
correlate with stages of liver budding as defined by the mor-
phologica criteria and may represent part of the molecular
network necessary for these stages to proceed. For example,
prox1 expression isinitiated at the onset of stage |, consistent
with data in the mouse showing a requirement for this genein
the migration of hepatocytesinto the surrounding mesenchyme
(Sosa-Pineda et a., 2000). hnf4, whose expression is initiated
a the onset of stage I, has aso been implicated in liver
development in mouse (Li et a., 2000). Of course, there may
be other molecular transitions that do not correspond to overt
morphogenetic differences. These presently unobservable tran-
sitions may be identifiable through mutational anadysis, and we
are currently undertaking a forward genetic screen, using the
gutGFP line, to identify genes regulating liver morphogenesis.
Therefore, by keeping the definition of developmental phases
broad at this time, we leave open the possibility of further
subdividing the process of liver morphogenesis as mutant anal-
ysis uncovers additiond criticd trangitions during liver bud-
ding and growth.

Left/right asymmetry of the liver can be uncoupled from
the direction of intestinal bulb looping

The relationship between intestinal bulb chirality and the
direction of liver budding has not been previously analyzed.
We observed that, in wildtype liver morphogenesis, the
direction of liver budding and that of intestinal bulb looping
are correlated, resulting in both organs being positioned on
the embryo’s left. In naturally occurring cases of reversed
chirality of the intestinal bulb (observed in approximately
0.1-1% of wildtype embryos, depending on the genetic
background), the liver aways buds off the outer curvature
of the intestinal bulb primordium (unpublished observa-
tions). These observations have led to the hypothesis that
the direction of liver outgrowth is dictated by the direction
of looping of the intestinal bulb primordium.

Surprisingly, we found that, in the absence of Ntl, the
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Tie2-GFP Prox-1

sePb clo"-/_- . sePb

Fig. 6. Endothelial cells during liver development. (A—C) Transverse sections through Tie2-GFP transgenic embryos stained with anti-Prox1 antibody (red)
to visualize hepatocytes. Dorsal is to the top, and left is to the right. (A) At 48 hpf, endothelial cells (green, arrow) line the periphery of the liver (red). (B)
By 60 hpf, endothelial cells (arrow) have started to invade the liver, but are restricted to the outer edges of the liver. (C) At 72 hpf, endothelia cells (arrows)
are interspersed throughout the liver. (D, E) In situ hybridization for foxA3 expression at 48 hpf. Dorsal views, anterior to the top. The liver (arrow) of the
wildtype sibling (D) and a representative clo mutant embryo (E) are indistinguishable. The length of the swim bladder (bracket) is variably shorter in clo
mutant embryos. (F, G) In situ hybridization for sePb expression at 48 hpf. Dorsal views, anterior to the top. sePb expression in liver (arrow) is
indistinguishable between wildtype sibling (F) and a representative clo mutant embryo (G).

directions of intestinal bulb looping and liver budding are
frequently uncoupled; the intestinal bulb usually loops but
the liver fails to bud exclusively to the left or right. The
opposite phenotype has been observed in hands-off mutant
embryos in which the intestinal bulb does not loop, yet the
liver usualy buds to the left or right (Sally Horne-Badovi-
nac, EAA.O., and D.Y.R.S, unpublished observations).
These data indicate that the behavior of the liver primor-
dium is not dictated by the orientation of the intestinal bulb
primordium and that the morphogenetic movements of these
two organs are separable. Furthermore, these results suggest
arole for the midline in the proper placement of the liver,
and it will be most interesting to further investigate the
mechanisms that regulate the directionality of liver budding.

Endothelial cells do not appear to be essential for liver
budding morphogenesis in zebrafish

It has been reported recently that endothelial cells are
required for liver budding in mouse (Matsumoto et a.,
2001). Before investigating the role of endothelial cellsin
zebrafish liver morphogenesis, we first wanted to determine
the timing and nature of endothelial/hepatic associations.
We found that endothelial cells are closely associated with

the liver periphery by 36 hpf and that they maintain this
close apposition until approximately 60 hpf, when they
begin to invade the outer layers of hepatocytes. These en-
dothelial cells are likely part of nascent branches from the
subintestinal vessels and will eventually form the hepatic
vasculature (Isogai et a., 2001). By 72 hpf, endothelial cells
are found throughout the entire liver, leading us to conclude
that vascularization of the zebrafish liver is achieved by
endothelial invasion after budding is complete. This process
of vascularization appears to be different from that classi-
cally reported in mouse, where hepatocytes undergo inter-
stitial invasion of the adjacent mesenchyme and arrange
themselves around the vascular network already present
(Elias, 1955).

In Vegfr2/Flk-1~'~ mouse embryos, which lack mature
endothelial cells, the liver never progresses beyond an early
thickening of hepatic endoderm on the gut tube (Matsumoto
et al., 2001). The zebrafish clo mutation, which appears to
disrupt endothelial cell differentiation at a stage upstream of
Vegfr2/Flk-1 expression (Liao et al., 1997; Thompson et a.,
1998), provides atool in zebrafish for studying the behavior
of hepatocytes in the apparent absence of endothelia cells.
If the primary conserved role of endothelial cells in liver
development isto initiate morphogenesis, one would expect
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the liver of clo mutant embryos to arrest during stage | of
budding. We performed a qualitative analysis of the size and
shape of the liver in clo mutant embryos. Surprisingly, liver
budding and differentiation in clo mutant embryos appear to
proceed normally. The discrepancy of these findings with
those described in Vegfr2/Flk-1"'~ mouse embryos may be
explained in several ways, including by a difference in cell
behavior during liver outgrowth between these species. One
possibility is that signals from the endothelial cells may be
necessary for the breakdown of cell adhesion between hepa-
tocytes. In mouse, this function would be concomitant with
initiation of hepatocyte migration. However, since cell dis-
sociation does not occur in zebrafish liver morphogenesis,
the presence of endothelium would be dispensable for bud-
ding. This model would suggest that the growth phase,
during which endothelial cells invade the liver, may be
affected in clo mutant embryos. However, due to an in-
creased severity of the cardiac edema, we were not able to
analyze these later time points. An aternative explanation
for the discrepancy between mouse and zebrafish is that
signals provided by the endothelial cells in mouse may be
produced by a different cell type in zebrafish. Other expla-
nations are of course possible.

The zebrafish has the potential to contribute significantly
to studies of the vertebrate digestive system. With its proven
usefulness for large-scale forward genetics screens and em-
bryological studies, and with the addition of the gutGFP
line, we hope that this model organism will become invalu-
ableto investigate the molecular and cellular mechanisms of
endodermal organ development.
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