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Abstract

The adrenal cortex has a complex vasculature that is essential for growth, tissue maintenance, and access of secreted steroids to the
bloodstream. However, the interaction between vasculature and adrenal cortex during early organogenesis remains largely unclear. In this study,
we focused on the zebrafish counterpart of adrenal cortex, interrenal tissue, to explore the possible role of endothelium in the development of
steroidogenic tissues. The ontogeny of interrenal tissue was found to be tightly associated with the endothelial cells (ECs) that constitute the axial
vessels. The early interrenal primordia emerge as two clusters of cells that migrate centrally and converge at the midline, whereas the central
convergence was abrogated in the avascular cloche (clo) mutant. Neither loss of blood circulation nor perturbations of vessel assembly could
account for the interrenal convergence defect, implying a role of endothelial signaling prior to the formation of axial blood vessels. Moreover, as
the absence of trunk endothelium in c/lo mutant was rescued by the forced expression of SCL, the interrenal fusion defect could be alleviated. We

thus conclude that endothelial signaling is involved in the morphogenetic movement of early interrenal tissue.
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Introduction

Endothelium has been discovered to communicate with organ
tissues and provide inductive signals for organ development
(reviewed in Cleaver and Melton, 2003; Nikolova and Lammert,
2003). For example, ECs promote the outgrowth and mesen-
chyme invasion of liver bud from hepatic endoderm, in an
explant system, prior to the full formation of vasculature
(Matsumoto et al., 2001). In the adult liver, selective activation
of VEGF receptor 1 in the sinusoidal ECs leads to secretion of
cytokines such as hepatocyte growth factor that stimulates
hepatocyte proliferation (LeCouter et al., 2003). Also, the induc-
tion of dorsal pancreas is regulated by the ECs of aorta, which
involves the activation of crucial pancreatic transcription factor
Ptfla (Lammert et al., 2001; Yoshitomi and Zaret, 2004). Among
all the other organs that could be regulated by similar EC-related
mechanisms, endocrine organs are of particular interest due to
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their intimate dependence on blood circulation. Thus it would be
intriguing to explore how signals from the developing vessels are
shaping the morphology and function of endocrine organs.

The adrenal gland is comprised of an outer cortex, which syn-
thesizes steroid hormones, and an inner medulla, which produces
catecholamines. Both the adrenal cortex and medulla are highly
vascularized, which is thought to be important for the develop-
ment as well as secretory functions of adrenal gland. The dense
distribution of vasculature in adrenal cortex requires the
existence of an angiogenic molecule, endocrine gland VEGF
(EG-VEGF), which is specifically expressed at steroidogenic
tissues and is mitogenic as well as morphogenic for the ECs that
populate the adrenal cortex (LeCouter et al., 2001). Interestingly,
signals from endothelium have been identified as modulating
certain differentiation events of the adrenal gland. For example,
EC signals derived from adrenal capillary are able to regulate
aldosterone release from steroidogenic zona glomerulosa, as
revealed by coculture studies (Rosolowsky et al., 1999; Hanke
and Campbell, 2000). Furthermore, cocultures of adrenal—
medulla derived cell line PC12 with adrenal medulla ECs lead to
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chromaffin-like differentiation of PC12 cells (Mizrachi et al.,
1990). Beyond these functions in promoting endocrine differ-
entiation and release, the role of endothelium in the early
morphogenesis of adrenal gland has however remained unclear.
Zebrafish has matured into a valuable model for studying
organogenesis such as the cardiovascular and digestive systems,
since its embryos are amenable to molecular manipulations and
genetic dissections. It has been utilized for studying the genetic
determinants in the development of the embryonic kidney, the
pronephros (reviewed in Drummond, 2003, 2005). Recently, an
orphan nuclear receptor, ff1b, was identified to mark the
ontogeny of interrenal tissue, the counterpart of mammalian
adrenal cortex (Chai et al., 2003; Hsu et al., 2003), which leads
to the possibilities of applying zebrafish model to the
mechanistic studies of congenital adrenal abnormalities. The
zebrafish interrenal organ is located within the head kidney, and
its development parallels temporally and spatially that of the
pronephros (Hsu et al., 2003). The interrenal and pronephric
tissues, both derived from intermediate mesoderm, are distinct
groups of cells in close proximity to each other, and both
undergo central migration followed by fusion. Temporally, the
fusion of bilateral interrenal primordia precedes the central
assembly of pronephros. Morphogenetic movement of pro-
nephros but not interrenal tissues is perturbed in notochord and
sonic hedgehog mutants, suggesting that interrenal and
pronephric cells receive different signals as migratory cues.
The midline assembly of zebrafish pronephros is dependent on
the expression of matrix metalloproteinase-2 regulated by
hemodynamic force (Serluca et al., 2002). Furthermore, ECs are
essential for the maturation of glomerular basement membrane
in the developing pronephros (Majumdar and Drummond,
1999). It is thus of interest to explore how the interrenal organ
would interact with ECs and the nascent vasculature, while the
interrenal primordia are originated from the pronephric field.
Zebrafish embryo does not require blood to transport oxygen,
and can develop up to at least 5 days post-fertilization (dpf)
without circulation, making it an ideal system for genetic
dissections of early endothelial development (Stainier et al.,
1996; Davidson and Zon, 2004). Moreover, an array of
cardiovascular mutants, in conjunction with organ-specific
transgenic reporter lines, provides substantial opportunity for
studying the role of endothelial signaling in either tissue or organ
formation. Notably, the clo mutant is a powerful tool for
analyzing the requirement of endothelium in various develop-
mental processes, owing to the facts that its phenotypes are
strikingly similar to those observed with Flk-1-deficient mice
(Shalaby et al., 1995, 1997; Stainier et al., 1995). clo is required
by both the endothelial and blood lineages at an early stage,
suggesting a role in either the formation or maintenance of the
hemagioblasts. The c/o mutation leads to the loss of endocar-
dium and most ECs, while a small population of poorly-
differentiated ECs are still present in the lower trunk and tail
vessels (Liao et al., 1997). Intriguingly, as endothelium is
essential for directing the liver and pancreas budding processes
in early mouse embryo, the absence of trunk endothelium in clo
does not lead to significant perturbation in either liver or
pancreas organogenesis (Field et al., 2003a,b). The discrepancy

may arise from the species-specific differences in endodermal
morphogenesis, or in the requirement of inductive signals
(Cleaver and Melton, 2003). Nevertheless, clo remains an
interesting tool for studying how the inductive properties of EC-
derived signals are involved in other aspects of developmental
processes, such as interrenal organogenesis.

This study sought to investigate the involvement of ECs in the
steroidogenic component of early interrenal organ. By checking
both ff1b expressions and 33-Hsd enzymatic activities in the clo
mutant embryo, we demonstrate that the presence of ECs is
required for the convergence of bilateral interrenal promordia
occurring shortly after interrenal specification. We show
evidences that argue for an inductive role of endothelium,
independent of either vessel formation or circulation, in the early
interrenal morphogenetic movement. Also, although early
interrenal primordia are originated from the pronephric field,
the ECs that guide interrenal central migration are distinct from
those invading the pronephric glomerulus. This study suggests
that EC-derived paracrine factor(s) are essential in mediating the
morphogenesis of steroidogenic tissues, at a stage well before
the onset of endocrine function.

Materials and methods
Zebrafish strains and maintenance

Zebrafish (Danio rerio) were raised according to standard protocols
(Westerfield, 2000). Embryos were obtained by natural spawning and cultured
in embryo medium at 28.5°C. Staging of the embryos was carried out as
previously described (Kimmel et al., 1995). Embryos to be used for histological
analyses were treated with phenylthiourea (0.03%; Sigma) from 22 h post-
fertilization (hpf) to inhibit melanin pigment formation. The Tg(flil:EGFP)"
line was obtained from the Zebrafish International Resource Center (Eugene,
OR). The clo™’ mutant and Tg(flkl :EGFP)**** lines were obtained from Didier
Stainier (San Francisco, CA).

Whole-mount in-situ hybridization

Whole-mount in-situ hybridization (ISH) was performed as described with
minor modifications (Liu et al., 2003). Digoxigenin-labeled riboprobes were
synthesized from plasmids containing cDNAs for flk1, wtl and dfh. flk1 plasmid
was linearized with NotlI and transcribed with 77 RNA polymerase. wt/ plasmid
was linearized with BamHI and transcribed with 77 RNA polymerase. dph
plasmid was linearized with Ncol and transcribed with Sp6 RNA polymerase.
Fluorescein-labeled riboprobes were synthesized from Sall linearized ff1b
plasmids and transcribed with 77 RNA polymerase. DIG-labeled riboprobes
were detected with alkaline phosphatase conjugated anti-DIG antibody (Roche)
while fluorescein-labeled probes were detected by alkaline phosphatase
conjugated anti-fluorescein antibody (Roche). Visualization was performed
either with NBT/BCIP (Promega), with BCIP/TNBT (Chemicon), or with Fast
Red (Roche). For two-color in-situ hybridization, inactivation of the first
antibody was performed by heating the stained embryos at 65°C for 30 min.
Stained embryos were post-fixed in 4% paraformaldehyde (PFA) in PBS and
washed in PBS supplemented with 1% of Triton X 100 (PBST). This was
followed by tissue clarification in 50% glycerol in PBS. Specimens were
mounted on glass slides and photographed under Nomaski optics on an Olympus
BXS51 microscope system.

Histology and microscopy
Histochemical staining for 3p-Hydroxysteroid dehydrogenase/A5-A4-

isomerase (33-Hsd) was performed on whole embryos using a protocol adapted
from Levy’s method as previously described (Grassi Milano et al., 1997).
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Embryos were fixed for 1 h at RT in 4% PFA/PBS and washed twice with PBST.
Chromogenic reaction was carried out at RT for overnight in staining solution
containing 0.1 mg/ml etiocholan-33-0l-17-one as substrate, 0.2 mg/ml NAD,
0.1 mg/ml of nicotinamide, and 0.1 mg/ml of nitroblue tetrazolium (Promega) in
PBST. Staining reactions were terminated by washing in PBST. Chemicals were
from Sigma unless otherwise stated. For simultaneous analysis of interrenal
steroidogenic activity and endothelial GFP fluorescence, 3(3-Hsd staining
signals were captured using transmitted light, while the fluorescent signals were
captured with Argon 488-nm laser connected to a Zeiss Axioplan I microscope
equipped with LSM510 (Carl Zeiss Inc). The images were merged using the
LSM 5 image browser software.

Diaminofluorene (DAF) staining was performed to detect the activity of
hemoglobin peroxidase (modified from Weinstein et al., 1996). Embryos were
fixed for 1 h at RT, washed 3 times with PBST, and preincubated in DAF
staining solution (0.01% DAF, 200 mM Tris, pH 7.0, 0.05% Tween-20) for 1 h
at RT in the dark. Hydrogen peroxide was added to a final concentration of
0.3%, and the embryos were incubated for a further 20 min. The reactions were
terminated by washing in PBST. The images of blood cells in either DAF-
stained or unstained whole-mount embryos were photographed under
Nomarski optics.

Microinjection of morpholino oligonucleotides and plasmids

Morpholino oligonucleotides (MO) were synthesized at Genetools LLC. A
2 mM stock solution was prepared by dissolving lyophilized MO powder in
1 x Danieau solution, before further dilution into the required concentrations
for microinjection. The nucleotide sequences of the mn2MO, vegfMO,
grIMO, scl E1/IMO scl E2/IMO and STD-MO are 5’-CAT GTT TGC TCT
GAT CTG ACA CGC A-3’ (Sehnert et al., 2002), 5'-GTA TCA AAT AAA

CAA CCA AGT TCA T-3’ (Nasevicius et al., 2000), 5-CGC GCA GGT
ACA GAC ACC AAA AAC T-3' (Zhong et al., 2001), 5-GCG GCG TTA
CCT GTT AAT AGT GGC G-3' (Dooley et al., 2005), 5'-AAT GCT CTT
ACC ATC GTT GAT TTC-3’ (Dooley et al., 2005) and 5’-CCT CTT ACC
TCA GTT ACA ATT TAT A-3’, respectively. Zebrafish sc/ full-length cDNA
clone (IMAGE ID: 6964750) was obtained from Open Biosystems and
subcloned into pCS2+ expression plasmid. MO- or plasmid-containing
solutions (~ 2.3 nl) were injected into one- or two-cell stage embryos
using a Nanoject injector (Drummond).

Results

ECs are in close proximity to early interrenal cells during and
after the central migration and convergence of bilateral
interrenal primordia

To explore the association of interrenal primordia and
vasculature in the zebrafish embryo, the expression patterns of
both ff1b and flkl were detected by whole-mount ISH. The
expression of ff/b transcripts, marking the ontogeny of
interrenal tissue, initiates as early as 22-24 hpf while the
interrenal primordia are not yet committed to steroidogenesis
(Chai et al., 2003; Hsu et al.,, 2003). Consistent with the
previous studies, the early interrenal tissues were detected to
emerge as two symmetric clusters of ff7b-expressing cells
across the midline (Figs. 1A—C), which then underwent central

24.5 hpf

Fig. 1. Spatial relationship between interrenal tissue and endothelium during early zebrafish development. Developing wild type embryos at 24.5 hpf (A—C), 29 hpf
(D), 34 hpf (E) and 55 hpf (F, G) were subject to either single ISH for ff7b (red) (A), or double ISH for fIk/ (dark blue) and f#1b (red) (B—G). Panels A, B and G are
dorsal views, while panels C—F are dorsolateral views of the trunk region. All panels are oriented with anterior to the right. The tight association between interrenal
tissue and endothelium initiates before the convergence of interrenal primordia. DA, dorsal aorta; PCV, posterior cardinal vein; P, pronephros; LDA, lateral dorsal

aortae. White arrowheads indicate the interrenal tissues.
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fusion and was displaced right of the midline (Figs. 1D-G). flk/
gene, encoding a receptor tyrosine kinase, marks the endothelial
precursors in developing vasculature (Liao et al., 1997). It is
interesting to note that two clusters of flk/-expressing
angioblasts were associated with the bilateral interrenal
primordia, respectively (Figs. 1B and C). No vessel-like
structures seemed to be formed by the angioblasts adjacent to
bilateral interrenal primordia. These interrenal tissue-associated
ECs were apparently at the migratory state at 29 hpf (Fig. 2C),

S R

fli1:GFP

suggesting their involvement in the process of axial vessel
assembly.

After the convergence of interrenal primordia, the ff7b-
expressing cell cluster remained closely associated with the
flk1-expressing cells that marked developing midline vascula-
ture including dorsal aorta, posterior cardinal vein as well as
glomerular endothelium of pronephros (Figs. 1D—G). From 29
to 34 hpf, the cluster of ff1b-expressing cells was sandwiched
between dorsal and ventral subsets of flk/-expressing ECs

JEBHEdILGHE

Fig. 2. Interaction of interrenal and endothelial cells as revealed in Tg(flil:EGFP)"’ transgenic zebrafish. Single confocal sections showing the interrenal tissues as
stained by 33-Hsd activity assay (left panel: A, D, G, J, M), and the neighboring ECs as labeled by green fluorescence (middle panel: B, E, H, K, N), of Tg(flil:
EGFP)" embryos while staged at 29 hpf (A—C), 30 hpf (D-1I), 54 hpf (J-L) and 76 hpf (M—0O), respectively. The merged images of 33-Hsd activity and GFP are
shown in the right panel (C, F, I, L, O). Panels A—C and panels G-I are lateral views with anterior oriented to the right. Panels D—F and panels J-O are dorsal views
with anterior oriented to the top. The interrenal cells are in close contact with ECs that are engaged in axial vessel assembly. DA, dorsal aorta; PCV, posterior cardinal
vein. Red arrowheads indicate interrenal tissues, while yellow arrowheads indicate glomeruli. Scale bar, 50 uM.
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which appeared to form part of the dorsal aorta and posterior
cardinal vein, respectively (Figs. 1D, E). At 55 hpf, the
developing pronephric glomerulus was situated immediately
caudal to the radix of aorta (Figs. 1F, G). Further posteriorly, the
interrenal tissue lay in closely proximity to the glomerulus, with
the cell cluster juxtaposed between dorsal aorta and right
posterior cardinal vein, either from a dorsal lateral or dorsal top
view. In summary, the expressions of ff1b and flkl in zebrafish
embryo revealed a tight association of interrenal tissue with
ECs, which occurred as early as the specification of interrenal
tissues while the central convergence of bilateral primordia was
not yet completed.

The interactions between steroidogenic and endothelial cells in
development

The specification and central convergence of interrenal
primordia are followed by the initiation of steroidogenic
enzyme expressions at around 28.5 hpf (Chai et al., 2003;
Hsu et al., 2003). Consistent with the results demonstrated in
Fig. 1, the onset of steroidogenesis at embryonic interrenal
tissue was found to be tightly associated with ECs that
constitute developing midline vasculature (Fig. 2). To visualize
the steroidogenic cells, chromogenic enzymatic activity assays
of 33—Hsd were performed on various stages of Tg(flil:
EGFP)' embryos. The GFP fluorescence of flil, an ETS-
domain transcription factor gene, allows dynamic recapitulation
of embryonic vasculature in vivo (Lawson and Weinstein,
2002). At 29 hpf, some of the trunk ECs apparently at migratory
state were intimately attached to the surface of steroidogenic
cell cluster (Figs. 2A—C). Shortly after 29 hpf, the steroidogenic
cell cluster was encapsulated by the ECs that were forming axial
vessels (Figs. 2D—I). From 29 hpf onwards till 36 hpf, the
interrenal primordium is located beneath the third somite and
immediately dorsal to the yolk sac (Chai et al., 2003; Liu et al.,
2003). The dorsal view of 30 hpf embryo showed that the
interrenal cell cluster was situated posterior to the pronephric
glomerulus invaded by ECs, and anterior to the branching point
of posterior cardinal vein (Figs. 2D—F). Part of the glomerular
endothelium at right latero-posterior portion of pronephros
appeared to lie upon the rostral end of interrenal tissue (Fig. 2F).
The lateral view of 30 hpf embryo showed that the dorsal
surface of interrenal tissue was overlaid by ECs of aorta, while
the lateral as well as ventral surfaces were enveloped by ECs of
axial vein (Figs. 2G-I).

Well after the initiation of axial vessel assembly and trunk
circulation, the vascularization of pronephric glomerulus
became evident at 54 hpf (Figs. 2K, L). At this stage, the
interrenal tissue remained tightly surrounded by the neighbor-
ing axial vessels (Figs. 2J, L). Consistent with the results of ISH
detecting ff1b transcripts, the 3p-Hsd-expressing cell cluster
was juxtaposed between dorsal aorta and right posterior cardinal
vein at 54 hpf, just cranial to where the posterior cardinal vein
branches bilaterally. Along with the central assembly of blood
vessels, the contour of steroidogenic interrenal tissue appeared
to be delineated by the adjacent vessel walls, and the boundary
between glomerular endothelium and interrenal cells was

evident at 54 hpf (Figs. 2K, L). Although individual angioblasts
were attached to the interrenal tissue at this stage, no
invagination of ECs was detected by our cryosection analysis
(results not shown). The relative spatial relationship of
steroidogenic interrenal tissue and glomerular endothelium, as
detected by 3p3-Hsd-positive and fli/-positive cells, respective-
ly, essentially resembled that of ff1b- and Wilm’s tumor 1 (wtl)-
expressing cells as detected by double-labeling ISH assays (Hsu
et al., 2003).

At 76 hpf, the interrenal cell cluster expanded and extended
across the midline (Figs. 2M—0). Concomitant with a decreased
midline asymmetry, the interrenal tissue was displaced beneath
the mid-ventral surface of dorsal aorta. Furthermore, the dorsal
top view demonstrated that the interrenal tissue was in intimate
contact with the caudal end of glomerular endothelium, and
confined in-between the paired branches of posterior cardinal
vein. Morphologically, the V-shape structure of interrenal
tissue, as viewed dorsally, seemed to be defined by the
surrounding endothelium. Moreover, the invagination of ECs
into interrenal tissue was evident at this stage.

Throughout the process of morphogenesis that followed the
onset of steroidogenesis, interrenal tissue was found to be
tightly associated with developing vessels, which is consistent
with the notion that vasculature is functionally required for the
endocrine tissues. Also, the spatial relationship suggests the
possibility of mutual signaling events between interrenal organ
and vasculature during early zebrafish development.

Incomplete central convergence of interrenal primordia is
detected in the EC-free trunk region of clo™° mutant

To explore the role of endothelium in interrenal develop-
ment, we examined the expression patterns of ff7b in the clo™’
mutant where trunk endothelium is completely absent. It is
shown in Figs. 3A—D that the ffIb transcription at early
interrenal tissue was not reduced, implying that the specification
of interrenal organ does not require endothelium. However, the
convergence of bilateral interrenal primordia was arrested in
clo™, which might arise from a failure of central migration. In
contrast, the pattern of /7 expression at ventral hypothalamus
was not perturbed in c/o™ as compared with wild-type siblings
(Figs. 3E, F), indicating that the migration defects of ff7h-
expressing tissues are interrenal-specific. By monitoring
interrenal development using 33-Hsd activity assays, the effect
of clo™* mutation on interrenal convergence was found to be
persistent up to 77 hpf (Figs. 3G, H), with the interrenal
primordia remaining symmetrically distributed across midline.
Also, the synthesis of 33-Hsd did not appear to be perturbed in
the interrenal tissue of c/o™’. Collectively, it is implied that the
migration defect might be due to the deficiency of specific
signaling events, rather than to a delay of development. The
penetrance of interrenal convergence defect was 88.2% among
the homozygous clo™’ mutants (n of clo™*”~ = 93), and was
2.2% among the wild type sibling controls (n = 279). The
utilization of 33-Hsd assay for detecting developing interrenal
tissue however led to a 72.5% penetrance among the
homozygous clo™® mutants at 77 hpf (n of clo™? = 51), and
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Fig. 3. ff1b expression and 3-Hsd enzymatic activity in the c/o””” mutant and
its wild type sibling. Embryos of clo™ mutant (right panel: B, D, F, H) and its
wild-type sibling (WT, left panel: A, C, E, G) were labeled by ISH for ff75 (dark
blue) at 55 hpf (A—F), or by chromogenic detection of 33-Hsd activity at 77 hpf
(G, H). Panels A and B are dorsal views while panels C and D are dorsolateral
views of embryos oriented with anterior to the right. Panels E and F are frontal
views showing the ff1b expression in ventral hypothalamus. Panels G and H are
ventral views of deyolked embryos oriented with anterior to the right. The
central migration of interrenal tissue is arrested in /o™’ resulting in persistent
distribution of a pair of cell clusters on either side of notochord. Notochords (nc)
dorsal to the interrenal tissues are outlined by red dots in panels C and D.

m39

a 2.6% penetrance among wild type sibling controls (n = 152).
The lower penetrance of the interrenal migration phenotype as
revealed by 3p3-Hsd staining might reflect the heterogeneity of
steroidogenic potential for bilateral interrenal cell clusters,
while their merging was arrested in clo™”.

While the convergence of interrenal tissue was arrested in
clo™’, the pronephros displayed a parallel central migration
defect. Double ISH assays detecting pronephros and interrenal
tissues, by the probes for wt/ and ffib, respectively, were
performed on clo™ and its wild-type sibling at 55 hpf (Figs.
4A, B). Consistent with the previous results by Hsu et al.
(2003), the bilateral wrl-expressing primordia were close to

central merging at this stage (Fig. 4A), while the interrenal
convergence had taken place earlier. The central migration of
both pronephros and interrenal tissue was defective in clo™*
(Fig. 4B), with the relative localization of wt/ and ff15b in trunk
region resembling that observed in the 24 hpf wild type
embryos. The migration defect of pronephric tissues in clo™” is
consistent with the previous study by Serluca et al. (2002) that
the pronephric glomerular assembly at midline requires vascular
flow.

Instead of being embedded in the center of adrenal cortex,
the adrenomedullary cells are known to intermingle with the
interrenal cells, to varying extent depending on the species, in
the head kidney of teleosts (Grassi Milano et al, 1997).
Teleostean chromaffin cells express Dopamine B-hydroxylase
(DRH), which converts dopamine to noradrenaline (Reid et al.,
1995; Grassi Milano et al., 1997). The gene expression pattern
of dph in the trunk region of 2 dpf zebrafish embryo reveals two
major clusters of dph-expressing cells, with one cluster tightly
associated with ff7b-expressing cells (Chai et al., 2003). At
77 hpf, the dispersed clusters of dfph -expressing cells merged at
midline and became intimately intermingled with the interrenal
cells (Fig. 4C). In clo™”, the merge of adrenomedulla cell
clusters to midline was not perturbed, although there was an
obvious decrease in the dph transcripts (Fig. 4D). Whether the
decrease of dfh expression indicates a reduced number or
inhibited function of chromaffin cells remains to be studied.
Nevertheless, the results clearly show that the central migration
of chromaffin cells was independent of the existence of
endothelium at trunk midline. It remains unclear whether the
defective morphology of chromaffin cell cluster in clo™ was
due to the endothelium deficiency. Another possible cause of
the chromaffin tissue defect in clo™’ might be a loss of
interaction between interrenal and chromaffin cells, resulting
from the disrupted assembly of interrenal tissues to midline. The
latter possibility is supported by a previous study of Sfl mutant
mice, where the absence of adrenal cortex affects neither the
determination of chromaffin cell fate nor their proper assembly
to the suprarenal region, while the number of chromaffin cells is
significantly reduced (Gut et al., 2005). However, the respective
effects of endothelium- vs. interrenal-derived signals, on the
morphogenesis of chromaffin tissue, remain to be dissected.

The assembly of pronephric glomerulus, but not interrenal
tissue, is perturbed in the absence of either blood flow or
vascular remodeling

Since circulation is not established in clo™* mutant, it is
necessary to verify whether the interrenal morphogenetic defect
in clo™?? was due to a lack of blood flow. To address this issue,
antisense morpholino oligos against cardiac troponin T2 (tnnt2)
gene (Bartman et al., 2004; Sehnert et al., 2002) were
administered to 1-2 cell embryos of Tg(flil:EGFP)"" for the
inhibition of heartbeat, which led to the absence of blood flow.
tmnt2 is expressed in a cardiac-specific manner and mutated in
the silent heart (sil) mutant, where a non-contractile heart
phenotype with severely defective assembly of sarcomere is
displayed (Sehnert et al., 2002). All of the tmnt2 morphants, as
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WT  ffib+ dphclo  ff1b + dph

Fig. 4. Migration of pronephros and chromaffin tissues in the c/o™”” mutant and
its wild type sibling. Pronephros and interrenal tissues in /o™’ (B) and its wild
type sibling (WT, A) at 55 hpf were detected by double ISH for wt/ (dark brown)
and ff1b (red), respectively. Interrenal and chromaffin tissues in clo™’ (D) and
its wild type sibling (C) at 77 hpf were detected by double ISH for ff75 (blue)
and dph (dark brown), respectively. All panels are dorsal views oriented with
anterior to the left. The central merge of pronephric primordia is defective in
clo™’, while the migration and coalescence of chromaffin tissues are
unperturbed.

injected at the dosage of 1 pmole per embryo, displayed
complete absence of heartbeat as well as circulation at 55 hpf
(n = 246). The glomerular assembly of pronephros was
defective in tnnt2 morphants, while the endothelial invasion
apparently unaffected (Figs. S5E, F), which is consistent with the

3pHsd

Y

fli1:GFP

results by Serluca et al. (2002) that glomerular assembly at
midline was disrupted in si/ embryo as detected by wt/
expression. Although there was severe disruption of circulation
as well as pronephros phenotypes in tnt2 morphants, 98% of
the injected embryos displayed normal convergence of
interrenal primordia (Figs. SD—F), with the ratio not signifi-
cantly varying from that derived from the control embryos
injected with STD-MO (1/184) which produced no visible
cardiovascular phenotypes. In the tnnt2 morphant, the coalesced
cluster of interrenal tissue was juxtaposed between the right
lobe of unfused pronephric primordia and the right posterior
cardinal vein. The results thus rule out the possibility of
hemodynamic force being involved in the morphogenetic
movements of early interrenal tissues. Also, the central
migration of interrenal primordia is not affected as the bilateral
glomerular EC clusters do not assemble at midline, implying
that the subset of ECs directing interrenal migration are distinct
from the glomerular endothelium. Hence, differential guidance
cues might be exerted by distinct populations of angioblasts
which all migrate and assemble into axial vessels.

The disrupted assembly of pronephric glomerulus was also
found while the angiogenesis was inhibited in developing
zebrafish embryo by the injection of antisense morpholino
oligos against vegf-A gene (vegfMO) (Fig. 6). Vegf-A has been
shown to be required for angiogenesis and blood formation, but
not for initial patterning of axial vasculature (Nasevicius et al.,
2000). Also, the expression of vegf'is generally independent of
clo function, although the Vegf-A receptor flk-1 acts down-
stream of clo in the endothelial differentiation (Liao et al.,

3BHsd/7i1:GFF

Fig. 5. Effects of mnt2 antisense morpholino injection on the interrenal tissue. Single confocal sections showing the interrenal tissues as detected by 33-Hsd activity
staining (left panel: A, D), and the neighboring ECs as labeled by green fluorescence (middle panel: B, E), of 56 hpf T'g(flil:EGFP)*" embryos injected with STD-MO
(A—C) and mnt2MO (D—F), respectively. The merged images of 33-Hsd activity and GFP are shown in the right panels C and F. All panels are dorsal views with
anterior oriented to the top. The convergence of glomerular but not interrenal tissues is perturbed in #n¢2 morphants. PCV, posterior cardinal vein. Red arrows indicate

interrenal tissues, while yellow arrowheads indicate glomeruli. Scale bar, 50 M.
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Fig. 6. Effects of vegf-A antisense morpholino injection on the interrenal tissue. (A, B) Dorsal views of uninjected control (A) and vegf-4 morphant (B) embryos after
double ISH for wtl (dark brown) and ff7b (red) at 51 hpf, oriented with anterior to the left. (C—N) Single confocal sections showing the dorsal views of interrenal
tissues as detected by 3p-Hsd activity staining (C, F, I, L), and the neighboring ECs as labeled by green fluorescence (D, G, J, M), of 54 hpf (C—H) or 80 hpf (I-N) 7g
(fli1:EGFP)"" embryos injected with STD-MO (C—E, I-K) and vegMO (F—H, L—N), respectively and oriented with anterior to the top. The merged images of 33-Hsd
activity and GFP are shown in panels E, H, K and N. The convergence of pronephric but not interrenal tissues is perturbed in vegf-4 morphants. PCV, posterior cardinal
vein. Red arrows indicate interrenal tissues, while yellow arrowheads indicate glomeruli. Scale bar, 50 uM.

1997). More than 99% of the vegfMO-injected Tg(flil:EGFP) v
embryos displayed characteristic phenotypes of pericardial
enlargement and failure of RBC formation, as well as inhibited
angiogenesis as revealed by the perturbed formation of
intersegmental vessels (n = 146, results not shown). Accom-
panying the angiogenetic defects, the central migration of
pronephric tissues was disrupted in 91% of vegf-4 morphants as

detected by ISH for wtI expression (53/58, Figs. 6A, B). Similar
to the results with tmnt2 morphants, the central migration and
convergence of interrenal primordia was not affected while the
glomerular assembly was perturbed in vegf~-4 morphants at
54 hpf, as compared with the STD-MO injected controls (Figs.
6C—H). Although the interrenal morphogenetic movement was
not affected in vegf-4 morphants, the growth and expansion of
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interrenal primordium was apparently reduced as observed at
80 hpf (Figs. 61-N), which seemed to be correlated with a
poorly developed axial vascular system. We conclude from the
results of both mnt2 and vegf-4A morphants that neither blood
circulation nor glomerular assembly was correlated with the
convergence of interrenal primordia, indicating that the guiding
signal might arise from those ECs involved in earlier events of
axial vessel patterning.

The convergence of interrenal primordia is unaffected while
the arterial assembly is disrupted

To test the hypothesis above, we further proceeded to explore
whether the convergence of bilateral interrenal primordia was
affected while the formation of axial vasculature was disrupted.
The axial vessels are assembled by the central migration and
coalescence of angioblasts in the trunk, while the differentiation
of arterial and venous cells occurs prior to the vascular assembly
and blood circulation. The establishment of trunk artery in
zebrafish embryo requires gridlock (Zhong et al., 2000, 2001), a
basic helix—loop—helix (bHLH) gene, while the coalescence of
axial vein at midline was thought to be due to a general mor-
phogenetic movement. Antisense morpholino oligos against gr/

3BHsd

fli1:GFP

(grIMO) leads to the reduction of aorta in a dose-dependent
manner, which was accompanied by an expansion of venous
region (Zhong et al., 2001). To achieve an effective reduction
effect of aorta, we injected gr/MO into Tg(flil:EGFP)"’
embryos at a high dosage of 1.42 pmole per embryo. At
54 hpf, 76% of the grl morphants (336/442) appeared to display
neither blood flow nor visible dorsal aorta (pictures from a
representative gr/ morphant shown in Figs. 7E, F, K, L) as
compared with STD-MO injected controls (Figs. 7B, C, H, 1),
while the rest showed remnants of the rostral part of dorsal
aorta. Enlarged heart cavities were found in all of the gr/
morphants, which were characteristic of a perturbed cardiovas-
cular system. Despite the severely compromised arterial
assembly, normal convergence of interrenal primordia was
found in 90% of gr/ morphants completely lacking dorsal aorta,
and in 89% of the grl morphants with defective arterial
assembly. The arterial cells overlaying the interrenal tissue were
missing in gr/ morphants (Figs. 7K, L), while the venous region
surrounding the interrenal tissue cluster appeared to be
expanded in size. It remains unclear why the percentage of
normal convergence phenotype in gr/ morphants was lower
than STD-MO injected controls (98.3%, n = 402), and we
speculate that the malformed venous structure in some of the gr/

_ 3BHsd/fli1:GFP

Fig. 7. Effects of gr/ antisense morpholino injection on the interrenal tissue and its neighboring vasculature. Single confocal sections showing the interrenal tissues as
detected by 33-Hsd activity staining (left panel: A, D, G, J), and the neighboring ECs as labeled by green fluorescence (middle panel: B, E, H, K), of 56 hpf Tg(flil:
EGFP)™ embryos injected with STD-MO (A—C, G-I) and gr/MO (D—F, J-L), respectively. The merged images of 33-Hsd activity staining and GFP are shown in the
right panels C, F, I and L. Panels A—F are dorsal views with anterior oriented to the top, while panels G—-L are dorsolateral views with anterior to the right. The
disruption of dorsal aorta through injection of gr/ morpholino does not significantly perturb the interrenal convergence. DA, dorsal aorta; PCV, posterior cardinal vein.
Red arrows indicate interrenal tissues, while yellow arrowheads indicate glomeruli. Scale bar, 50 pM.
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morphants might affect the migration of interrenal primordia.
Nevertheless, the results with gr/ morphants revealed that the
central migration of interrenal primordia is not correlated with
the establishment of trunk artery at midline. Consistently,
previous studies have shown that the interrenal morphogenetic
movements are essentially unaffected in both no fail and
floating head mutants (Chai et al., 2003; Liu et al., 2003), while
both display repressed formation of dorsal aorta which may be
due to a deficiency in notochord-derived signals (Fouquet et al.,
1997; Sumoy et al., 1997).

The convergence of interrenal primordia is normal in the
absence of blood

Both blood and endothelial lineages are disrupted in clo in a
combined and highly correlated fashion, arguing for the
intimate interaction between blood and endothelium in
development (Stainier et al., 1995; Parker and Stainier, 1999).
Also, clo acts upstream of sc/, a bHLH transcription factor
involved in both hematopoietic and endothelial development.
SCL is required at the stem cell level for the specification of all
blood lineages (reviewed in Green, 1996; Shivdasani and Orkin,
1996). In zebrafish embryo, antisense morpholino oligos
targeting against splice-donor sites of sc/ lead to the abrogation
of blood lineages and the disruption of dorsal aorta (Dooley et

STD-MO

D i

fli1:GFP,

al., 2005; Patterson et al., 2005). It is thus necessary to verify
whether the blood deficiency in clo, apart from a parallel
endothelial defect, would contribute to the failed convergence
of interrenal tissue. To test this possibility, an equimolar mixture
of sc/ E1/IMO and scl/ E2/IMO were co-injected into Tg(flil:
EGFP) embryos, at a final dosage of 1.2 pmole per embryo. The
effectiveness of injected sc/MOs at such dosage was validated
by a complete loss of hemoglobin peroxidase activity in the
DAF staining assay (Fig. 8B), as well as an absence of visible
blood cells in unstained embryos (Fig. 8D). Among the sc/
morphants verified to contain no blood cells by 53 hpf (z =290)
through the microscopic observation of live embryos, 82.8%
were found to be disrupted in the assembly of axial vessels
(Figs. 8F, G), while more than 99% were normal in terms of the
interrenal convergence at midline (Figs. 8E, G). The results
clearly showed that the defects of blood lineage formation do
not account for the interrenal migration phenotype in clo™ .

The interrenal convergence defects in clo™° can be alleviated
while endothelium is partially rescued by the forced expression
of SCL

The above experiments rule out the possibilities of either
blood circulation or vascular formation being involved in
directing the interrenal morphogenetic movement. It is thus

LY. % ’ i
3BHsd/7/i1:GFP

Fig. 8. Effects of sc/ antisense morpholino injection on the interrenal tissue. (A—D) Lateral views of embryos injected with STD-MO (A, C) and s¢/MO (B, D),
respectively, harvested at 51 hpf, and subject to either DAF staining (A, B) or no staining (C, D) prior to Nomarski photomicroscopy. Blood cells are present in the
anterior portion (A) and tail vessels (C) of STD-MO-injected embryos, but not detected in the sc/ morphants (B, D). (E-G) Single confocal sections showing the dorsal
views of interrenal tissues as stained by 3p-Hsd activity assay (E), and neighboring ECs as labeled by green fluorescence (F), of 53 hpf Tg(flil :EGFP)"" embryos
injected with sc/MOs. The merged images of 33-Hsd activity and GFP are shown in panel G. Anterior is oriented to the left in panels A—D and to the top in panels E—
G. The central convergence of interrenal tissues is not affected in sc/ morphants where blood cells are absent. Black arrows indicate blood cells, and red arrows indicate

interrenal tissues.

10



54 Y.-W. Liu, L. Guo / Developmental Biology 297 (2006) 44-58

Table 1
Rescue of endothelium and interrenal convergence in Tg(flkl :EGFP)**%: clo
mutants by the injection of SCL expression plasmids

m39

Embryo Plasmid flk1-EGFP near Convergence of IR

IR (by 3p3-Hsd)

Normal Defective

Mutant cmv-SCL Rescue (53) 39 (74%) 14 (26%)

No rescue (140) 37 (26%) 103 (74%)
Wild type cmv-SCL Normal (577) 562 (97%) 15 3%)
Mutant cmv Rescue (0) 0 0

No rescue (41) 12 (29%) 29 (71%)
Wild type cmv Normal (121) 117 (97%) 4 (3%)

Summary of microinjection rescue experiments in 7g(flkl:EGFP)***; clo™.

pCS2+ control (cmv) or pCS2+SCL expression (cmv-SCL) plasmids were
microinjected into 1- to 2-cell-stage embryos from heterozygote pair-wise
mating, and scored at 3 dpf. All of the homozygous clo™’ mutants (mutant) did
not show detectable fluorescence at the trunk region. In contrast, the wild-type
siblings of clo™*® (wild type), whether injected with cmv or with cmv-SCL
plasmids, displayed normal flkl/-promoter directed GFP fluorescence (flkI-
EGEFP) near the interrenal tissue (IR), as seen in the uninjected controls. The
plasmid-injected mutant embryos displaying clear fluorescence near the IR
region, with the pattern of axial vasculature as shown in Fig. 9H, were classified
as “rescue”; while those showing faint or no fluorescence as “no rescue”.

wt sibling
cmyv

suggested that the signaling mediated by angioblasts prior to
vessel formation might account for the migration of early
interrenal cells toward midline. Based on this hypothesis, it is
essential to verify whether the interrenal phenotype in clo™’
mutant reflects an autonomous function of clo at interrenal
tissue, or is secondary to the absence of ECs. To address this
issue, the trunk endothelium of /o™’ mutants was rescued by
the injection of sc/ expression plasmids into a clo™ strain
which was crossed to Tg(flkl:EGFP)*** line for monitoring
endothelial development. In Tg(flkl:EGFP)***, the GFP
fluorescence driven by flk/ promoter is found in ECs that
form nascent vasculature, whereas the fluorescent cells are
completely absent in the trunk region of homozygous Tg(flkl:
EGFP)*** clo embryos (Jin et al., 2005). The forced expression
of SCL resulting from injection of sc/ plasmids has been shown
to rescue the trunk endothelium and hematopoietic markers in
clo (Liao et al., 1998; Porcher et al., 1999), although similar
rescuing effects are not found while /o™ is injected with sc/
mRNAs (Dooley et al., 2005). The results of the effects of sc/-
plasmid injections on trunk endothelium and interrenal
morphology of homozygous Tg(flkl:EGFP)***:clo™*’, as

flk1:GFP 3BHsd/flk1:GFP

Fig. 9. Effects of forced expression of SCL on the trunk endothelium and interrenal tissue in Tg(fIkl:EGFP)****;clo™° mutants. Single confocal sections showing the

interrenal tissues as detected by 33-Hsd activity staining (Left panel: A, D, G), and the neighboring ECs as revealed by green fluorescence from 7g(flkl:EGFP)

5843

background (B, E, H), of 78 hpf homozygous clo™** mutants (D—I) and their wild-type siblings (A—C), injected either with pCS2+ plasmid control (cmv; A—F) or
pCS2+SCL (cmv-SCL; G-I). The merged images of 33-Hsd activity staining and GFP are shown in the right panel (C, F, I). All panels are dorsal views with anterior
oriented to the top. The trunk vasculature as well as interrenal phenotypes of wild-type siblings being injected with cmv-SCL were essentially not varying from those

injected with cmv, and are hence not shown. The defective fusion of bilateral interrenal primordia in clo

3% is alleviated while the trunk endothelium is partially

rescued. DA, dorsal aorta; PCV, posterior cardinal vein. Red arrowheads indicate interrenal tissues. Scale bar, 50 uM.
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well as their wild-type sibling controls, were summarized in
Table 1. Consistent with the previous studies, part of the
homozygous Tg(flkl:EGFP)**% :clo™° embryos injected with
scl-plasmids in our experiments displayed clear rescue of fIk!-
driven GFP fluorescence near the interrenal tissue (27.5%, n of
clo™*~~ = 193), while the homozygous mutants were screened
based on the enlarged heart phenotype characteristic of clo at
3 dpf. The rescued ECs in the mid-trunk region of sc/-injected
Tg(flk1 :EGFP)*** :clo™*’ embryos appeared to be committed
to vessel assembly at midline, although the structure of axial
vessels was hypomorphic as compared with the wild type
sibling controls (Figs. 9B, C, H, I). No visible rescue of EC-
specific fluorescence was observed as the homozygous Tg(flk! :
EGFP)*** :clo"™® embryos were injected with the control
plasmids (n = 41, Figs. 9E, F). Neither scl-expression nor
control plasmids led to any notable perturbation of trunk vessel
assembly as injected into the wild-type siblings of clo™’. As
shown in Table 1, defective central migration and convergence
of interrenal primordia was found in 74% (103/140) of the
homozygous Tg(flkl:EGFP)*** :clo™° mutants showing no
rescue of trunk ECs after sc/-plasmid injections, and in 71%
(29/41) of the mutants injected with control plasmids. The
penetrance was however reduced to 26% (14/53) in the
homozygous Tg(flkl:EGFP)*** :clo"™° mutants with clear
rescue of endothelium near interrenal region by the SCL
overexpression. It is thus concluded that the fusion of bilateral
interrenal primordia may be dependant on the presence of
neighboring ECs. The successfully-merged interrenal tissues in
EC-rescued Tg(flkl:EGFP)*>*’ :clo™* mutants were reduced in
size without displaying the characteristic V-shape structure for a
3 dpf embryo (Figs. 9G, I). This might be either correlated with
a hypomorphic vascular assembly near midline, or due to
growth perturbations in the clo™’ mutants. There was no
visible blood circulation established in the EC-rescued Tg(flk1:
EGFP)*%:clo™’ embryos, although the expressions of
hematopoietic markers await to be examined. Nevertheless,
blood precursors, rescued at any extent in the scl-injected clo™’
mutants, were not expected to be involved in the alleviation of
interrenal migration defects, as judged from the results shown in
scl morphants (Fig. 8). In summary, our results support that the
migration defects of interrenal tissues in clo™’ mutant are
secondary to the absence of ECs adjacent to early interrenal
primordia.

Discussion

We have employed several in vivo approaches in this study
to illustrate the role of ECs in promoting proper morphogenetic
movement of interrenal tissue, prior to the initiation of vascular
function. Firstly, migrating angioblasts and nascent vasculature
were shown to be tightly associated with interrenal cells, shortly
after the specification of interrenal primordia. The deletion of
ECs in clo™* mutant was correlated with the failed conver-
gence of bilateral interrenal primordia at midline. Based on this
observation, we have further demonstrated that the interrenal
phenotype in the absence of EC was independent of defects in
either vascular function or vessel formation. Rescue of trunk
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endothelium in clo™’, by the forced expression of SCL, led to
the alleviation of interrenal migration phenotype, suggesting
that the defects are secondary to the EC deficiency in clo™’.
Thus, an inductive role of EC precursors for the morphogenetic
movement of early interrenal primordia is implied, which
appeared to be disrupted in the EC-free trunk region of clo™*.
However, it remains unknown whether clo was expressed at
interrenal tissue or its neighboring cells, and the availability of
clo gene sequence will be required to address this question.
Additional verifications could be performed by transplantation
studies to test whether an autonomous function of clo at
interrenal tissue could account for the interrenal migration
defects in clo™’. However, clo is required for the differentiation
of all endothelial precursors in a cell-autonomous manner
(Stainier et al., 1995; Parker and Stainier, 1999). Thus, any
autonomous clo effect generated by interrenal cells per se will
not be distinguishable from the activity of ECs that are rescued
in transplantation assays. The issue could be clarified provided
that the hemangioblast vs. pronephros/interrenal lineages could
be specifically grafted from donor embryos.

Endothelial signaling in the parallel development of
pronephric and interrenal primordia

Our results also suggest that the glomerular endothelium,
albeit in close proximity to the developing interrenal tissue of
zebrafish embryo, does not induce the midline convergence of
bilateral interrenal primordia. As depicted in the diagram of
Fig. 10, interrenal primordia are specified within the pronephric
field at around 22 hpf, which is followed by the posterior
migration out of pronephric field. In our ISH assays, no
endothelium was found to be associated with interrenal cells at
this stage (results not shown). After interrenal primordia are
partially separated from the pronephros at around 24—-24.5 hpf,
their central migration toward midline is initiated. Although our
results suggest that the EC clusters associated with bilateral
interrenal primordia could be involved in the trunk vasculature
formation, it is not clear whether they are differentiated into
either arterial- or venous-fate at this stage. The wt/-expressing
pronephric promordia do not appear to be invaded by ECs at
around 24 hpf. The central migration and fusion of pronephric
primordia starts later at about 30 hpf, and is temporally
correlated with the angiogenesis of glomerulus. In mice, the
reciprocal interaction between epithelial ureteric bud and
metanephric mesenchyme requires the induction of Vegfa by
Wtl in mesenchyme, which functions by maintaining the
expression of Gdnf and Pax2 (Gao et al., 2005). It remains
unclear whether Wtl exerted a similar function in inducing
angiogenesis in the zebrafish pronephros. Nevertheless, the
interrenal primordia-associated angioblasts at 24.5 hpf were
located clearly outside of the wt/-expressing domain, ruling
out the possibilities for them to be regulated by Wtl. The ECs
invading pronephros by sprouting of dorsal aorta are regulated
by blood flow to express matrix-metalloproteinase-2,
which then mediate the podocyte assembly into a glomerulus
(Serluca et al., 2002). In summary, the differential endothelium-
derived signals that modulate interrenal vs. pronephric
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. oy

wr1-expressing pronephric primoridium

interrenal primordium prior to steroidogenesis

steroidogenic interrenal tissue

« Mmigrating EC adjacent to interrenal tissue
- glomerular EC

Fig. 10. The early morphogenetic movement of interrenal tissue is guided by
ECs. The parallel migrations of interrenal tissue and pronephros in this
schematic are depicted based on the results of this study and Hsu et al. (2003).
The panels represent dorsal top views of embryos, at the indicated stages,
oriented with anterior to the top. The earliest association of interrenal tissue with
ECs was detected at 24.5 hpf by ISH, while no interrenal-EC interaction was
detected at 22 hpf, when the primitive interrenal cell clusters resided in the
pronephric field. The steroidogenesis of interrenal tissue, after migration and
convergence, is correlated temporally with the angiogenesis of pronephros. The
assembly of axial vasculature near pronephric-interrenal region is omitted from
this diagram. NC, notochord; 2S and 3S, the second and third somite,
respectively.

morphogenesis are mediated by different subsets of ECs,
implying that the trunk ECs in various microenvironments
could display heterogeneity in terms of their guiding functions
in organ formation.

Mutual signaling between EC and interrenal tissue during
development

The intimate interactions between ECs and interrenal tissues
imply a paracrine nature of the endothelial signal(s), which
awaits future investigations. Identified EC-derived signals have
been demonstrated to mediate a diversity of biological processes
including differentiation, morphogenesis, cell survival, and
chemoattraction, as well as inflammation (reviewed in Cleaver
and Melton, 2003; Lammert et al., 2003). For example, PDGF-
BB and TGF-p are expressed by ECs to regulate the recruitment

and differentiation of mural cell progenitors, respectively, during
vascular wall assembly (Leveen etal., 1994; Lindahl et al., 1997;
Hirschi et al.,, 1998). clo mutant has been found to lack
adrenomedullin receptor (Sumanas et al., 2005), which belongs
to the family of G-coupled receptors, and is expressed in lateral
mesoderm and vascular ECs in early zebrafish embryo.
Adrenomedullin is a multifunctional peptide initially isolated
from human pheochromocytoma, with the major effects
displayed on the regulation of circulation and the homeostatic
control of fluid and electrolytes (Hinson et al., 2000; Smith and
Ferguson, 2001). Multiple adrenomedullin genes have been
found in teleosts to be widely distributed in different tissues
including the kidney and interrenal, and their functions remain to
be characterized (Ogoshi et al., 2003). In zebrafish, adrenome-
dullin receptor appears to be regulated by clo at a stage well
before vessel assembly (Sumanas et al., 2005). Therefore,
although the signaling through adrenomedullin and its receptor
appears to be most prominent in the established vessels, it might
be interesting to explore its role in the migrating angioblasts, as
well as in those organs that are developing with nascent
vasculature in a parallel manner. Apart from adrenomedullin
receptor, a complement receptor ClqR-like receptor which
contains C-type lectin and calcium binding epidermal growth
factor-like homology domain also displays vascular-specific
expression which is down-regulated in clo (Sumanas et al.,
2005), implying that EC-derived signaling molecules may act
downstream of a key regulator of EC development, such as clo.
Characterizations of such clo-regulated EC signaling molecules
might shed some light on the nature of paracrine controls that
mediate early interrenal-EC interactions.

It would also be intriguing to explore the properties of
reciprocal signaling from early interrenal tissue, before the onset
of steroidogenesis. However, the complete ablation of early
interrenal tissues through the knockdown of Fflb protein did
not seem to affect the morphology of adjacent axial vessels
(results not shown). It is thus speculated that the reciprocal
signals may be restrictively exerted to those ECs that have
invaded interrenal tissue. This would imply that the mutual
signaling might initiate as late as 3 dpf, when the EC
invagination appears to be evident, which might be induced
by signaling molecules with equivalent functions of the
mammalian EG-VEGF (LeCouter et al., 2001). Our results do
not support a role for ECs in the initial differentiation of
interrenal tissue, which is not to rule out the possibility that they
may later exert paracrine function and induce the release of
steroid(s). Specifically from what we have learned about the
early interaction between EC and interrenal tissues, it remains to
be defined how the morphology, intercellular adhesion, and
protein expression profiles of early interrenal cells are changed
in clo, such that we can understand the transduction mechan-
isms underlying the midline convergence elicited by EC-
derived signals.

In summary, the evidences of this study point to a
morphogenetic role of ECs, independent of either vascular
formation or circulation, for the midline convergence of
interrenal tissue in zebrafish. It is thus suggested that ECs,
apart from their well-known functions in the differentiation and
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secretion of endocrine tissues, are also required for the proper
formation of endocrine organ primordia.
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