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Abstract

The zebrafish ftz-f1 gene, fflb, is activated in two cell clusters lateral to the midline in the trunk during late embryogenesis. These cell
clusters coalesce to form a discrete organ at around 30 hpf, which then begins to acquire a steroidogenic identity as evidenced by the
expression of the steroidogenic enzyme genes, cyplla and 33-hsd. The migration of the cell clusters to the midline isimpaired in zebrafish
midline signaling mutants. Knockdown of Ff1b activity by antisense ff1b morpholino oligonuclectide (ff1bMO) leads to phenotypes that
are consistent with impaired osmoregulation. Injection of ff1bMO was also shown to downregulate the expression of cyplla and 33-hsd.
Histological comparison of wild-type and ff1b morphants at various embryonic and juvenile stages reveal ed the absence of interrenal tissue
development in ff1b morphants. The morphological defects of ff1b morphants could be mimicked by treatment with aminoglutethimide, an
inhibitor of de novo steroid synthesis. Based on these data, we propose that ff1b is required for the devel opment of the steroidogenic tissue

of the interrenal organ.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

The adrenal glands and their homologs are the key en-
docrine tissue involved in mediating the stress response in
vertebrates. The basic design of the adrenal glands has
gained in structural organization during the course of ver-
tebrate evolution, from the dispersed islets of chromaffin
cells and presumptive adrenocortical tissues of the Ag-
nathans (Hardisty, 1972; Jones and Mosley, 1980) to the
encapsulated, closely juxtaposed, layered structure of the
adrenocortical and medullary tissues of the mammalian ad-
rena glands (Hartman and Brownell, 1949; Holmes and
Phillips, 1976; Idelman, 1978; Lofts, 1978; Balment et al.,
1980). In teleosts, the adrenocortical cells are embedded in
the cephalic regions of the kidney, commonly referred to as
the “head kidney.” The head kidneys of most teleosts are
bilateral structures situated at the anterior end of the opis-
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tonephroi. In the order Cypriniformes, to which the ze-
brafish belongs, the adult head kidney consists of a mixture
of steroidogenic or interrenal cells interspersed with hema-
topoietic and chromaffin cells (Nandi, 1962; Jones and
Mosley, 1980). Anatomically, the head kidney commences
caudal to the last gill dlit and may extend posteriorly to the
level of the second or third somite. Although a considerable
amount of variation in topological arrangement occurs be-
tween different species (Nandi, 1962; Jones and Mosley,
1980), the adrenal homologs of teleosts are generaly lo-
cated around the posterior cardina veins and their tributar-
ies, and vascularized by branches of the dorsal aortain both
juveniles and adults (Giacomini, 1934; Nandi, 1962; Jones
and Mosley, 1980; Hathaway and Epple, 1990; Hanke and
Kloas, 1995; Reid et al., 1995). It has been proposed that the
topographic position of the adrenocortical tissues within the
kidney, their relations with blood vessels, and the relations
between chromaffin and steroidogenic cells have important
functional implications (Gallo et al., 1993; Hanke and
Kloas, 1995; Reid et a., 1995), and these rel ationships have
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Fig. 1. Expression of ff1b in the interrena organ. Whole-mount | SH with probes shown at bottom left of each panel. Lateral (A, C) and ventral (B, D) views
of embryos. All embryos are at 36 hpf. (A, B) Double ISH for ff1b (red) and cyplla (dark blue). (C, D) Colocalization of ff1b (red) and 33-hsd (dark blue).

been studied in a number of teleost species (Grassi Milano
et a., 1997).

The adrenocortical steroidogenic cells and the medullary
chromaffin cells differ in embryological origin and secrete
different products (Hanke and Kloas, 1995). The chromaffin
cells are derived from the neuroectoderm and migrate to the
head kidney where they secrete mainly adrenaline and nor-
adrenaline, although bioactive peptides and other amines
may also be produced (Reid et a., 1995). The steroidogenic
cells are derived from the mesodermal lineage that aso
gives rise to steroid-producing cells of the gonads. It has
been proposed that the adrenocortical (interrenal) blastema
in reptiles, birds, and mammals originate from the interme-
diate mesoderm, specifically from dedifferentiating, abor-
tive, or vestigial pro/mesonephric units (Wrobel and Sig,
1999). In these animals, vestigial nephrostomial tubules or
their undifferentiated precursors form thefirst visible source
of the adrenocortical blastema. Subsequent dedifferentiation
of the Malpighian corpuscles and mesonephric tubules may
aso contribute to the development of the adrenocortical
tissue. Guided by as yet unidentified molecular cues, these
tissues migrate and coalesce at the cephalic end of the
metanephric kidney to form the adrenal or interrenal glands.
However, in anamniotes, the interrenal tissues are often not
topologicaly separated from the opistonephroi. Instead,
they may be embedded in the opistonephroi, as in cyclos
tomes, elasmobranch, and anurans, or are dispersed in the
head kidneys as in teleosts (Balment et al., 1980).

Several genes have been identified to be pivotal for
adrenal development (reviewed in Parker and Schimmer,
2001). In particular, the functions of three transcription
factors, SF-1, Dax-1, and WT-1, have been studied and
were found to be absolutely required for proper adrenal
development. These genes are expressed in the earliest ad-
renogonadal primordium and act in the same devel opmental
pathway to direct proper adrenal development. The impor-
tance of these genes in adrenal development can be seen in
mouse knockout studies and human loss-of-function muta-
tions in these genes. SF-1 knockout mice lack adrenal de-
velopment and die perinatally from adrenocortical defi-
ciency (Luo et a., 1995; Sadovsky et al., 1995). Mice
lacking Dax1, however, do not exhibit adrenocortical defi-
ciency and show apparently normal development of the
adrenal cortex athough the expression of Cypl1Al in the
zona fasciculata is reduced compared with wild-type (Yu et
a., 1997). In contrast, loss of DAX-1 function in human
leads to much more severe effects on adrenal development.
Patients with AHC, the condition associated with mutations
in DAX-1, present with primary adrenocortical insuffi-
ciency. Their adrenal cortices show absence or near absence
of adult zones (Zhang et al., 1998). In human, WT1 muta-
tions lead to congenital abnormalities of urogenital devel-
opment. Mouse knockout studies confirmed the importance
of WT1, as animals homozygous for a null alele lacked
kidneys, gonads, and adrenals (Kreidberg et a., 1993;
Moore et al., 1999).
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In contrast to mammalian adrenal development, virtually
no information is available on the molecular determinants
involved in interrenal development in teleosts. We have
previously described the isolation of the zebrafish ftz-fl
gene, ff1b, which shows strong homology to mammalian
SF-1 and is expressed in discrete cell clusters in the
midtrunk and diencephalon (Chai and Chan, 2000). We
report herein the identification of ff1b as the earliest known
molecular marker for teleost interrenal development. Using
double ISH for ff1b and the steroidogenic markers cyplla
and 33-hsd, we showed that the expression of ff1b precedes
the onset of steroidogenic identity during the ontogeny of
the interrenal . Disruption of the in vivo gene activity of ff1b
by antisense morpholino knockdown produced larval mor-
phological phenotypes that are suggestive of impaired in-
terrena function. Histological analyses revealed that inter-
rena development in fflb morphants has been disrupted.
These lines of evidence implicate a direct involvement of
ff1b in zebrafish interrenal development. The results from
this study are also highly reminiscent of findings from
mouse SF-1 knockout studies, in which SF-1 null mice
demonstrated a complete lack of adrena development (Luo
et a., 1994; Sadovsky et al., 1995; Shinoda et al., 1995).
The commonality between these two systems suggests a
conserved regulatory program for adrenocortical develop-
ment over more than 400 million years of evolution.

Materials and methods
Fish culture and embryo collection

Fish stocks were maintained in the fish facility of the
Ingtitute of Molecular Agrobiology, Singapore. Embryos
were obtained by natural spawning and cultured in embryo
medium at 28.5°C (Westerfield, 2000). Staging of embryos
was carried out according to Kimmel et al. (1995). Embryos
meant for histological analysis were cultured in 0.03% phe-
nylthiourea (Sigma) solution from 18 h postfertilization
(hpf) to inhibit melanin pigment formation.

Whole-mount In situ hybridization

Whole-mount in situ hybridization (ISH) was performed
as previously described (Chai and Chan, 2000). Digoxige-
nin- or fluorescein-labeled riboprobes were synthesized
from Ncol linearized fflb plasmid by using S6 RNA
polymerase. Digoxigenin-labeled riboprobes were synthe-
sized from plasmid containing zebrafish cDNAs for pro-
insulin, cyplla, 3B-hsd, dBh, proxl, and wtl. Plasmids for
cyplla, dph, and proxl were linearized with Ncol and
transcribed with Sp6 polymerase. 33-hsd and proinsulin
plasmids were linearized with Xhol and Sphl, respectively,
and transcribed with Sp6 polymerase. Wil plasmid was

linearized with Spel and transcribed with T7 polymerase.
DIG-labeled riboprobes were detected with alkaline phos-
phatase-conjugated anti-DIG antibody (Roche) and visual-
ized with NBT/BCIP (Promega), while fluorescein-labeled
probes were detected by akaline phosphatase-conjugated
anti-fluorescein antibody (Roche) and visualized with Fast
Red (Sigma). For two-color ISH, inactivation of the first
antibody was performed by incubating the stained embryos
in 100 mM glycine, pH 2.2, for 10 min followed by four
washes with PBST for 10 min each before proceeding with
the blocking step prior to incubation with the second anti-
body. The 33-hsd plasmid, pPCRIIHSD5, was kindly pro-
vided by Prof. B.C. Chung (Academia Sinica, Taipei, Tai-
wan; Lai et a., 1998). The dph plasmid, pGTzfDBH, was a
kind gift of Lam E.C.S and Assoc. Prof. V. Korzh (Institute
of Molecular and Cell Biology, Singapore). The cyplla
plasmid contains a PCR fragment obtained using the prim-
ers, cypllaf (5'-GACAGTACTTCAAGAGCCTGG-3'),
and cypllar (5-CTATCTGCTGGCATTCAGTGG-3'),
which are based on the sequence published by Lai et al.
(1998).

Stained embryos were postfixed in 4% PFA and washed
two times for 15 min in PBST. This is followed by tissue
clarification in 50% glycerol in PBS. Specimens were
mounted on glass slides with cover slips and photographed
under Normaski optics on an Olympus AX710 microscope
system.

Chromogenic histochemical staining for 33-Hsd

Histochemical staining for 3B-Hsd was performed on
whole embryos by using a protocol adapted from Levy's
method as described by Grassi Milano et a. (1997). Em-
bryos were fixed for 1 h a RT in 4% paraformaldehye in
PBS and washed twice with PBST. Chromogenic reaction
was incubated at RT in staining solution containing 0.1
mg/ml of the 3B-Hsd substrate, etiocholan-33-ol-17-one
(Sigma), 1.5 mg/ml B-nicotinamide adenine dinuclectide
(NAD), 1 mg/ml bovine serum abumin (BSA), 1% N,N
dimethyl formamide, 8.75 mM EDTA, and 1 mg/ml NBT in
PBS. Reactions were monitored until sufficient signal in-
tensities were obtained (3-8 h, depending on embryonic/
larval stage). Staining reactions were terminated by washing
in PBST followed by fixing in 4% PFA/PBS for 1 h. In
control experiments, the substrate was omitted.

Treatment of embryos with aminoglutethimide

Crystalline aminoglutethimide (Sigma) was first diss-
oved in 0.2 N HCI to a concentration of 0.2 M and then
diluted to 1 or 0.1 mM in egg water. The volume of 1 M
Hepes (pH 7.9) required to adjust the 1 mM aminoglute-
thimide solution to pH 7.4 was determined, and equa
amounts were added to other embryo cultures in the same
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experiment to control for any effects that may be caused by
Hepes. The final concentration of Hepes added was calcu-
lated as 2.5 nM and did not produce any observable defects
in embryos. Embryos were treated from 8 hpf.

Microinjection of morpholino oligonucleotides

Morpholino oligonucleotides (morpholino) were syn-
thesized at Genetools LLC. A stock solution of 4 mM
was prepared by dissolving the lyophilized powder in
ddH,0. The required injection concentration was diluted
from this stock in 1X Danieau solution containing 0.25%
phenol red.

Freshly laid embryos were collected in egg water
(Westerfield, 2000) and transferred onto a glass microscope
dlide with a plastic transfer pipette. Embryos were posi-
tioned into suitable orientations for microinjection follow-
ing which excess water surrounding the embryos was re-
moved by aspiration with a pipette. Morpholino solutions
(4.6 nl) were delivered from the vegetal pole into the yolk
directly underlying the blastodisc. Micropipettes were pre-
pared from 10-cm borosilicate glass capillaries with an
internal diameter of 0.58 mm (Sutter Instrument) on a
Model P-97 Flaming/Brown Micropipette puller (Sutter In-
strument). Microinjection was performed by using a Nano-
jet injector (Drummond). After microinjection, embryos
were cultured in egg water containing afew drops of 0.02%
methylene blue to prevent fungal growth.

Histology on embryos and larvae

Plastic sectioning

Embryos were embedded in 1.5% Bacto-Agar (Difco)
prepared in PBS. Trimmed agar blocks were processed and
embedded in Historesin according to the protocol provided
with the L eica Historesin Embedding Kit. Sections of 6-um
thickness were cut with glass knives using aLeica RM 2055
Microtome (Leica). Sections were stained with Harris' He-
matoxylin followed by Toluidine Blue according to protocol
published by Energy Beam Sciences (http://www.ebsciences.
com/papers/papers.htm#plastic). Micrographs were ac-
quired either in print photography or electronically by using
an Olympus AX710 microscope system equipped with an
Olympus U-CMAD-2 CCD camera.

Cryostat sectioning

Samples were prepared for cryostat sectioning essen-
tially as described in the Zebrafish Book (Chapter 8;
Westerfield, 2000). Sections of 10-um thickness were col-
lected on a Leica CM 1900 Cryostat (Leica). Print or elec-
tronic micrographs were acquired on an Olympus AX710
microscope system equipped with an Olympus U-CMAD-2
CCD camera.

Results

ff1b is expressed during ontogenic development of the
interrenal organ

We have previously described the embryonic expression
profile of ff1b and established that ff1b-expressing and pan-
creatic idet cells do not show any overlap and are clearly
distinguishable from each other (Chai and Chan, 2000).
Based on the high sequence homology between ff1b and
mammalian SF-1, we asked if the fflb-expressing cells
could play a potential role in the development of steroido-
genic tissue of the zebrafish interrenal organ. To investigate
this possibility, the zebrafish homologs of known adreno-
cortical steroidogenic genes, cyplla and 33-hsd, were iso-
lated by RT-PCR for colocaization analysis with fflb.
Cyplla encodes the PA50SCC enzyme, which catalyzes the
first, rate-limiting step in de novo steroid synthesis, i.e., the
conversion of cholesterol to pregnenolone in the inner mi-
tochondrial membrane and is known to be highly conserved
throughout vertebrate evolution (Bourne, 1991; Selcer and
Leavitt, 1991). 3B-hsd encodes 33-Hydroxysteroid dehy-
drogenase/A>-A*-isomerase, which catalyzes the oxidation
and isomerization of 3B-Hydroxy-A>-steroids, such as preg-
nenolone and dehydroepiandrosterone, into the A*-ketoster-
oids progesterone and androstenedione, respectively. Dou-
ble ISH showed considerable overlap in expression pattern
between ff1b and both cypllal (Fig. 1A and B) and 38-hsd
(Fig. 1C and D). The steroidogenic enzyme genes appeared
to be expressed by an inner subpopulation of cellswithin the
fflb-expressing cluster. The onset of expression of cypllal
and 3B-hsd lagged behind that of fflb by approximately
1.5 h, first appearing between 28.5 and 30 hpf (data not
shown).

In addition to establishing the presence of steroidogenic
gene transcripts in the interrenal cells, we performed exper-
iments to visualize enzymatic activity of 3B8-Hsd in these
cells. In the presence of its substrates, such as dehydroepi-
androstenedione, 33-Hsd transfers protons to a proton ac-
ceptor such as tetrazolium salts to produce an insoluble
diformazan precipitate. This histochemical reaction, using
NBT as a color substrate, is commonly used for the specific
detection of 3B-Hsd activity in adrenal/interrenal or testic-
ular tissues (Grass Milano et a., 1997; Contreras and
Ronco, 1994). We used this method for whole-mount de-
tection of 3B-Hsd activity in zebrafish embryos between 24
and 30 hpf at hourly intervals, at 36 hpf, aswell asin larvae
from 2 to 7 dpf at daily intervals. The earliest sign of
3B-Hsd activity was evident at around 29 hpf. Only em-
bryos at 36 hpf and larvae from 2 to 7 dpf are shown (Fig.
2A—G). The sites of 3B-Hsd histochemical staining coin-
cided exactly with the sites of occurrence of 3B-Hsd tran-
scripts, thereby establishing them as interrenal cells. The
number of 3B3-Hsd-positive cells could be seen to increase
from 36 hpf to 7 dpf. Beginning from 3 dpf, dispersal of the
main cell cluster became evident, giving rise to a smaller
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36 hpf g

Fig. 2. Ontogeny of the interrenal organ shown by chromogenic detection of endogenous 3p3-Hsd enzymatic activity. Dorsolateral (A-D, F, G) and lateral
(E) views of embryos subjected to whole-mount chromogenic 33-Hsd enzymatic reaction from 1-7 dpf. The interrenal organ is indicated by an open
arrowhead in (A). Inset in (E) is a close-up view of the interrenal organ at 5 dpf. (H) Sagittal cryosection of a 7 dpf larva positively stained for 38-Hsd. (1)
Magnified view of sagittal cyosection of 7 dpf larva showing cellular morphology of the interrenal. sb, swim bladder. (Note: Embryos were photographed
from the right in contravention of standard convention in order to provide a clearer view of the interrenal organ asit is displaced to the right of the midline.)

cluster located to the left of the midline (Fig. 2C). This was became apparent at around 4 dpf, the interrenal cell clusters
observed in an increasing number of larvae during subse- could be seen tightly compressed against the dorsal tip of
quent days of growth. When inflation of the swim bladder the swim bladder (Fig. 2D). Cryosections of stained 7 dpf
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Fig. 3. Other cell types associated with interrenal tissue and expression of ff1b in midline signaling mutants. (A, B) Double ISH for ff1b (red) and the
noradrenegic marker DBH (dark blue), which is expressed by chromaffin cells. (C) Ventral view of overlap of expression of ff1b (red) and prox1 (dark blue)
in the interrenal. Single ISH for the pronephric marker wtl at 24 hpf (D) and double ISH for ff1b (red) and wtl (dark blue) at 36 hpf (E, F). Ventral views
of 36-hpf oep™>* embryo following double ISH colocalization of ff1b (red) with 38-hsd (G, dark blue) and cyplla (H, dark blue). Double ISH for ff1b (red)
and wtl (dark blue) in ogp™>3* (1) and sqt®®*® (J) embryos. (K, L) ISH for ff1b in 52 hpf ntl**** embryos.

larvae-showed the interrenal cells as having a squamous
morphology and large nuclel characteristic of steroidogenic
cells (Fig. 21).

The interrenal tissue is intermingled with chromaffin cells
and shows evidence of vascularization during
devel opment

In teleosts, the interrenal and adrenomedullary cells are
known to intermingle to varying extent in the head kidney,
depending on the species (Grassi Milano et a., 1997). Ac-
cruing evidence from studies performed in mammals and
amphibians indicates that these two cell types are function-
ally dependent on one another (DeLean et al., 1984; Pratt et

al., 1985; Ehrhart-Bornstein et a., 1995; Haidan et al.,
1998; Bornstein et al., 1990, 2000; Shepherd and Hol-
zwarth, 2001). Paracrine control of catecholamine release
from chromaffin stores by cortisol has been shown in the
rainbow trout (Reid et al., 1996). Perfusion studies on carp
head kidney with acetylcholine and its agonists or antago-
nists suggest that there may be crosstalk between the chro-
maffin and interrenal cells (Gfell et al., 1997). The anatom-
ical relationship between the two types of cells in the head
kidney of the embryonic zebrafish was studied. Dopamine
B-hydroxylase (DBH) converts dopamine to noradrenaline
and is expressed in the chromaffin cells of teleosts (Reid et
a., 1995; Grass Milano et al., 1997). Double ISH of ff1lb
and dph showed several clusters of noradrenergic neurons
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Fig. 4. Specificity of ff1bMO in blocking trandation of ff1b-Luc mRNA. (A)
Diagram of the fflb-Luc fusion construct. (B) In vitro assay for ff1bMO
efficacy in blocking Luc expresson from a fflb-Luc fusion congtruct. A
ff1b-Luc fusion plasmid was constructed by inserting a 718-bp ff1b fragment
containing the ff1bMO target site upstream of the luciferase gene. The con-
struct was coinjected with ff1bMO into one- to two-cell-stage embryosto give
final concentrations ranging from O to 11.25 uM. Twenty embryos were
harvested for luciferase assay for each dosage injected. The experiment was
repeated three times, and the mean (£SD) is shown. (C) Injection of ff1IbMO,
but not sff1bMO or ff1b4MO, into one- to two-cell-stage embryos reduced
luciferase expression from the ff1b-Luc fusion construct.

occurring in the anterior kidney region and that they have a
dispersed distribution (Fig. 3A and B). One cluster was
associated tightly with ff1b-positive cells (Fig. 3B).

Double ISH was also carried out for fflb and prox1.
Prox1 is a homeobox protein that is required for endothelial
budding of veins that contribute to the development of the
lymphatic system in mouse (Wigle and Oliver, 1999) and is
widely expressed in compartments of all three germ layers
where it is believed to play an important role in endothelial
differentiation (Rodriguez-Niedenfuhr et al., 2001). In ze-
brafish, prox1 expression pattern is highly dynamic, occur-
ring in various tissue compartments, such as the lens, ven-
tral hindbrain, trigeminal ganglia, otic vesicle, heart, and
liver (Glasgow and Tomarev, 1998). Double ISH for ff1b
and prox1 revealed alocalized expression domain of prox1
within the core of ff1b-positive cells in the interrenal gland
at 36 hpf (Fig. 3C), which persists up to 48 hpf.

The zebrafish interrenal tissue and pronephros may be
developmentally coupled

The development of the adrenal gland and the kidney are
tightly linked in higher vertebrates, both deriving from the
same mesodermal precursors. Since the location of fflb-
expressing cell cluster corresponds closely to the described
location for the zebrafish pronephros (Drummond et al.,
1998), we performed double ISH for ff1b and the pronephric
marker wtl to reveal their relative anatomical positions. Wt1
is an essentia regulator of nephrogenesis in higher verte-
brates (Kreidberg et a., 1993; Torreset a., 1995) aswell as
in amphibians (Carroll and Vize, 1996; Semba et al., 1996;
Heller and Brandli, 1997). In addition, it has been impli-
cated in the development of the mammalian adrenal glands
(Moore et al., 1999; reviewed in Parker and Schimmer,
2001) and has been shown to be an interaction partner for
SF-1 (Nachtigal et al., 1998). Zebrafish wtl is first ex-
pressed in the intermediate mesoderm at the level of somites
1-3 (Drummond et al., 1998). At 24 hpf, wtl expression
became restricted to the forming nephron primordia, which
werevisible as bilateral cords of cells parallel to the midline
at the level of somites 1-3 (Fig. 3D). At 30 hpf, the expres-
sion domains of wtl condensed into two clusters located
very close to the midline (not shown). By 36 hpf, these two
clusters coalesced at the midline beneath the notochord at
the level of the second myoseptum (Fig. 3E and F). This
region represents the position of the future glomerulus
(Drummond et a., 1998). At 36 hpf, the ff1b-positive cell
cluster could be seen in contact with the right half of the wtl
cluster at a dlightly caudal position (Fig. 3E and F). The

Table 1
Number (and percentage) of ff1bMO- and sff1bMO-injected zebrafish
larvae retaining interrenal 33-Hsd enzymatic activity

n ff1bMO n sff1bMO
3 dpf 268 23 (8.6%) 287 286 (99.6%)
5 dpf 315 8 (2.5%) 313 312 (99.6%)
7 dpf 241 11 (4.6%) 239 236 (98.7%)

n, number of larvae examined.
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Table 2

Classification of ff1b morphant phenotype at 7 dpf

Phenotype Class A* Class B Class C Class D
Mouth protruding protruding shortened snout shortened snout
Swim bladder inflation full none none none

Heart beat strong slow slow slow
Pericardia sac normal edema edema edema

Blood flow rapid slow none none

Yolk sac normal normal edema severe edema
Otic sac normal normal dight edema severe edema
Yolk absorption complete delayed delayed delayed
Blood islands none none ventral tail ventrd tail

* Class A phenotype resembles wildtype.

anatomical relationship between fflb- and wtl-expressing
structures in zebrafish is highly reminiscent of the associa-
tion between the adrena glands and kidneys in mammals,
athough these organs are apparently unpaired in the ze-
brafish.

Interrenal development in zebrafish mutants with midline
signaling defects

Several large-scale zebrafish mutagenesis screens have
yielded mutants defective in the formation, patterning, or
signaling of midline structures and they are collectively
known as the midline signaling mutants (Brand et al., 1996;
Karlstrom et al., 1996). The midline structures, consisting of
the floor plate and the notochord, play important roles in
patterning surrounding structures such as the somites and
the overlying neural tube (reviewed by Dodd et al., 1998;
Kodjabachian et al., 1999). Several mutations in this group
have been mapped to genes encoding signaling molecules
that mediate the inductive interactions between different
germ layers during patterning of the midline.

In zebrafish one-eyed pinhead (oep) mutant, the pre-
chordal plate fails to develop, leading to cyclopia and de-
fectsin the ventral forebrain. oep mutants also show defects
in floor plate and endoderm formation (Schier et al., 1997;
Strahle et a., 1997). An amost identical phenotype is ob-
served in the cyclops (cyc) and squint (sqt) double mutant
(Feldman et a., 1998; Sampath et al., 1998). Both cyc and
sgt encode TGFB-like molecules closely related to mouse
Nodal (Conlon et a., 1994; Zhou et al., 1993; Feldman et
a., 1998; Sampath et al., 1998; Rebagliati et al., 1998).
Mutants for either gene lack the floor plate (Hatta et a.,
1991; Feldman et al., 1998), while double mutants lack all
axial mesoderm, suggesting that the two genes play partialy
redundant roles. The proper formation of the notochord in
zebrafish depends on another gene, no tail (ntl). The ntl
locusis the homolog of the mouse Brachyury gene (Schulte-
Merker et a., 1992; Halpern et a., 1993; Schulte-Merker et
al., 1994).

To study whether ff1b expression is affected by muta
tions in midline signaling genes, the expression pattern of

mil34 t0235 | tc4l

fflb was examined in oep™™", sqt“==>, and nt mutants.
Such analyses would also be able to reveal any genetic
interaction between ff1b and the midline signaling genes as
well as to provide information about the developmental
origin of fflb-expressing cells. In 36-hpf oep™3* embryos,
fflb expression in the trunk was observed as two lateral
clusters ventral to the third somite instead of a single cluster
seen in wild-type embryos (Chai and Chan, 2000). The
distance between the two clusters differed between em-
bryos, most likely reflecting the varying penetrance of the
mutation. Double ISH for fflb and 3B-hsd showed that
expression of 3B-hsd within each cluster was not affected
despite the ectopic location of expressing cells (Fig. 3G).
Similarly, the expression of cyplla is not affected (Fig.
3H). Double ISH with wtl showed that convergence of the
nephric primordial cells isimpaired. Nevertheless, they re-
mained closely associated with the ff1b-expressing clusters
(Fig. 3I). In sgt®® mutant embryos, fflb expression oc-
curred in bilateral clusters of cells close to the midline (Fig.
3J), similar to that observed for oep™3* embryos. Double
ISH with wtl revealed that pronephric primordial cells fail
to converge at the midline, as observed in oep™3* embryos.
The relative position of ff1b- and wtl-expressing clustersis
inverted in sgt®**® embryos when compared with ogp™>*
mutants. The convergence of fflb-expressing clusters was
less severely affected in sqt®**® embryos compared with
oep™3** embryos. The convergence of ff1b-expressing clus-
ters was affected to varying degree in ntl*** embryos, but as
a whole, the effects are milder compared with oep™=3*
embryos.

Morpholino-mediated knockdown of endogenous ff1b gene
function disrupts interrenal devel opment

Microinjection of antisense morpholinos into single-cell
zebrafish embryos has proven to be an effective method to
achieve specific disruption of the function of a target gene.
Morpholino-mediated effects remain potent in al cells
throughout the first 50 h of development (Ekker, 2000;
Nasevicius and Ekker, 2000). Morpholino-mediated gene
knockdown was used to perturb the functions of ff1b during
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Fig. 6. Effects of ff1b morpholino injection on the expression of 33-Hsd in
midline signaling mutants. Dorsal view of ntl'**, oep™3* and flh"4*
mutant embryos microinjected with (A-C) 11.25 uM of sff1bMO, or
(D—F) 11.25 puM of ff1bMO, at 32 hpf. Arrowheads in (A—C) indicate the
position of the histochemical 33-Hsd staining.

embryogenesis. An antisense morpholino, fflbMO (5'-
AATCCTCATCTGCTCTGAAGTC-3'), was designed
complimentary to the start codon and 22 adjacent down-
stream bases of the fflb mRNA. A sense-strand morpholino,
sff1bMO (5'-GACTTCAGAGCAGATGAGGATT-3'), and
a mutated antisense morpholino, ff1b4MMO (5'-AATCT-
CATCGCTCGAAGT CAT-3') were designed as negative
controls.

The efficacy of ff1bMO in targeting and blocking protein
translation from ff1b transcripts was analyzed by a quanti-
tative assay based on firefly luciferase reporter gene. A
718-bp ff1b cDNA fragment containing the ff1bMO target
site, aswell as the coding region for the first 233 amino acid
residues of Fflb, was fused in-frame to the 5’ end of a
luciferase gene in a CMV promoter-driven expression vec-
tor to yield the plasmid pCMVfflbLuc (Fig. 4A). This
plasmid construct was then coinjected with increasing
amounts of ff1bMO or sff1bMO into live embryos. After
alowing 24 h for embryonic growth and expression of the
plasmids, embryos were harvested for Luc activity determi-
nation. Fig. 4B indicates that ff1bMO coinjection reduced
luciferase expression from the fflb-Luc fusion construct.
Coinjection of 2.25 uM of ff1IbMO per embryo reduced
measured |uciferase activity by 80%, while at the highest
ff1bMO concentration (11.25 wM) injected, an almost 99%
reduction was noted. Moreover, sff1lbMO and ff1b4AMMO
at similar concentrations had no significant effects on the
luciferase activity of pCMVfflbLuc-injected embryos (Fig.
4C). This indicates that the ff1bMO morpholino was effec-
tive in blocking translation from its target transcripts under
physiological conditions.

A 7 dpf
—— “‘---..___
Wild-type
B
. i 5 B
Class A
Cc

Class B
D
”‘;-M‘ = *“.
M ‘Kl‘a"——-f
Wil
k«f;‘f -
- L 4
i Class C

Class D

Fig. 7. Phenotypes of 7 dpf larvae resulting from microinjection of 11.25
uM ff1bMO per embryo. (A) Wild-type, (B) Class A, (C) Class B, (D)
Class C, and (E) Class D phenotype. Arrowheads in (D) and (E) indicate
blood island formation.

Morpholino knockdown of fflb gene function
downregulated expression of the steroidogenic genes,
cyplla and 33-Hsd

In order to investigate the potential role of Fflb in
interrenal development, we first evaluated the effects of
ff1bMO injection on the expression of the steroidogenic
enzymes, cyplla and 3B-hsd, by ISH and chromogenic
enzymatic reaction, respectively. Both genes have been
shown to be expressed in the developing interrenal of the

Fig. 5. Effects of ff1b morpholino injection on the expression of cyplla, 33-Hsd, and ff1b. (A, B) Double ISH for cyplla and proinsulin on embryosinjected
with 11.25 uM per embryo of (A) ff1bMO and (B) sff1bMO. Histochemical staining for 38-Hsd activity in ff1bMO (C, E, G) and sff1bMO (D, F, H) injected
larvee a 3 (C, D), 5 (E, F), and 7 dpf (G, H). ISH for ff1b in ff1bMO (I)-and sff1bMO (J)-injected 2-dpf embryos.
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zebrafish. The effects of ff1b morpholino on the expression
of the two genes were assessed by different methods,
cyplla at the transcriptional level by ISH for its transcripts,
while 3B-Hsd was assayed at the trandational level by
histochemical detection of the enzymatic activity of its
encoded protein.

Embryos microinjected with 11.25 uM of ff1lbMO and
sffAIbMO were collected at 2 dpf for double ISH with
cyplla and proinsulin riboprobes. The inclusion of proin-
sulin detection serves to control for proper ISH technique.
In our initial experiment, out of 50 embryos injected with
11.25 puM of morpholino, 5 ff1IbMO- and 4 sff1bMO-
injected embryos failed to show staining for both cyplla
and proinsulin. Injection of ff1bMO abolished cyplla ex-
pression in 86.7% (39/45) of embryos, while at the same
dosage, only 6.5% (3/46) of sffibMO-injected embryos
failed to show staining for cyplla (Fig. 5A and 5B).

The effects of ff1IbMO injection on 3B-hsd expression
were assessed by chromogenic detection of 33-Hsd enzy-
matic activity. The use of an enzymatic assay provides an
additional level at which morpholino effects are assessed
viz at the level of protein function of a downstream effector.
Embryos injected with 11.25 uM of ff1bMO and sff1bMO
were collected at 3, 5, and 7 dpf for 33-Hsd histochemical
staining. Representative embryos from these experiments
are shown in Fig. 5C—H. The results from two independent
experiments are summarized in Table 1. Injection of
ff1bM O significantly reduced the number of embryos show-
ing 3B-Hsd activity in the interrenal. The mean percentages
of 3B-Hsd-negative embryos were 91.4, 97.5, and 95.4% at
3, 5, and 7 dpf, respectively. Almost 100% of embryos
injected with sfflbMO showed positive 33-Hsd staining,
thereby establishing the specificity of ff1bMO effects.

At al three time points analyzed, a portion of fflbMO-
injected larvae (from 2.5 to 8.6%) showed positive staining
for 38-Hsd (Table 1), indicating that the interrenal of these
larvae had eluded the effects of morpholino. At 7 dpf, these
ff1bM O-injected but 33-Hsd-positive larvae displayed only
Class A phenotype, which resembles the phenotype of wild-
type. It is likely that the interrenal of these larvae had
received suboptimal amounts of ff1bMO due to two possi-
ble reasons. Some morpholino may have been lost follow-
ing microinjection due to back pressure of the embryo. This
isin spite of the inclusion of phenol red in the injection mix
to provide a visual indicator of the successful delivery of
injected material. Dilution of the retained morpholinos may
have resulted in concentrations too low to interfere with
interrenal development and functions. Another explanation,
though less plausible, may be that injected morpholino had
not spread evenly throughout the embryos, thereby limiting
its effects on the interrenal organ.

We have also investigated the effects of ff1bMO and
sff1bMO in three midline mutants, oep™34, ntl***, and
fln*“>*, The floating head (flh) mutant embryo lacks a no-
tochord (Odenthal et al., 1996). Embryos injected with
11.25 uM of ff1bMO and sff1bM O were collected at 32 hpf

for determination of 38-Hsd activity. In oep™?3*, ntl**, and

flh"241 embryos, the injection of sff1bMO had no effects on
the initiation of the interrenal primordium, as revealed by
3B-Hsd staining (Fig. 6A—C), while ff1lbMO completely
abolished the 3B3-Hsd staining (Fig. 6D—6F). Furthermore,
in the fln*®** embryos, the appearance and merger of the
bilateral interrena primordia appeared not to be perturbed
(Fig. 6C), which is similar to what we have described for
ntl**** embryos.

Morpholino knockdown of ff1b gene function leads to
impaired osmoregulation

Embryos microinjected with 11.25 uM of ff1bMO and
sffIbMO were alowed to develop to larval stages and
monitored for morphological changes. The phenotypes of
the larvae could be grouped into four different classes based
on the severity of observed defects (Table 2). Phenotypic
changes begin to appear around 5 dpf, and were fully man-
ifested by 7 dpf (Fig. 7C-E). Larvae were scored for phe-
notypes at 7 dpf, and then again at 10 dpf. The phenotypes
at 10 dpf were essentially the same as those described for
larvae at 7 dpf, with the exception that fluid accumulation
had become more pronounced in some embryos and the
yolk had been completely absorbed (Fig. 8A and B). The
proportion of larvae displaying the different classes of phe-
notypes at 7 and 10 dpf is presented in Table 3.

By 5 dpf, some ff1bMO-injected larvae had begun to
show signs of fluid accumulation in their body cavities,
predominantly in the abdomen. At 7 dpf, varying degree of
severity of subcutaneous edema could be seen. Slight in-
crease in size was observed in mild cases (Class B), but in
severe cases (Class C and D), fluid accumulation may occur
to such an extent that body size increased to more than three
times that of normal, restricting motility of the larvae. Cur-
vature of the body axis was also evident in more severe
cases, resulting in concavity of dorsal axis. Craniofacia
deformities were often associated with the Class C and D
phenotypes (Fig. 7D and E). Typica abnormalities included
a shortened snout and protruding lower jaw. Edema of the
optic sacs caused protrusion of the optic cup. As a result,
optic nerves that were still connected to the optic cups
become tautly stretched, which could be clearly observed at
10 dpf (Fig. 8A, inset). Edema of the pericardial sac likely
interfered with cardiac pumping leading to slowing or ces-
sation of heartbeat. Blood circulation ceased in individuas
that lacked cardiac activity, and as a result, blood islands
formed predominantly in the ventral tail (Fig. 7D and E).
Inflation of the swim bladder was observed for individuals
in Class A and B (Fig. 7B and C), but not for those in Class
C and D (Fig. 7D and E). About 10% of control embryos
injected with sff1bMO also displayed phenotypes associ-
ated with Classes B to D. No abnorma phenotype was
observed for uninjected embryos.
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Aminoglutethimide, an inhibitor of adrenal
steroidogenesis, mimics ff1b morphant phenotypes

Excessive fluid accumulation in ff1b morphants suggests
a dysregulation of osmoregulatory functions. Since the in-
terrena organ, through its secretion of corticosteroids, is
known to be essential for osmoregulation in teleosts, we
hypothesized that osmoregulatory phenotypes observed in
fflb morphants could have resulted from the loss of inter-
renal steroidogenic functions. Aminoglutethimide (AG) isa
potent inhibitor of the PA50SCC enzyme (Uzgiris et al.,
1977; Whipple et a., 1978) and is used in the treatment of
adrenal pathologies, such as Cushing’s syndrome. AG is
aso known to inhibit aromatase activity (Thompson Jr. and
Siiteri, 1974; Graves and Salhanick, 1979). Since P450SCC
is the rate-limiting enzyme in steroid hormone synthesis,
treating embryos with AG would be expected to inhibit de
novo steroid synthesis in the interrenal organ, thereby ef-
fecting pharmacological interrenalectomy.

Treatment of embryoswith 1 mM of AG, starting from 8
hpf, resulted in late larval phenotypes (Fig. 8E and F) that
were remarkably similar to those shown by Class C and D
ffib morphants. Subcutaneous edema became evident in
~74% of the larvae from around 8 dpf. At 11 dpf, pheno-
types including curvature of the body axis, edema of the
cranial, optic, pericardial and yolk sacs, a shortened snout,
and protrusion of the lower maxilla were clearly manifested
(Fig. 8E and F). However, no blood island formation was
noted in AG-treated larvae. Yolk sac edema in the most
severely affected AG-treated larvae was |ess extensive com-
pared with Class D ff1b morphants. The penetrance of AG
trestment in inducing phenotype was, however, much
higher than that caused by ff1bMO injection. This probably
reflects the high diffusibility of AG. Treatment with 0.1 mM
AG did not produce any phenotype that could be distin-
guished from wild type or buffer controls.

Morpholino knockdown of ff1b function disrupted
interrenal development

Although the above data provide strong evidence for a
direct role of ff1b in the transcriptional regulation of cyplla
and 3B-hsd gene expression, it remains possible that the
observed downregulation of these steroidogenic genes is
due to a secondary effect arising from the loss of cells
whose survival depended on fflb functions. Alternatively,
or perhaps in tandem, the loss of steroidogenic potential
may have led to reduced tissue viability, thereby establish-
ing a destructive loop. To investigate whether ff1IbMO in-
jection had affected tissues at the histological level, wild-
type and fflbMO-injected embryos and larvae were
collected for detailed histological examination. Specimens
at 30 hpf, 2, 3, 5, and 7 dpf were first subjected to 38-Hsd
histochemical staining, before being sampled for plastic
sectioning. As morphant phenotypes have not yet become
apparent prior to 7 dpf, embryos and larvae were randomly

sampled for analysis. Larvae from morphant Classes A and
D were sampled for examination at 7 dpf. For each stage, at
least three specimens were sectioned, either two in cross-
section and one in sagittal section or vice versa.

Photomicrographs of histological sections are shown in
Fig. 9. The NBT precipitate produced by 33-Hsd reaction
remained insoluble in the interrenal of embryos of up to 3
dpf and persisted throughout plastic embedding. However,
in older larvae, the precipitate readily dissolved during
plastic infiltration and was no longer visible following hard-
ening of the blocks. This may indicate a shift in the cyto-
solic properties of the interrenal cells, possibly an increase
in hydrophobicity due to lipid accumulation.

At 30 hpf, the zebrafish interrenal, which was stained by
NBT as aresult of 38-Hsd activity, appeared as a compact,
oval-shaped cluster of cells situated just above the yolk and
ventra to the third somite (Fig. 9A). In transverse section,
it was displaced dlightly to the right of the body axis (Fig.
9B). On the opposite side of the midline, a pouch in the yolk
sac accommodated the gut epithelium. At 2 dpf, the inter-
renal gland appeared to be surrounded by afibrillar capsule
and had elongated along the AP axis (Fig. 9 and F). The
gut and liver primordia were visible at this stage. No his-
tochemical staining for 33-Hsd was observed for ff1bMO-
injected embryos at either 30 hpf (Fig. 9C and D), or 2 dpf
(Fig. 9G and H).

At 3 dpf, the interrenal gland was clearly defined, form-
ing a discrete structure (Fig. 9l). In transverse section, cells
had acquired a birefringent appearance and showed very
weak staining with both toluidene blue and hematoxylin
(Fig. 9J), an indication of hydrophobicity most likely as a
result of the accumulation of steroidal products. Also, the
epithelial sheets of the swim bladder had become evident,
cauda to the interrenal gland. The lumina of the gut and
pneumatic duct began to expand at this stage (Fig. 9J). In
ff1bM O-injected embryo, no structure resembling the inter-
renal was noticeable, athough development of all other
structures, such as the swim bladder, gut, and pneumatic
duct, appeared to be normal (Fig. 9K and L).

The cellular organization of the interrenal tissue was
evident at 4 dpf. It consisted of large, cuboidal cells with
clearly stained nuclei. Although their cytoplasm was weakly
stained, theinterrenal cells could be readily visualized under
Nomarski optics. In transverse view, the cells form two neat
rows that were oriented at an oblique angle to the DV axis.
Serial transverse sections revea a similar cellular arrange-
ment throughout the length of the organ (data not shown),
suggesting that the interrenal is formed by a two-tiered cell
layer at this stage. Theinterrenal gland contacts the cephalic
end of the pronephric duct, which lies dlightly caudoventral
to it (Fig. 9M and N). The swim bladder was fully devel-
oped at this stage. In normal larvae, acquisition of swim
bladder functions occurs between 3 and 4 dpf (Liu and
Chan, 2002).

At 5 dpf, the interrenal gland had become a prominent
structure. Blood vessels began to vascul arize the organ, and
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10 dpf
P
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Fig. 8. Late larval ff1b morphant phenotypes are phenocopied by treatment with aminogluthemide (AG). (A) Class C and (B) Class D phenotypes at 10 dpf
following microinjection of 11.25 uM of fflbMO per embryo. Inset in (A) shows severe optic sac edemain a Class C larvae. (C-F) Phenotypic effects of
AG treatment. (C) Buffer control at 7 dpf. (D) 7 dpf larva treated with 103 M of AG. (E, F) 11 dpf larva treated with 10 M of AG. Embryos were treated

from 8 hpf.

sinuses could be observed between the two layers of cells.
These vessels probably arose from the posterior cardinal
vein. Blood cells were easily distinguishable by their dark-
staining, elliptical nuclei and their thin cytoplasm that is

Table 3
Percentages of morphants exhibiting different classes of phenotypes
at 7 and 10 dpf

Age Morpholino Percentage of embryos (%) n Dead
(cpf) ClassA ClassB ClassC ClassD
7 fflbMO 47.0 20.9 17.8 14.3 321 0
sff1IbMO 89.3 53 3.2 21 281 0O
fflb4aMMO 97.6 15 0.9 0 344 1
10 fflbMO 43.8 23.2 18.7 14.3 315 6
sff1IbMO 88.2 6.1 3.6 21 280 1
fflb4aMMO 97.6 0.3 15 0.6 33 1

stained turquoise by Toluidine blue as could be seen in the
atrium of the heart (Fig. 9M). By examining serial sections,
only a single pronephric tubule can be found. It appeared as
a granular structure, extending caudally along the dorsal or
right side of the gastrointestinal tract. Its anterior end con-
tacted the interrenal gland. The interrenal was clearly absent
in ff1bMO injected-larvae (Fig. 9Q and P). Its norma an-
atomical location was occupied by blood sinuses or empty
cavities in ff1b morphants. No apparent difference was
noted in other organs, such as pronephros, swim bladder, or
liver. A distinct glomerulus could be observed (Fig. 90).
In wild-type larvae, the interrenal cells had undergone
considerable proliferation between 5 and 7 dpf. The bilayer
cell arrangement seen in the 4 and 5 dpf had given rise to
branching cords of cells that spread ventrally (Fig. 9R). As
observed for whole-mount 38-Hsd staining (Fig. 2G), a
smaller group of cells had appeared on the left of the
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midline and could be seen in transverse section (Fig. 9R).
The histopathology of ff1bMO-injected (Class D) embryos
at 7 dpf is presented in Fig. 9S and T. In ff1bMO-injected
larvae showing apparent wild-type phenotype (Class A), the
complete absence of interrenal gland could be noted (data
not shown). Myosomial edema was visible in severely af-
fected larvae, resulting in gaps between myofibrils (Fig.
9T). In Class D morphants, the swim bladder was collapsed
and reduced in size compared with Class A morphants or
wild-type larvae. Failure of the swim bladder to inflate
could be due presumably to the build up of turgor pressure
in the abdominal cavity as a result of fluid accumulation.

Discussion

In the present study, we have provided severa lines of
evidence to support arole for ff1b in the development of the
interrenal organ in the zebrafish. Expression of ff1b in the
interrenal primordia could be detected at around 27 hpf,
appearing initially as bilateral clusters that later coalesce
into a single cluster dlightly to the right of the midline. At
the time when ff1b transcripts could be detected, conver-
gence of the clusters is almost complete. Shortly after their
coal escence, these cells acquire a steroidogenic phenotype,
as shown by their expression of transcripts for the steroido-
genic enzyme genes, 33-hsd and cyplla. That these cells
are capable of producing C, g steroids was confirmed by the
demonstration of 33-Hsd enzymatic activity in the presence
of its substrate, dehydroepiandrostenedione. Following co-
alescence of the bilateral clusters, the interrenal of the ze-
brafish remains as a discrete structure up to 3 dpf, when it
begins to display some degree of morphological elabora-
tion.

Convergence of the two ff1b-positive cell clusters at the
midline is arrested in oep™34, sgt®?*, and ntl™** mutant
embryos, resulting in bilateral clusters, while in fIn*24* and
cyc®® (Chai and Chan, 2000) mutants, the convergence is
unperturbed. The expression of 38-hsd and cyplla appears
to be normal at these ectopic locations, indicating that the
steroidogenic cells can develop autonomoudly. Despite the
apparent normal development of interrenal cells at these
ectopic locations in mutants, it is likely that, besides Ff1b,
additional factors are required for their differentiation at
these locations as overexpression of ff1b alone in microin-
jected embryos was not sufficient to induce a steroidogenic
fate at other locations (data not shown). This contrasts with
mouse SF-1, which when stably expressed in embryonic
stem (ES) cells is sufficient to direct them toward a steroi-

dogenic lineage (Crawford et al., 1997). Expression of
cyplla and progesterone production in the converted cells
could be induced by cotreatment with cAMP and retinoid
acid, which are intracellular transducers of SF-1 activity.
However, these cells were not responsive to ACTH and
hCG, hormones which induce steroidogenesis in adrena
and gonadal cells, respectively, indicating that the receptors
for these hormones are probably not expressed in these cells
(Crawford et al., 1997). The conversion of the mouse ES
cellsto steroidogenic lineage therefore appears to be incom-
plete. SF-1 may require upstream and downstream events to
direct the complete differentiation of ES cells, a prerequisite
that most likely exists during in vivo steroidogenic cell
differentiation.

There is evidence to suggest that one of the accessory
factorsrequired for adrenal development isWT-1. WT-1, an
obligatory regulator of urogenital development, was shown
to berequired for adrenal development (Mooreet al., 1999).
Thisfinding was surprising given that WT1 is not expressed
in the adrenal primordium but only in the earliest adreno-
gonadal progenitor. Disruption of the Wt1 locus in mouse
abolished adrenal development, a defect that could be par-
tially rescued by introducing a human WT1 YAC under its
native regulatory control (Moore et al., 1999). As in the
mouse, wtl is not expressed in the interrenal primordium of
the zebrafish. It remains a distinct possibility, however, that
wtl-expressing pronephric cells secrete a diffusible mole-
cule that impacts upon interrenal development and survival
in a paracrine fashion. In both oep™?3* and sqt“*> mutants,
interrenal and wtl-expressing pronephric cells remain in
tight association with each other, as in wild-type embryos.
This may explain the apparent normal viability of the inter-
renal cells despite their impaired migration. Such a possi-
bility can be addressed by analyzing interrenal devel opment
in zebrafish pronephric mutants or by interfering with wtl
gene activity using morpholino gene knockdown approach.

Our data show that interrenal cells of the zebrafish arise
from bilateral origins in the lateral mesoderm and migrate
medialy to form a transiently discrete structure, which
disperse subsequently to form a diffused organ. Analysis
performed in zebrafish midline mutants supports the notion
of a mesodermal origin for the interrenal. The failure of
ff1b-expressing interrenal precursor cells to converge at the
midline in oep™3* and st but not in cyc?, ntl***, and
flh*?*! mutant embryos, may be explained by impaired
convergent-extension of the dorsal mesoderm in these mu-
tants. Convergent-extension involves many different mole-
cules and is important for formation and positioning of
tissues along the trunk and tail midline. During the process,

Fig. 9. Histological analysis of the interrenal in wild-type and ff1bM O-injected embryos from 30 hpf to 5 dpf following 33-Hsd chromogenic staining. Sagittal
(A,C EGIK MO, Q,S9) and transverse (B, D, F, H, J, L, N, P, R, T) plastic sections of wild-type (A, B, E, F, I, J, M, N, Q, R) and ff1b morphant
(C,D, 1,3, M, N, S, T) embryos at the indicated stages of development. Arrowheadsin (A, B, E, and F) indicate the position of the interrenal. Abbreviations:
A, atrium; gm, glomerulus; G, gut; IR, interrenal gland; L, liver; MO, morphant; p, pronephros; pd, pneumatic duct; pt, pronephric tubule; sb, swim bladder;

WT, wild-type; Y, yolk.
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cells within several layers of the mesoderm elongate, exert
traction on each other, and intercalate around the midline.
This leads to the compaction of the sheets of cells perpen-
dicular to the midline as well as extension of the mesoderm
in an anterior—posterior direction. Impaired migration of
interrenal precursor cells in these mutants would be consis-
tent with amesodermal origin as these mutants are known to
be defective in convergent-extension movements of meso-
dermal tissue (Schier et al., 1997; Feldman et al., 2000).
Convergent-extension defects have been implicated in the
failure of heart tube fusion in oep mutant embryos resulting
in cardia bifida (Reiter et a., 2001). Furthermore, close
apposition between the interrenal and pronephric tissue
from early stages of development suggests that they may
arise from the same germ layer.

A role for fflb in interrena development and function
was demonstrated by morpholino mediated knockdown of
fflb activity in vivo. Disruption of fflb function during
embryogenesis leads to the absence of any overt signs of
interrenal development, as evaluated by the expression of
steroidogenic markers as well as by histological analysis.
Injection of the ff1b morpholino, ff1bMO, clearly abolishes
the expression of the steroidogenic enzyme genes cyplla
and 3B-hsd in the interrenal organ. Histological analyses of
fflb morphants reveal the lack of interrenal tissue, thus
indicating that the observed absence of cyplla and 33-hsd
expression is most likely due to the loss of structural com-
ponents of the interrenal tissue. This is supported by the
observation that ff1b morpholino injection results in the
obliteration of a subpopulation of fflb-expressing cells in
the interrenal, which most likely represents the steroido-
genic compartment. A subpopulation of fflb-positive cells,
presumably those at the periphery of the interrenal that do
not express steroidogenic enzyme genes, remain unaffected
by morpholino injection. However, the identity of these
cells remains to be established.

Astheinterrena isaready at arelatively advanced stage
of development by the time steroidogenic markers can be
detected or when it becomes histologically distinguishable,
it is not possible to conclude from this study whether inter-
renal development has been affected during early tissue
specification or during subsequent organogenesis. In mice,
knockout studies have shown that adrenocortical develop-
ment isinitiated in the absence of SF-1 but is not maintained
during subsequent development indicating that SF-1 is
somehow required for tissue growth and survival (Luo et al.,
1994; Sadovsky et al., 1995). However, the mechanisms by
which SF-1 exert its effects on these processes remains
unknown. It has been proposed that SF-1 may regulate the
expression of genes that determine cell proliferation and
apoptosis (Parker and Schimmer, 2001).

The phenotypes of larvae resulting from the disruption of
ff1b functions in vivo are consistent with impaired osmo-
regulatory functions. Edema in various body compartments
of ff1b morphants indicates a dysfunction in ionic regulation
and the failure of the pronephros to excrete excess water. In

teleosts, the interrenal plays a central role in osmoregulation
by secreting corticosteroids, principally cortisol (Wendelaar
Bonga, 1997). Cortisol has been classically regarded as a
seawater-adapting hormone (Balment et al., 1987; Hender-
son and Kime, 1987; Evans, 1993) but more recent evidence
has also suggested it to be important for osmoregulation in
freshwater fishes (Lin and Randall, 1993; Uchida et a.,
1998).

A direct role for the interrena in osmoregulation in
freshwater teleosts has been demonstrated in early studies
by using surgical interrenalectomy. In freshwater silver edls,
interrenalectomy resulted in a weight gain of 1% per day
reflecting net water retention (Chan et al., 1967). The main
target sitesfor cortisol action in the gills of freshwater fishes
are the chloride and pavement cells (Kiiltz and Jurss 1993;
Sullivan et al., 1995). While these primary sites for cortisol
action are involved mainly in mineral balance, cortisol also
acts on sites that are directly involved in regulating water
uptake, such as the nephric tubules. Due to their hyperos-
motic serum, freshwater fishes tend to gain water passively
across permeable surfaces such as the epithelial linings of
the gills and gut. To overcome this, they excrete excess
water by producing copious amounts of hypotonic urine.
Therefore, it is likely that edema phenotype observed for
ffib morphant larvae is caused by reduced glomerular fil-
tration rate resulting from the loss of interrena cortisol
production.

Targeted knockout of SF-1 in mice leads to perinatal
lethality within 48 h of birth due to severe adrenocortical
insufficiency. SF-1 knockout pups lack adrenals and exhibit
diminished levels of serum corticosterone, accompanied by
elevated levels of ACTH as aresult of feedback regulation
(Sadovsky et a., 1995; Luo et al., 1995). However, ze-
brafish larvae (Class C and D morphants) lacking overt
interrenal development and displaying severe osmoregula-
tory defects following knockdown of ff1b function can sur-
vive up to 15 dpf. This indicates a major interspecies dif-
ference in the requirement for early adrenocortical
functions. In mammals, postnatal functions of the adrenal
glands are important for the maintenance of many essential
physiological processes, including fluid and mineral bal-
ance, energy metabolism, and the immune response. SF-1
knockout mice display volume depletion within 12 h of
birth and begin to die (Luo et a., 1995). Lethality in the
early stages at least is likely due to the failure to regulate
electrolyte and fluid balance.

Some teleosts, however, appear to tolerate considerable
fluctuations in serum osmotic concentrations. Fresh water-
adapted edls, for instance, can survive up to ~19% reduc-
tion in plasma sodium concentration following interrenal ec-
tomy (Chan et a., 1969). This may account for the survival
of ff1b morphant larvae despite severe fluid accumulation in
the body. The osmoregulatory phenotypes of fflb knock-
down can be mimicked by treatment with the adrenostatic
drug, aminoglutethimide, supporting the conclusion that the
inhibition of de novo steroid synthesisis responsible for the
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observed phenotypes. However, while inhibitor treatment
has demonstrated a higher penetrance in inducing pheno-
type, morpholino injection has produced more severe phe-
notypes at the upper end of its spectrum of effects. This
suggests that other pathways of osmoregulation that are not
dependent on steroid synthesis had been affected by knock-
down of ff1b.

It is possible that the delay in yolk absorption in fflb
morphants is caused by the lack of interrenal cortisol stim-
ulation of both proteolytic and lipolytic activities necessary
for yolk mobilization. As in mammals, cortisol exerts a
general catabolic effect in teleosts. The proteolytic action of
cortisol has been implicated especially on white muscle and
liver, athough this has been based mainly on indirect ob-
servations of increase in plasma levels of amino acids and
proteins following treatment with cortisol or its agonists
(Barton et a., 1987; Vijayan et a., 1997). Other evidence
comes from correlative observations of the effects of con-
ditions that cause changes in plasma cortisol levels, such as
starvation (Storer, 1967; Pickford et al., 1970; Woo and
Cheung, 1980), or natural stress, such as spawning migra-
tion (McBride et al., 1986) on white muscle proteolysis. In
addition to its proteolytic role, cortisol has also been shown
to stimulate lipolysis in teleosts (Dave et d., 1979; Lidman
et al., 1979; Sheridan, 1986).

Knockdown of ff1b function impaired interrenal devel-
opment in the zebrafish, in a manner analogous to the effect
of SF-1 gene disruption on adrena development in mam-
mals. Thisindicates aconserved devel opmental program for
the adrenocortical tissue across great evolutionary dis-
tances. Accordingly, the loss-of-function phenotypes of ff1b
can be correlated with the loss of interrenal steroid output,
particularly that of cortisol. However, the adrenocorticoste-
roids do not appear to be absolutely required for maintain-
ing viability during embryonic and larval development. This
contrasts sharply with mammals and highlights interspecific
differences in corticosteroid requirements. Alternatively, it
may reflect different physiological demands between these
organisms owing to their drastically different habitats. The
postulation that osmoregulatory phenotypes in fflb mor-
phants are due to deficiency in interrenal steroid production
is supported by the observation that an inhibitor of steroid
synthesis can mimic the phenotypes in treated wild-type
embryos. However, the greater severity of defects observed
in fflb knockdown compared with inhibitor treatment sug-
gests that fflb may be involved in other mechanisms of
osmoregulation that do not involve steroid hormones. One
possible mechanism may operate through the action of pro-
lactin, but this needs to be substantiated by experimental
evidence.
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