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Abstract  

The adrenal cortex is a component of the hypothalamic-pituitary-adrenal (HPA) axis, 

and functions in synthesis and secretion of steroid hormones in response to stress. As an 

endocrine organ, the adrenal cortex is highly vascularized. In vitro studies have shown that 

interactions between the endothelium and the adrenocortical cells could modulate the function 

of the adrenal cortex. However, whether and how the endothelial signaling regulates the 

adrenal gland development is not clear. Zebrafish interrenal organ is the teleostean 

counterpart of mammalian adrenal gland, and is an excellent model for studying how the 

endothelial signaling guides organogenesis. In the zebrafish, we found that coordinated 

morphogenetic movements of the axial veins, the kidney, and the interrenal tissue were 

modulated by the endoderm and required Vascular endothelial growth factor receptor C 

(VegfC)/Fms-related tyrosine kinase 4 (Flt4) signaling pathway. This study has also 

discovered that arterial and venous vessels are required for modulating developmental 

relocalization and laterality of the interrenal tissue. Furthermore, this study has found that the 

hemodynamically-regulated vascular microenvironment promotes migration of the 

steroidogenic tissue during its interaction with chromaffin cells in the zebrafish embryo. 

Taken together, this study has demonstrated that the endothelium, through various modes of 

signaling, modulate (1) midline convergence of the kidney and the interrenal tissue during 

early embryogenesis, (2) lateral relocalization of the steroidogenic interrenal tissue after the 

interrenal central fusion, and (3) medial extension of the steroidogenic interrenal tissue as 

well as migration of chromaffin cells during the functional interrenal organ assembly. 

 

 

 



Introduction 

1. The kidney and the adrenal gland in the mammalian system 

1.1. The structure and function of the kidney 

    The mammalian kidneys are bilateral organs and contain the outer renal cortex and the 

inner renal medulla. The main functions of the kidney are filtration of the waste from 

metabolism in the blood, maintaining the homeostasis of pH, blood pressure and electrolytes, 

and reabsorption of water, amino acids, and glucose. In human, there are around one million 

nephrons in each of the kidney and about 20% of the cardiac output pass through the kidney 

capillaries every day (reviewed in Fox, 2009). The nephron is the basic filtration unit and is 

composed of a glomerulus, the proximal convoluted tubule (PCT), the loop of Henle and the 

distal convoluted tubule. The glomerulus is a tuft of capillaries enveloped by the Bowman’s 

capsule which is composed of a specialized epithelial cell, the podocyte, and the long foot 

process of the podocyte forms the filtration slits. Between the podocyte and the capillary is a 

specialized basal lamina named glomerular basement membrane (GBM). The filtration slits 

in podocyte, GBM, and the fenestrated endothelium together make up the filtration membrane 

of the glomerulus (reviewed in Quaggin and Kreidberg, 2008; McKinley and O'Loughlin, 

2008; Fox, 2009). 

 

1.2. The structure and function of the adrenal gland 

The mammalian adrenal glands are located superior to the bilateral kidneys, and is made 

up of two different tissues: the outer adrenal cortex and the inner adrenal medulla (Fig. 1). As 

one component of the HPA axis, the adrenal cortex synthesizes and secrets steroid hormones 

in response to long-term stress (Fig. 2). When the body faces the stress, it stimulates the 



paraventricular nucleus of the hypothalamus to release the corticotropin-releasing factor 

(CRF) into the blood vessel, and the anterior pituitary gland receives this signal and releases 

the adrenocorticotropic hormone (ACTH). ACTH travels via blood vessels and stimulates the 

adrenal cortex to release the corticosteroid, and by the bloodstream the corticosteroid travels 

to the target organs. There are three zones in the adrenal cortex which secrete different steroid 

hormones: the zona glomerulosa secretes mineralocorticoids which targets to the kidney and 

regulates the balance of salt and water; the zona fasciculate secretes glucocorticoids such as 

cortisol which targets to the liver and the muscle and promotes the glucose synthesis, and the 

zona reticularis secretes sex hormone targeting to the gonads. The cortisol also plays as the 

negative feedback regulator: the cortisol can reach the hypothalamus and inhibits CRF 

releasing so that restores the level of ACTH and the level of cortisol turns to normal (reviewed 

in McKinley and O'Loughlin, 2008; Lightman and Conway-Campbell, 2010; Fox, 2009). 

While the adrenal cortex responds to the long-term stress, the adrenal medullary is 

innervated by the sympathetic preganglionic neurons which responds to the short-term stress. 

The main hormone-producing cells in the adrenal medulla is the chromaffin cell which 

produces and releases the catecholamines including epinephrine, norepinephrine, and 

dopamine. Functions of epinephrine and norepinephrine are closely related to the “fight-or-

flight response” including acceleration of the heartbeat, increase of the blood pressure and the 

cardiac output, constriction of the blood vessel in the muscle, skin, and gastrointestinal tract 

but dilatation of the coronary artery, and increase of the metabolism. These physical responses 

to the catecholamines help the body raise the energy supply for the emergent situation 

(reviewed in McKinley and O'Loughlin, 2008; Fox, 2009). 

 



1.3. Development of the mammalian kidney 

    During gastrulation, three developmental germ layers are formed: the ectoderm, the 

mesoderm and the endoderm. The ectoderm develops to the epidermis, the neural tube and 

the derivatives of neural crest cells such as peripheral nervous system, chromaffin cells, 

cartilage and pigment cells. The mesoderm is divided into four regions: (1) the 

chordamesoderm which forms the notochord, (2) the paraxial mesoderm which develops to 

the somite and the head, (3) the intermediate mesoderm which develops to the urogenital 

system which is composed of the kidney, the adrenal cortex and the gonads, and (4) the lateral 

plate mesoderm which develops to the cardiovascular system. The endoderm generates the 

pharynx and the digestive system such as the liver, the pancreas, and the intestine (reviewed 

in Gilbert, 2013). The kidneys, the adrenal cortex, the gonads and their respective duct 

systems arise from the urogenital ridge in the intermediate mesoderm (Mesiano and Jaffe, 

1997). During gastrulation, the dorsal-ventral signaling such as the Bone Morphogenetic 

Proteins (BMPs) patterns specification and formation of the intermediate mesoderm. 

Research in the chick embryo has shown that signals from the paraxial mesoderm also 

contribute to the initiation of the intermediate mesoderm (Mauch et al., 2000).  

    Development of the mammalian kidney goes through three different phases: the 

pronephros, the mesonephros, and the metanephros. Approximately at 22th day of human 

gestation and mice embryonic day (E) 8.0, cells in the bilateral cranial intermediate mesoderm 

express Paired-box transcription factor (Pax)2 and Pax8 and go through a mesenchymal-to-

epithelial transition (MET) to form the bilateral pronephric duct (also known as the nephric 

or Wolffian duct). Gata3 acts downstream of the Pax2 and Pax8, and the expression of Gata3 

in the pronephric duct controls growth and elongation of the pronephric duct. LIM homeobox 



1 is also expressed in the nephric duct to maintain the survival of nephric duct from necrosis. 

The adjacent mesenchymal cells are stimulated by the pronephric duct and express Eyes-

absent1 which promotes aggregation and condensation of mesenchymal cells to form the 

pronephric nephron precursors. As the pronephric duct grows caudally, the adjacent 

mesenchymal cells aggregate and condense to form the pronephric nephron precursors. The 

cranial pronephric nephron does not connect to the pronephric duct and degenerates quickly 

by apoptosis, so the pronephros in mammals is considered to have no function (reviewed in 

Davidson et al., 2009; Gilbert, 2013). 

During the continuous growing of the nephric duct, cells adjacent to the middle position 

of the nephric duct are induced to form the mesonephric tubule through MET at day 25 of 

human gestation and mice E9.0. Studies in the mouse have shown that the rostral mesonephros 

develop to rudimentary glomeruli with branched tubules which connect to the nephric duct. 

However, the nephric duct and the mesonephric tubules begin to degenerate by apoptosis from 

E14.5, only some of the anterior mesonephric tubules remain and contribute to epididymal 

ducts of testis. Despite the unclear role in blood filtration, the mesonephros is important for 

blood cell development because it is the main sources of hematopoietic stem cells (reviewed 

in Davidson et al., 2009, Gilbert, 2013). 

    The permanent kidney in mammals is the metanephros. At mouse E10.5, the caudal 

nephric duct is budding to form the ureteric bud, and the adjacent mesenchymal cells are 

specialized to be the metanephric mesenchyme. Interactions between the ureteric bud and the 

metanephric mesenchyme give rise the metanephros. At mouse E11.5, the ureteric bud 

invades into the metanephric mesenchyme and promotes aggregation and condensation of the 

mesenchyme around the tip of the ureteric bud. The condensed mesenchyme (also known as 



“induced mesenchyme” or “cap mesenchyme”) then forms the renal vesicle through MET, 

and the renal vesicle stimulates more branching of the ureteric bud. Meanwhile, there is more 

condensation of the mesenchyme, and more renal vesicles are formed. The branching ureteric 

bud eventually develops to the collecting system of the kidney, while the rest of the ureteric 

bud eventually develops to the ureter. Each of the renal vesicles develops into the S-shaped 

body where the cells are subdivided into podocyte progenitors and the precursors of distal 

and PCTs (Dressler, 2006). Therefore, each of the S-shaped body grows to a functional 

nephron through three events: the podocyte express VEGF to attract angioblasts forming the 

glomerular capillary (Eremina et al., 2003), the proximal and distal tubule become convoluted 

and link with the loops of Henle, and the distal convoluted tubule fuses with the collecting 

duct (reviewed in Davidson et al., 2009, Gilbert, 2013). 

 

1.4. Development of the mammalian adrenal gland 

    The adrenal cortex and medulla arise from two different embryonic sources. The adrenal 

cortex develops from the urogenital ridge of the intermediate mesoderm, while the adrenal 

medullary cell develops from the neural crest cells (NCCs), which are a transient embryonic 

cell population from the dorsal aspect of the neural tube (reviewed in Gilbert, 2013). 

Function of the fetal adrenal cortex is critical for fetal survival during pregnancy. 

Development of the adrenal gland is as early as 4th week of gestation in humans and E9.0 in 

mice, and goes through several histological phases (reviewed in Else and Hammer, 2005; 

Wood and Hammer, 2011). In the beginning, the adrenogonadal primordium (AGP) expresses 

Steroidogenic factor 1 (Sf1) and is specified from the bilateral urogenital ridge. Sf1 knockout 

mice lack the adrenal cortex and gonads due to severe apoptosis of the AGP, and die after 



birth due to the adrenocortical insufficiency (Luo et al., 1994). The AGP differentiates into 

the adrenocortical and gonadal primordium at 8th week gestation in humans and E10.5 in 

mice. The Sf1 expressions are maintained in the two primordia but are regulated by different 

factors. The transcription factors, Wilm’s tumor suppressor 1 (Wt1) and Lim homeobox 

protein, Sox9, (Lhx9, also known as Gata4), regulate Sf1 expression in the developing gonad, 

while Wt1 and the transcriptional co-factor Cbp/p300-interacting transactivator, with 

Glu/Asp-rich carboxy-terminal domain, 2 (Cited2) together modulate the expression of Sf1 in 

the developing adrenal cortex (Val et al., 2007; and reviewed in Hoivik et al., 2010). The 

adrenocortical primordium contains two distinct layers, the outer definitive zone (DZ) and the 

inner fetal zone (FZ). Mechanism of DZ and FZ formation is not clear. The two layers might 

come from the same precursor but differ by distinct migrations, or the adrenocortical 

primordium differentiates into two populations of different precursors which then give rise to 

the DZ and the FZ. Around 8-9th week of gestation in humans and E11.5-E12.5 in mice, the 

precursors of the adrenal medullary cells, the sympatho-adrenal (SA) cells, migrate and 

invade into the fetal cortex and embedded within the adrenocortical precursor cells until birth. 

During the migration of adrenal medullary cells, the fetal cortex is encapsulated by 

mesenchymal cells and the capsule might modulate differentiation of the outer zona 

glomerulosa and the inner zona fasciculata form the DZ. The zona glomerulosa produces 

mineralocorticoids; the zona fasciculata produces glucocorticoids; and the FZ produces the 

dehydroepiandrosterone for estrogen formation in placental during pregnancy. However, the 

human FZ degenerates after birth and the mouse fetal zone regresses during the first 

pregnancy in females or at the age of sexual organ development in males (Kim et al., 2009). 

As the FZ regresses, the zona fasciculate expands and replaces the FZ, and the inner layer of 



the adrenal cortex develops to the zona reticularis at age 6-8 years (reviewed in Else and 

Hammer, 2005; Wood and Hammer, 2011). 

 

1.5. The morphogenetic movement of adrenal medullary cells 

The NCCs give rise to variant cell lineages such as craniofacial cartilage, melanocytes, 

smooth muscle, glia of the peripheral nervous system, and adrenal chromaffin cells through 

different paracrine factors from the microenvironment. The SA cell is one of the sympathetic 

division of the autonomic nervous system (reviewed in Gilbert, 2013).  

Studies in the chick embryo have revealed that morphogenesis of adrenal medullary cells 

undergoes three steps: (1) Common precursors of SA cells migrate ventrally form the neural 

tube toward the dorsal aorta (DA) and accumulate at the para-aorta region; (2) The SA cells 

differentiate into sympathetic ganglionic precursors and adrenomedullary precursors; and (3) 

The adrenomedullary precursors translocate ventrally to invade the adrenal cortex. During SA 

migration, the DA serves as a signaling center for the proper migration, specification, and 

differentiation of the SA cells (reviewed in Huber, 2006; Saito and Takahashi, 2015). In step 

(1), the DA-expressed BMP4 and 7 pattern the distribution of the chemoattractant factors 

Neuregulin 1 (NRG1) and the stromal derived factor 1 (SDF1; also known as Chemokine (C-

X-C motif) ligand 12 (CXCL12)) in the para-DA mesenchyme. Inhibition of either the erb-

b2 receptor tyrosine kinases (ErbBs; the receptor of NRG1) or the CXCR4 (the receptor of 

SDF1) in the NCCs reduces the migration of SA precursors. In addition, simultaneous 

knockdown of NRG1 and SDF1 results in more severe defects in the SA migration, suggesting 

that NRG1 and SDF1 synergistically attract the migration and accumulation of the SA 

precursors near the DA. In step (2), the BMP signaling promotes the specification of 



adrenomedullary precursors; while the BMP downstream factor, phosphorylated SMAD 

family member (pSmad), is specifically expressed in the adrenomedullary precursors but not 

in the sympathetic ganglionic precursors. Inhibition of the BMP signaling abolishes the 

adrenomedullary cells, but the sympathetic ganglionic cells are not affected. In step (3), the 

NRG1 expressed by both the para-aortic mesenchyme and the adrenal cortex, and these NRG1 

expressions might be involved in the regulation of adrenomedullary cells dismissing form the 

DA and invading the adrenal cortex (Saito et al., 2012; and reviewed in Saito and Takahashi, 

2015). 

 

1.6. The endothelium in the adrenal gland 

    As an endocrine organ, the adrenal cortex is highly vascularized. There are three arteries: 

the superior, middle and inferior suprarenal arteries; and one suprarenal vein, that supply each 

of the adrenal gland. The adrenal vasculature displays centripetal distribution; the blood flow 

from the suprarenal arteries first reaches the outer surface (the capsular artery), pass by the 

cortical arteriole or the medullary arteriole, and then flows into the medullary vein and joins 

the suprarenal veins (reviewed in Koeppen and Stanton, 2008).  

    Interactions between the adrenal cell and the endothelial cell (EC) have been found in 

the cell line studies. Adrenal EC-derived nitric oxide (NO) binds to the cytochrome P450 

enzymes and inhibits aldosterone release by zona glomerulosa cells (Hanke and Campbell, 

2000). The adrenocortical cell also modulates proliferation, migration, and fenestration of the 

adjacent ECs by releasing the endocrine gland EGF, such as Endocrine gland derived-VEGF 

(EG-VEGF) (LeCouter et al., 2001). Moreover, the adrenal-medulla derived cell line adrenal 

pheochromocytoma (PC12) could be induced by co-culture with the adrenal medulla ECs to 



acquire the chromaffin-like characteristics, such as increasing synthesis of the Met-

enkephalin and being less sensitive to nerve growth factor (Mizrachi et al., 1990). It suggests 

that tissue-specific ECs modulate adrenal cell functions. However, whether and how these 

interactions occur in vivo remains unknown. Furthermore, the fetal adrenal in mammals 

develops in early embryonic stage, making it difficult to study the specification and 

differentiation of the adrenal cell as well as the coordinated interactions among adrenocortical 

cells, adrenal medullary cells, ECs, and pronephric cells. 

 

2. The head kidney and the vasculature in the zebrafish 

    Despite some differences in organ morphology, the zebrafish has been established as an 

excellent vertebrate model for studying the developmental process of multiple organs, such 

as vasculogenesis (reviewed in Gore et al., 2012), segmentation of nephric tubes, renal 

development and kidney regeneration (Drummond, 2003; Wingert and Davidson, 2008; Diep 

et al., 2011). In addition to the advantages of external fertilization, rapid development, and 

transparency of embryos, the molecular regulatory mechanisms of organogenesis in the 

zebrafish are highly conserved. By the well-established techniques for imaging and gene 

manipulation, the zebrafish is applicable to investigate orchestrated developmental processes 

of the kidney, interrenal gland, and the endothelium (reviewed in Liu, 2007). 

 

2.1. Organogenesis of the zebrafish kidney and interrenal gland 

Despite exerting no function in mammals, the pronephros begins simple filtration in 

zebrafish as early as 2 days post-fertilization (dpf) and the glomerular function reaches 

complete maturation after 4 dpf (Drummond et al., 1998; Kramer-Zucker et al., 2005). The 



structure of zebrafish pronephros is relatively simple; composed of one fused glomerulus and 

bilateral segmental pronephric tubules. The zebrafish pronephric tubules, connecting the

glomerulus to the cloaca, can be divided into several segments, namely the neck, the PCT, the 

proximal straight tubule, the distal early tubule, the corpuscle of Stannius, the distal late tubule, 

the pronephric duct, and the cloaca. These segments are similar to that in the mammals 

(Wingert and Davidson, 2008). The permanent kidney in zebrafish is the mesonephros which 

contains hundreds of nephrons, each nephron locates on the top of each mesonephric branches 

(Zhou et al., 2010).  

The teleostean counterpart of the mammalian adrenal gland, the interrenal gland, is 

firstly identified by Grassi Milano et al. (1997). In zebrafish, the interrenal gland is composed 

of the interrenal tissue and chromaffin cells, which equals to the adrenal cortex and the adrenal 

medulla, respectively. The early functional interrenal gland is situated caudal to the 

pronephric glomerulus during 2- to 3- somite stages and displays a “V-shape” at 3 dpf (Hsu 

et al., 2003; To et al., 2007; and reviewed in Liu, 2007).  

Recently Diep et al (2015) demonstrate that the pronephros serve as a scaffold for the 

development of the mesonephros. Form 10 dpf, new nephrons and their tubules are formed at 

the rostral (pronephric glomerular/interrenal region), middle, and caudal region of the 

pronephros, so that shapes the head, trunk, and tail region of the adult kidney. The pronephros, 

the new-formed nephrons, and their tubules together form the mesonephros (Diep et al., 2015; 

Zhou et al., 2010), and the interrenal gland is at the head kidney of the adult zebrafish (Hsu 

et al., 2003). The interrenal tissue is specified from the pronephros, and these two tissues are 

tightly associated during their development (Hsu et al., 2003; and reviewed in Liu, 2007).  



At around 14 hours post-fertilization (hpf), the WT1 ortholog, the wt1a, can be detected 

in the bilateral intermediate mesoderm with a broad expression domain. Later at 17 hpf, the 

wt1a paralog, the wt1b, is expressed in the caudal region of the wt1a expression domain 

(Bollig et al., 2006). Knockdown of wt1a results in severe inhibition of head kidney 

development, while knockdown of wt1b affects the pronephric function and leads to cyst 

formation in the pronephric glomerulus after 2 dpf (Perner et al., 2007; Hsu et al., 2003). At 

around 22 hpf, the interrenal precursors are specified from the bilateral pronephric glomerular 

region and expressed the SF1 ortholog, the ff1b (nr5a1a). Ff1b positively regulates the steroid 

synthesis enzymes such as cyp11a1 and 3β-Hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase 

(3βHsd) (Hsu et al., 2003; Chai and Chan, 2000; Chai et al., 2003; Quek and Chen, 2009), 

knockdown of ff1b by anti-sense morpholino (MO) injection disrupts the development of 

embryonic interrenal tissue (Chai et al., 2003). After specification, interrenal precursors 

converge on the caudal region of the pronephros and migrate toward the midline at around 24 

hpf. Around 28 hpf, the fused interrenal tissue is differentiated, and the enzymatic activity of 

3βHsd can be detected. The bilateral pronephric glomeruli coalesce at 36-40 hpf and fuse at 

the central midline at around 48 hpf. Before the glomerular fusion, the ECs invade the 

glomerular epithelium, and become surrounded by podocytes which is the specialized 

epithelial cell in the glomerular tufts (Drummond et al., 1998). After lateral relocalization of 

the fused interrenal tissue, the caudal region of the interrenal tissue extends across the midline. 

In the meantime, chromaffin cells migrate to the interrenal area, and integrate with the 

interrenal tissue to form the functional interrenal organ at 3 dpf (Fig. 3) (Hsu et al., 2003; Liu 

and Guo, 2006; To et al., 2007; and reviewed in Liu, 2007). 

 



2.2. Vasculogenesis in the zebrafish 

The structure of axial vasculature in the zebrafish is relatively simple, as the PCV is 

immediately ventral to the DA. At the midtrunk, the DA joins to the lateral dorsal aortae (LDA) 

which connects to the ventricle of the heart, while the anterior branches of the PCV connects 

to the common cardinal vein (CCV) which links to the atrium of the heart (Isogai et al., 2001;

Lawson and Weinstein, 2002, Fig. 4A). 

The primitive hematopoietic cells and the endothelium arise from a common precursor, 

the hemangioblast, which is suggested by the characterization of zebrafish cloche (clo) mutant 

which lacks nearly all of the blood and the ECs (Stainier et al. 1995). It is thought that the 

E26 transformation-specific sequence (ETS) family gene, ets variant 2 (etv2), and T-cell 

acute lymphocytic leukemia 1 (tal1; also known as stem cell leukemia (scl)) functions 

downstream of the clo (Patterson and Patient, 2006; Liao et al., 1998). ETS transcription 

factors regulate expression of the endothelial specific genes such as fetal liver kinase-1 (flk1; 

also known as vegf receptor 2 (vegfr2) or kinase insert domain receptor (kdr)) and vascular 

endothelial cadherin (also known as cadherin 5 (cdh5)) (Wakiya et al. 1996; Lelievre et al. 

2000), and a loss of etv2 results in vascular deletion (Sumanas and Lin 2006). tal1 translates 

the basic helix-loop-helix transcription factor and is responsible for the formation of both 

hematopoietic stem cells and angioblasts (Liao et al., 1998). The ETS family proteins also 

synergistically work with other transcriptional regulatory factors, such as Forkhead (FOX) 

family and Krüppel-like transcription factor (KLF) genes family to regulate the formation of 

the angioblast (reviewed in Gore et al., 2012). 

    At around 7 somite stage in the zebrafish, the first angioblasts which express ETS family 

transcription factors arise from the bilateral lateral plate mesoderm. The angioblast migrates 



toward the midline during 10 to15 somite stage, and the endoderm is required for the initiation 

of angioblast migration (Alexander et al., 1999; Jin et al., 2005). Meanwhile, the angioblast 

obtains the arterial cell fate by activation of hes-related family bHLH transcription factor with 

YRPW motif 2 (hey2; also known as gridlock) which is the direct target of the Notch signaling 

pathway, or differentiates into the venous angioblast by the silencing of the hey2 (Zhong et 

al., 2001).  

Studies in the lower trunk axial vessel formation have shown that the arterial and venous 

angioblasts assemble into a cord-like structure during 17 to 20 hpf, and then the venous EC 

sprouts ventrally to form the axial vein during 22 to 25 hpf (Parker et al., 2004; Jin et al., 

2005; Herbert et al., 2009). During this process, the endothelium-secreted extracellular matrix 

(ECM) protein, EGF-like domain 7 (Egfl7), might create a proper microenvironment for the 

sprouting of venous ECs, and the expression of EGFL7 is downregulated in mature vessels 

(Parker et al., 2004). However, detail developmental processes of assembly of the anterior 

DA and formation of the branched PCV near the head kidney region remain unidentified.  

 

2.3. The role of the endothelial signaling for morphogenetic movements of the head kidney 

 Both of the pronephros and the steroidogenic interrenal tissue are tightly associated with 

the axial vessels and undergo angiogenesis during their development. The fused pronephric 

glomerulus is immediately ventral to the DA. The podocyte-released angiogenic molecules 

such as Vegfs and Angiopoietin2 attract angiogenesis from the DA to form the pronephric 

glomerular capillaries (Carmeliet et al., 1996; Majumdar and Drummond, 1999). The 

steroidogenic interrenal tissue is located between the DA and the right branch of the posterior 

cardinal vein (PCV) from the dorsal view of around 30 hpf, and the interrenal vessel (IRV) is 



sprouted from the DA, and invades the interrenal region during 2 to 3 dpf (Liu and Guo, 2006; 

Chiu, Master thesis, 2012; Chiu et al., 2012). 

During early embryogenesis, the midline convergence of the head kidney is correlated 

with the migration of mid-trunk angioblasts temporally and spectrally (Fig. 4). Morphogenetic 

movements of both the pronephros and the interrenal tissue are regulated by the adjacent ECs 

through different endothelial signals. During the pronephric central fusion, the hemodynamic 

force in the DA near the pronephric glomerulus stimulates Matrix metalloproteinase-2 

(MMP2) release from the EC. MMP2 digests the ECM and promotes the migration and fusion 

of bilateral pronephric glomeruli. Inhibition of the blood flow by 2,3-Butanedione monoxime 

(2,3-BDM) or blockage of the MMP2 activity by tissue inhibitor of metalloproteinase-2 

results in disrupted fusion of the pronephric glomeruli (Serluca et al., 2002). Angiogenesis of 

the pronephric glomerular tufts is independent of the blood flow, as indicated by the normal 

angiogenesis of the bilateral glomeruli in the blood flow-inhibited embryo (Liu and Guo, 

2006). Central fusion of the interrenal tissue is regulated by the angioblast adjacent to the 

interrenal tissue. The clo mutant manifests a reduced mRNA expression of the ECM, 

fibronectin1 (fn1) in the midtrunk (Trinh and Stainier, 2004), and displays the unfused 

interrenal phenotype which can be rescued by the compensation of ECs loss (Liu and Guo, 

2006). However, whether the angioblast mediates central fusion of the interrenal tissue 

through Fn is not clear. It is also unclear whether the arterial or venous angioblast regulates 

interrenal central fusion, and whether either the DA or the PCV plays a role for the 

morphogenetic movements of the interrenal tissue after central fusion remains unknown.  

 

2.4. Vascular microenvironment in the adrenal cortex/interrenal tissue 



    The microenvironment established by ECM proteins modulates functions of cultured 

human fetal adrenal cells. Collagen IV enhances cortisol secretion for ACTH-stimulated fetal 

adrenal cells, while Fibronectin and Laminin together tend to increase the ACTH-stimulated 

androgen secretion (Chamoux et al., 2001).   

Previously in our laboratory, we have investigated the vascular microenvironment in the 

interrenal region during the interrenal medial extension in the zebrafish. We have found that 

Fn deposits at the ventral side of the DA and the tip of the IRV, and that the deposition is 

required for the IRV growth and the medial extension of the steroidogenic interrenal tissue. 

In the fn1 mutant, morphogenetic movements of the steroidogenic interrenal tissue and 

formation of the IRV are inhibited. Accumulation of Fn is regulated by the blood flow, an 

inhibition of the blood flow disrupts the pattern of Fn deposition and affects the direction of 

IRV growth. Moreover, the Fn-Integrinα5 interaction activates focal adhesion kinase (FAK) 

as well as the upregulation of the phosphorylated FAK (pFAK) expression, suggesting that 

the Integrin-Fak signaling pathway is involved in the process of IRV growth and interrenal 

medial extension (Chiu, Master thesis, 2012; Chiu et al., 2012). Other studies in the zebrafish 

have suggested that the blood flow promotes pronephric glomerular fusion through EC-

released MMP2 (Serluca et al., 2002), regulates HSC development through Klf2a-NO 

signaling cascades (Wang et al., 2011), and facilitates heart valve formation through Klf2a 

but NO-independent signaling pathway (Vermot et al., 2009). However, how the blood flow 

regulates Fn deposition, and whether Fn is involved in IRV growth and interrenal medial 

extension are not clear. In the blood flow-defecient embryo, the effect of the defective 

interrenal medial extension on chromaffin cell migration, as well as the functional assembly 

of the interrenal organ, remains unknown.  



2.5. The role of endoderm for the midline convergence of the mesodermal tissues 

    The casanova (cas) mutant lacks the endoderm and exhibits the phenotype of bilateral 

heart tubes, an abnormal vasculature, and defective convergence of blood and pronephric 

precursors. It suggests that the endoderm may provide signal(s) or serve as a substrate in 

midline convergence of these mesodermal organs (Alexander et al., 1999). Although a loss of 

endoderm does not affect angioblast differentiation, the midline convergence of bilateral 

angioblasts is perturbed. Although the migrating angioblasts eventually reach the midline at 

22 hpf and form the lumen of the axial vessels in the cas mutant, the PCV is more dilated 

compared to its wildtype sibling (Jin et al., 2005).  

    We have been characterizing the phenotype of the steroidogenic interrenal tissue in the 

cas mutant. Knockdown of the mutated gene in cas mutant, SRY (sex determining region Y)-

box 32 (sox32) (Kikuchi et al., 2001; Dickmeis et al., 2001), results in severe inhibition of the 

interrenal midline convergence, malformed vasculature, and defective angiogenesis of the 

pronephric glomeruli (Hsu, Master thesis, 2010). Previous study has shown that odd-skipped 

related transcription factor 1 (osr1) restricts early endodermal differentiation from the 

mesendoderm which is the common precursor of the mesoderm and the endoderm, and 

knockdown of osr1 results in expansion of the endoderm (Mudumana et al., 2008). Therefore, 

we have performed additional knockdown of osr1 in the endodermless embryo to rescue the 

endoderm loss, and we have found that the severe interrenal convergence phenotype can be 

rescued, suggesting a role of endoderm for the interrenal midline convergence. To our surprise, 

the severe defects in the interrenal midline convergence can also be rescued by a loss of 

vasculature. The distance between bilateral interrenal tissues is decreased in the sox32MO-



injected clo mutant, as compared to that in the sox32MO-injected wildtype sibling (Hsu, 

Master thesis, 2010).  

Taken together, roles of endothelial signaling for the interrenal morphogenesis have been 

found by our previous studies: (1) the endoderm interacts with the endothelium that regulates 

the process of interrenal midline convergence (Hsu, Master thesis, 2010); (2) the endothelium 

patterns interrenal central fusion and lateral relocalization (Liu and Guo, 2006); (3) the blood 

flow-regulated Fn deposition mediates interrenal medial extension and IRV growth (Chu, 

Master thesis, 2012). However, the orchestrated interactions among the ECs, the pronephros, 

the interrenal tissue, and the chromaffin cell during interrenal development remains unclear. 

Therefore, in this thesis, we want to further investigate the multiple roles of the endothelium 

during interrenal organogenesis, including (1) the role of the migrating angioblast for midline 

convergence of the head kidney during early embryogenesis by studying in the endodermless 

embryo; (2) the effects of either the DA or the PCV formation on interrenal morphogenetic 

movement; and (3) the roles of blood flow and Fn for the process of interrenal organ 

functional assembly, namely the integration of interrenal tissue and chromaffin cells. 

 

 

 

 

 

 

 

 



Materials and methods 

Fish stocks  

The zebrafish (Danio rerio) was raised by standard method (Westerfield, 2000). Embryos for 

staining experiment were cultured in egg water and treated by phenylthiourea (PTU, 0.03%; 

Sigma) to inhibit pigment formation. Tg(kdrl:mCherry)ci5 was obtained from Taiwan 

Zebrafish Core Facility; Tg(fli1:EGFP)Y1 and Tg(sox17:EGFP)s870 were obtained from 

Zebrafish International Resource Center (Eugene, OR); Tg(kdrl:GFP)s843
 was gifted from 

Prof. Didier Stainier (Max Planck Institute, Germany); Tg(wt1b:GFP)li1 was gifted from Dr. 

Christoph Englert (Fritz-Lipmann Institute, Germany); Tg(ff1bEx2:GFP) was gifted from Dr. 

Woon-Khiong Chan (National University of Singapore, Singapore).  

Two-color whole-mount in situ hybridization (ISH) 

Embryos for ISH analyses were fixed by 4% paraformaldehyde containing 0.1% Tween 20 

(4%PFAT) (Sigma) at 18~20°C for overnight, stepwise dehydrated by methanol and stepwise 

rehydrated by PBS containing 0.1% Tween 20 (PBST). After rehydration, embryos were 

digested by proteinase K (Amibion), post-fixed by 4%PFAT, washed by PBST, equilibrated 

in Hyb- (50%formamide/5xSSC/0.1% Tween 20), and then equilibrated in Hyb+ (Hyb- 

solution containing heparin and tRNA) solution. For hybridization, the embryos were 

incubated in Hyb+ solution containing digoxigenin (DIG)-labelled and fluorescein (Flu)-

labelled antisense riboprobes at 66°C for around 1 day. The information of plasmids for 

making anti-sense riboprobes was listed in Table 2. The DIG-labelled riboprobe was detected 

by anti-DIG antibody conjugated with alkaline phosphatase (Roche) and visualized by 5-

Bromo-4-chloro-3-indolyl phosphate (BCIP) and 4-nitroblue tetrazolium (NBT) (Promega). 



The Flu-labelled riboprobe was detected by anti-Flu antibody conjugated with alkaline 

phosphatase (Roche) and visualized by Fast Red (Roche). After ISH, the yolk-sac of the 

stained embryo was removed for flat-mount analysis and mounted in 50% glycerol for 

imaging. 

Microinjections 

Microinjection was performed by Nanoject injector (Drummond Scientific Company) with 

Borosilicate glass capillaries (Sutter Instrument) at one- to two-cell stage. For injections of 

MOs, the MOs were synthesized by Gene tools LLC, dissolved by ddH2O at 2 mM for storage 

and diluted by 1x Danieau solution before injections. The dosage and sequence of the MOs 

were listed in Table 1. For mRNA injections, the hey2 mRNA and the sox32 mRNA were 

synthesized by SP6 RNA polymerase mMESSAGE mMACHINE kit (Ambion).  

3βHsd enzymatic activity assay and immunohistochemistry (IHC) 

The method of 3βHsd enzymatic activity staining was modified from Grassi Milano et al. 

(1997). Embryos were fixed by 2% paraformaldehyde containing 0.1% Tween 20 (2%PFAT) 

(Sigma) at 4°C for overnight, washed by PBST for 10 minutes four times. Then the washed 

embryos were incubated in fresh-made staining solution until the clear signal was shown. The 

staining solution was mixed by two mixtures: mixI containing 0.1 mg/ml 

dehydroandrosterone (Sigma) and 0.2 mg/ml β-nicotinamide adenine dinucleotide hydrate 

(Sigma) in dimethyl sulfoxide (DMSO); mixII containing 0.1 mg/ml nicotinamide (Vitamin 

B3; Sigma), and 0.1mg/ml NBT (Promega) in PBST. For IHC, the 2%PFAT-fixed embryo or 

the 3βHsd stained-embryo was embedded by 4% NuSieve GTG low-melting agarose (Lonza) 



and sectioned by Leica VT1000M vibratome. Then the slide was permeabilized with PBS 

containing 0.5% Triton X-100 (PBSTx) 15 minutes six times and washed with 1% BSA/1% 

DMSO/0.1% Triton X-100 in PBS (PBDTx) 10 minutes four times at room temperature. After 

blocking with PBDTx containing 2% fetal calf serum (FCS) (as the blocking solution) at room 

temperature for 1 hour, the slide was incubated in PBDTx containing primary antibody at 4°C 

for 1.5 day and washed by PBDTx 10 minutes six times. After blocking at room temperature 

for 1 hour, the slide was incubated in PBDTx containing 1/200 DylightTM594-conjugated goat 

anti-rabbit IgG (Abcam) or PBDTx containing 1/200 DylightTM650-conjugated goat anti-

mouse IgG (Abcam) at 4°C for 1.5 day. Before confocal imaging, the slide was washed with 

PBDTx 10 minutes six times and PBST 10 minutes four times then mounted in 50% glycerol. 

The concentration of antibodies was listed in Table 3. For staining α-1 subunit of Na/K 

ATPase (α6F), the embryo was fixed by Dent’s solution (80% methanol and 20% DMSO), 

and rehydrated stepwise by PDBTx. After blocking at room temperature for 2 hours, the 

embryo was incubated in the PDBTx containing 1% FCS and 4% α6F antibody 

(Developmental Studies Hybridoma Bank) at 4°C for 1.5 day. After washing the embryo with 

PBDTx containing 1% FCS, the embryo was blocked by PBDTx containing 10% FCS. Then 

the embryo was incubated in PBDTx containing 1% FCS and 1/200 DylightTM594-conjugated 

goat anti-rabbit IgG (Abcam) at 4°C for 1.5 day. Before imaging, the embryo was washed 

with PBDTx containing 1% FCS for 30 minutes five times, PBSTx for 10 minutes four times, 

and cleared by 50% glycerol.  

 

Pharmacological treatments 



Dechorionated embryos were incubated with egg water supernatant with 0.03% PTU to 

inhibit pigmentation during pharmacological treatment. For inhibition of the blood flow, the 

2,3-BDM (Sigma) was dissolved in ddH2O at 40 mM for storage and diluted by egg water 

before being applied on the embryos. Treatments were started from 1.5 dpf. The embryos 

were shocked by 20 mM 2,3-BDM for 5 mins to stop the heartbeat and then incubated in egg 

water, or egg water containing 2 or 6 mM 2,3-BDM until fixation. For the recovery of blood 

flow, 6 mM 2,3-BDM was replaced with egg water at 2.5 dpf for further incubation until 

fixation. For acceleration of the blood flow, norepinephrine (Sigma) was freshly prepared by 

egg water at 0.01, 0.1 or 1 mM, and the treatment period was from 33 hpf to 2 dpf. For 

camptothecin (Sigma) treatment, the 48 hpf embryos were incubated with camptothecin at 60 

mM containing 0.1% DMSO (Sigma) and were harvested at 57 hpf for the 3βHsd activity 

assay. For L-arginyl-L-glycyl-L-aspartic acid (RGD; Sigma) treatment, the peptide was 

dissolved by filter-sterilized egg water at 1 mM and applied to the embryo at a final 

concentration of 100 mM. RGD treatment was performed from 26 hpf to 2.5 dpf.  

 

Transplantation 

Methods for transplantation were similar to that used by Chung and Stainier (2008) and the 

schematic diagram of the transplantation experiment was shown in figure 9A. The donors 

(AB strain) were labelled by injection with a fluorescein dextran mixture (5% Alexa Fluor 

fixable 568 in 0.2 M KCl, 10,000 MW; Invitrogen) and the sox32 mRNA (20 ng/ul) at 2- to 

4-cell stage, while the recipients (Tg(fli1:EGFP)Y1) were injected with sox32MO (5 ng/ul) at 

the one-cell stage. At midblastula stag (approximately 1,000-2,000 cells) of the donor embryo, 

about 20-40 cells were taken off from the animal pole and carefully transplanted into the 4 



hpf recipients along the blastoderm margin without damaging the yolk. The recipients were 

allowed to develop and fixed at 34 hpf for 3βHsd enzymatic activity assay and confocal 

imaging. 

 

Imaging and quantification 

Whole mount samples, deyolked samples, and sections were cleared by 50% glycerol in PBS 

and captured either as single confocal section or as projection of a Z-stack by the LSM 

microscope (Carl Zeiss Ltd., Germany) equipped with Fluar 10x/0.5 objective lens and Fluar 

20x/0.75 objective lens. The GFP, mCherry/dylight 594, dylight 650, and 3βHsd staining 

(bright field) were recorded by Argon 488-nm (with bandpass filter 505-530 nm), Helium-

Neon 543-nm (with bandpass filter 560-615 nm), Helium-Neon 633 (longpass filter 650 nm), 

and Helium-Neon 543-nm (with transmitted light channel), respectively. For time-lapse 

imaging, the Tg(ff1bEx2:GFP) embryo was embedded in 3% methylcellulose with the dorsal 

side up and the GFP was recorded as a z stack (6-μm slices) in an interval of 1 minutes. The 

z stack was assembled as a 3D projection and the projected image was merged with the bright 

field by the LSM510 version 3.5 software (Carl Zeiss). The deyolked whole-mount ISH 

sample was photographed under Nomaski optics on an Olympus (Center Valley, PA) BX51 

microscope system. Distance measurement and quantification of 3βHsd activity staining were 

performed by AxioVision 3.0 software (Carl Zeiss) and Image Gauge version 4.0 (Fuji Photo 

Film), respectively. IRV length and fluorescence intensities of the region of interest (ROI) 

were quantified by LSM 510 version 3.5 software (Carl Zeiss).  

 

Statistical analysis



All quantitative results are presented as the mean and the standard error of the mean (SEM). 

Data was evaluated by either analysis of variance (ANOVA), followed by Duncan’s new 

multiple range test or Student’s t test. A P value less than 0.05 was considered statistically 

significant. 



Results  

Part 1. The role of the migrating angioblast in midline convergence of the head kidney  

1.1. Midline convergence of the head kidney and the angioblast are disrupted in the 

endodermless embryo 

     In order to verify the pronephric and interrenal phenotype in the endodermless embryo, 

we performed two color ISH of either wt1a plus ff1b or wt1a plus ff1b in the cas mutant and 

its wildtype sibling at 34 hpf (Fig. 5). The pronephric glomerulus was marked by either the 

wt1a- or the wt1b-expression, and the interrenal tissue was marked by the ff1b-expression. 

We found that the wildtype sibling displayed a fused interrenal tissue associated with a closely 

connected-pronephric glomeruli, but the cas mutant exhibited a widely bilateral interrenal 

tissues connected to a widely bilateral pronephric glomeruli. It suggested that loss of 

endoderm resulted in a severely defective midline convergence of the head kidney.  

In order to understand the effects of the endoderm on the differentiated steroidogenic 

interrenal tissue and the pronephros, we injected sox32MO into the Tg(wt1b:GFP)li1 embryo 

and performed 3βHsd enzymatic activity assay. In agreement with Bollig et. al. (2009), the 

wt1b-driven green fluorescent protein (GFP) was expressed in the pronephric glomeruli, 

which was consistent with the wt1b mRNA expression domain, and was also ectopically 

expressed in the pronephric tubules (neck and PCTs) and partial endodermal tissues (gut and 

pancreas) (Fig. 6A,B). The 3βHsd-detected steroidogenic interrenal tissue was segregated 

form the pronephric region and located caudal to the right pronephric glomerulus from the 

dorsal view in the control embryo (Fig. 6A,B). In the sox32 morphant, midline convergence 

of the steroidogenic interrenal tissue and the pronephric glomerulus was severely inhibited 

(Fig. 6B), which was consistent with the result of ISH on the cas mutant (Fig. 5). Distance 



between the bilateral interrenal tissues and distance between the bilateral pronephric 

glomeruli were largely increased in the sox32 morphant than that in the control embryo (Fig. 

6C,D). In addition, the steroidogenic interrenal tissue still resided in the pronephric region in 

the sox32 morphant, suggesting a role of endoderm for segregation but not differentiation of 

the head kidney (Fig. 6B).  

    In order to verify the phenotype of axial vasculature as well as the pronephric 

angiogenesis in the endodermless embryo, the sox32MO was injected into the Tg(wt1b:GF 

P)li1 xTg(kdrl:mCherry)ci5 embryo in which the pronephros was labelled by GFP and the EC 

was labelled by red fluorescence. In the control embryo, the bilateral pronephric convoluted 

tubules were adjacent to the PCV and the angiogenesis of the pronephric glomeruli could be 

detected. But in the sox32 morphant, glomerular angiogenesis was defective and the two 

branches of the PCV were more dilated (Fig. 6E) which was consistent with the observation 

in Alexander et al. (1999) and our previous finding (Hsu, Master thesis, 2010). Moreover, the 

steroidogenic interrenal tissue was located between the DA and the right branch of the PCV 

in the control embryo, but the bilateral interrenal tissues were disassociated with the DA and 

still tightly associated with the two branches of the PCV in the sox32 morphant (Fig. 6F). The 

glomerular capillary is sprouted form the DA (Drummond et al., 1998), and the defective 

glomerular angiogenesis in the endodermless embryo also suggested that the bilateral 

pronephric glomeruli were associated with the PCV but not the DA. These results indicated 

that, loss of endoderm inhibited the midline convergence of the head kidney as well as the 

migration of venous angioblast, and the bilateral head kidneys were still closely associated 

with the malformed PCV. 

 



1.2 The phenotype of the head kidney in the sox32 morphant is not due to a perturbed laterality 

 The Kupffer’s vesicle is a developmental cilia organ and is responsible for determination 

of the left-right asymmetry. Knockdown of sox32 resulted in a defective Kupffer’s vesicle, so 

that left-right asymmetry was perturbed in the sox32 morphant (Alexander et al., 1999). In 

order to figure out whether the phenotype of the head kidney in the sox32 morphant was due 

to a disruption of general laterality instead of a loss of endoderm, we analyzed the effect of 

polycystic kidney disease 2 (pkd2) knockdown on the interrenal tissue. pkd2 functions 

downstream of sox32 and is essential for cilia function and therefore determination of left-

right asymmetry, but not required for endoderm formation (Bisgrove et al., 2005). The pkd2 

morphant displayed a curly tail phenotype (Fig. 7A) which phenocopied the pkd2 mutant 

(curly up) (Schottenfeld et al., 2007), and a randomized laterality (Fig. 7B-E) but no severe 

convergence defect of the interrenal tissue. Furthermore, the glomerular angiogenesis was 

unperturbed and the morphology of the PCV was nearly normal in the pkd2 morphant (Fig. 

7B’-E’). It suggested that the convergence phenotype of the head kidney and the EC in the 

sox32 morphant was specifically due to a loss of endoderm rather than a disrupted left-right 

asymmetry. 

 

1.3. Defective midline convergence of the interrenal tissue and the pronephros in the 

endodermless embryo is rescued by the knockdown of osr1 

    Previously we have compensated the endoderm loss in the sox32 morphant by 

simultaneous knockdown of osr1, and found that the severe convergence defect of the 

steroidogenic interrenal tissue and the malformed PCV were both rescued (Hsu, Master thesis, 

2010). In order to further address whether the severe convergence phenotype of the 



pronephros in the endodermless embryo could be rescued by a simultaneous knockdown of 

osr1, we co-injected the osr1MO plus sox32MO into the Tg(wt1b:GFP)li1 embryo. The 

expanded endoderm in the osr1 morphant alteres the balance between the renal and the 

vascular development, and resulted in a loss of anterior pronephric tubules and an expanded 

population of angioblasts. Moreover, the loss of anterior pronephric tubules can be rescued 

by a simultaneous knockdown of sox32 (Mudumana et al., 2008). Consistently, we found that 

the anterior pronephric tubules labelled by wt1b-GFP were missing in the osr1 morphant (Fig. 

8C), and that could be rescued in the sox32MO/osr1MO double morphant (Fig. 8D). In 

addition, we also performed IHC of α6F to mark the epithelial cells in whole pronephric 

tubules (Drummond et al., 1998; Fig. 8K). The absent anterior pronephric tubules in the osr1 

morphant and the rescued anterior pronephric tubules in sox32MO/osr1MO double morphant 

(Fig. 8K) suggested that the phenotype that caused by osr1MO could be rescued by 

simultaneous injection of sox32MO. It also suggested that the endodermless phenotype 

caused by sox32MO could be rescued by a simultaneous injection of osr1MO. Furthermore, 

the sox32MO/osr1MO double morphant also exhibited nearly normal midline convergence 

of the head kidney (Fig. 8D). Distance between the bilateral interrenal tissues and distance 

between the bilateral PCTs in the sox32MO/osr1MO double morphant were shorter than that 

in the sox32 morphant (Fig. 8B,D,I,J). These results suggested that double knockdown of 

sox32 and osr1 rescued the effects of either sox32MO or osr1MO. So the compensation of 

the endoderm loss in the sox32 morphant rescued the severely defective midline convergence 

of the head kidney.  

In order to confirm whether the endodermal loss in the sox32 morphant was actually 

rescued by a simultaneous knockdown of osr1, we co-injected the osr1MO plus sox32MO 



into the Tg(sox17:EGFP)s870embryo. Tg(sox17:EGFP)s870 is the endoderm-specific reporter 

line, in agreement with Sakaguchi et al. (2006), the sox17-driven GFP is expressed in the 

endodermal organs such as the gut and the pancreas (Fig. 8E). Those endodermal tissues were 

absent in the sox32 morphant, but expanded in the osr1 morphant (Fig. 8F,G). Interestingly, 

the endodermal phenotype in both of the sox32 morphant and osr1 morphant could be rescued 

by a double knockdown of sox32 and osr1 (Fig. 8H), indicating that the endodermal loss 

caused by the sox32MO could be compensated by the osr1MO. Besides, the steroidogenic 

interrenal tissue was still tightly associated with the pronephric glomerulus in all of the 

treatments, suggesting that the genetic interaction between sox32 and osr1 did not affect the 

head kidney differentiation and association.  

 

1.4. Transplantation of sox32-overexpressing cells rescues severe convergence defects of 

the head kidney in endodermless embryos 

In order to further understand the effect of the endoderm on midline convergence of the 

head kidney, we transplanted the dextran-labelled sox32-overexpressing cells into the sox32 

morphant along the blastoderm margin of the recipients at around 4 hpf (Fig. 9A) and 

analyzed the interrenal phenotype at 34 hpf. We found that the severe convergence of the 

steroidogenic interrenal tissue and the malformed PCV in the sox32 morphant could be 

rescued by transplantation of the sox32-overexpressed cells (Fig. 9D). Distance between the 

bilateral interrenal tissues and distance between the two branches of the PCV in the recipient 

were similar to that in the control embryo and was much shorter than that in the sox32 

morphant (Fig. 9F,G), suggesting that compensation of the endodermal cell in the sox32 

morphant rescued the severe midline convergence phenotype of the interrenal tissue. 



Moreover, we found that the dextran-labelled transplanted cells were tightly associated with 

the host venous vasculature in all of the recipients (n=12; Fig. 9E), indicating a strong 

interaction between the endodermal cell and the venous cell.  

Taken together, a lack of endoderm resulted in the bilateral head kidneys and the 

malformed PCV, while compensation of the endodermal loss by either knockdown of osr1 or 

transplantation of sox23-overecpressing cells could rescue the head kidney and PCV 

phenotypes. 

 

1.5. A loss of endothelium suppresses the severe convergence defect of the head kidney in 

endodermless embryos 

Previously we have identified the role of ECs in endoderm-regulated midline 

convergence of the steroidogenic interrenal tissue by injection of the sox32MO into the clo 

mutant and its wildtype sibling (Hsu, Master thesis, 2010). In order to further analyze the 

effects of the malformed vasculature in the sox32 morphant on midline convergence of the 

pronephros, we inhibited the clo-regulated genes in the endodermless embryo by co-injection 

of the sox32MO plus etv2MO or sox32MO plus tal1MO into the Tg(wt1b:GFP)li1 embryo. 

The control embryo displayed a fused interrenal tissue on the right side of the midline, but the 

etv2 morphant or the tal1 morphant displayed a fused the interrenal tissue at central midline 

(Fig. 10A,C; 11A,C). It suggested that knockdown of either etv2 or tal1 did not affect midline 

convergence or fusion of the interrenal tissue, but instead inhibited asymmetric movement of 

the fused interrenal tissue. In the sox32MO/etv2MO- and the sox32MO/tal1MO- double 

morphants, the segregation between interrenal tissue and pronephros was not affected, but 

there was a big cyst in the pronephric glomerulus which phenocopied the sox32 morphant 



(Fig. 10B’,D’,E’; 11B’,D’,E’). Besides, compared to the sox32 morphant, the inter-distance 

between bilateral interrenal tissues and the distance between bilateral pronephric glomeruli 

were decreased in both of the sox32MO/etv2MO double morphant and the sox32MO/tal1MO 

double morphant (Fig. 10F,G; 11F,G), indicating that the severe midline convergence 

phenotype of the head kidney in the endodermless embryo was rescued by removing the 

malformed vasculature.  

In order to confirm the effects of the MO injections on the midtrunk vasculature, we 

repeated the double knockdown experiments on Tg(kdrl:GFP)s843
 embryos. Consistent with 

the previous findings, knockdown of either etv2 or tal1 led to a severe reduction of ECs at the 

midtrunk (Liao et al., 1998; Sumanas and Lin, 2006; Fig. 12C-F), and the severe defects in 

midline convergence of interrenal tissues was rescued by a loss of endothelium (Fig. 12E,F). 

We also noticed that some ECs were present at the midtrunk in both of the etv2 morphant and 

tal1 morphant, and we speculated that the residual ECs might promote the central fusion of 

interrenal tissues (Fig. 12B,C), so the closely bilateral interrenal tissues in the clo mutant was 

due to the complete loss of the angioblast (Liu and Guo, 2006).  

Taken together, loss of the endoderm inhibited midline convergence of the venous EC 

and led to a more dilated branches of the PCV. The endoderm was not necessary for midline 

convergence of the head kidney, since a simultaneous inhibition of endoderm and 

endothelium did not generate a severe midline convergence phenotype of the head kidney 

(Fig. 10D-G; Fig. 11D-G; Fig. 12D,F). However, in the endodermless embryo, the malformed 

PCV restricted the midline convergence of the head kidney by the tight association between 

the head kidney and the venous EC, resulting in a widely bilateral head kidney phenotype. 

 



1.6. VegfC/Flt4 is required for the interaction between venous vasculature and the head 

kidney 

 During vasculogenesis, angiogenesis, and lymphangiogenesis, the VegfC receptor, Flt4 

(also known as Vegfr3), is expressed in the venous structures such as the PCV, the CCV, the 

caudal vein, and the intersegmental vein (Hogan et al., 2009; Kuchler et al., 2006; Ober et al., 

2004). On the other hand, vegfC is abundantly expressed in the developing anterior hindbrain, 

the boundary of the midbrain and hindbrain, and is weakly expressed in the DA and the 

pronephros; and these expression domains are adjacent to the flt4-expressing cells (Ober et 

al., 2004). The interaction between Flt4 and VegfC modulates the PCV development, the 

ensheathment of the CCV lumen, the lymph formation, and the spouting of intersegmental 

arteries (Hogan et al., 2009; Kuchler et al., 2006; Ober et al., 2004). However, whether the 

VegfC/Flt4 signaling was involved in the head kidney development is unknown.  

In order to further confirm whether vegfC was expressed in the pronephros and interrenal 

tissue, we analyzed the expression of either vegfC plus wt1b, or vegfC plus ff1b, by two color 

ISH. Although the expression of vegfC was weak, it was readily detected in both the 

pronephric glomerulus and the interrenal tissue (Fig. 13A). Next we would like to verify 

whether the VegfC protein was expressed in the pronephros, we performed vibratome 

cryosection on Tg(wt1b:GFP)li1 embryos, and IHC staining of VegfC on the section of the 

pronephric glomerulus (Fig. 13B). We found that the VegfC protein could be detected in the 

neural tube, gut, and enriched in the pronephric glomerulus (Fig. 13C), suggesting a role of 

VegfC/Flt4 signaling in the head kidney-venous EC interaction.  

In order to examine whether the VegfC/Flt4 signaling is involved in the interaction 

between the venous angioblast and the head kidney during midline convergence of the head 



kidney, we downregulated either vegfC or flt4 in the control embryo by injection of vegfCMO 

or flt4MO, or downregulated either vegfC or flt4 in the endodermless embryo by co-injection 

of sox32MO/vegfCMO or sox32MO/flt4MO into the Tg(kdrl:GFP)s843 embryo. We found that 

the structure of CCV was malformed in either the vegfC morphant or the flt4 morphant (Fig. 

14C’,D’), which was consistent with the finding in the vegfC mutant (Helker et al., 2013). In 

addition, knockdown of either vegfC or flt4 did not inhibit midline convergence of the 

steroidogenic interrenal tissue, however, the lateral relocalization of the fused interrenal tissue 

was inhibited (Fig. 14C,D). Moreover, we found that the steroidogenic interrenal tissue was 

associated with the DA instead of the PCV (Fig. 15B), implying that the vegfC/flt4 signaling 

was required for the interaction between the interrenal tissue and the venous angioblast. 

We found that 85% of the sox32MO/vegfCMO double morphant population and 41% of 

the sox32MO/flt4MO double morphant population displayed a single interrenal cluster at the 

midline (Fig. 14E,G). The inter-distance of the bilateral interrenal tissue and the distance 

between the two branches of the PCV were both decreased in either the sox32MO/vegfCMO 

or the sox32MO/flt4MO double morphant, compared to that in the sox32 morphant (Fig. 15A). 

It suggested that the severe midline convergence phenotype of the interrenal tissue in the 

endodermless embryo could be rescued by knockdown of either vegfC or flt4. Therefore, the 

VegfC/Flt4 signaling was required for the interaction between the head kidney and the venous 

angioblast.  

 

1.7. Conclusion 

Taken together, the head kidney was tightly associated with the venous angioblasts 

through VegfC/Flt4 signaling during early embryogenesis. The midline signal was 



independent of the endoderm and it attracted the migration of the bilateral mesodermal tissues 

toward the midline (Fig. 16A). The endoderm is required for the venous angioblast migration, 

loss of endoderm inhibited migration of the venous angioblast and resulted in a malformed 

PCV. Midline convergence of the head kidney was also inhibited in the endodermless embryo 

because it was tightly associated with the malformed PCV (Fig. 16B). Severe midline 

convergence defects of the head kidney in the endodermless embryo could be rescued by 

either elimination of the ECs (Fig. 16C) or breakage the interaction between the head kidney 

and the venous ECs (Fig. 16D). Therefore, we speculated that the widely bilateral head kidney 

phenotype in the endodermless embryo was secondary to the malformed PCV. In conclusion, 

in this part of study we found that the endoderm indirectly regulated the midline convergence 

of the head kidney through venous ECs and VegfC/Flt4 signaling.  

 

Part 2. The role of axial vessel formation for the interrenal morphogenetic movement 

2.1. The interrenal tissue undergoes lateral relocalization after central fusion 

In order to further identify the process of interrenal fusion and repositioning in the 

developing embryo, we recorded the process of interrenal morphogenetic movement by a 

time-lapse confocal analysis on one Tg(ff1bEx2:GFP) embryo where the GFP is driven by 

the ff1b promoter (Quek, Ph.D. thesis, 2009). The ff1b-driven GFP is expressed in the ventral 

medial hypothalamuses with their neuronal projections and the interrenal tissue which 

recapitulates the ff1b mRNA expression. The GFP is also ectopically expressed in slow 

muscle precursors (Chai, Ph.D. thesis, 2002; Fig. 17B). We confirmed the GFP-expressing 

cluster in the third somite was the interrenal tissue, evidence by the colocalization with the 

3βHsd enzymatic activity staining at 32 hpf. We also found that the GFP-expression domain 



was more expanded than the NBT/BCIP-deposited 3βHsd activated region, suggesting the 

ff1b-driven GFP was expressed in both differentiated and undifferentiated interrenal tissue 

(Fig. 17A).  

The GFP-marked bilateral interrenal tissues could be detected as early as 21-somite stage, 

and the time-lapse confocal analysis starts from this stage. From the dorsal view, after the two 

cluster of interrenal cells fused at central midline, the fused interrenal tissue migrated locally 

to right of the midline (Fig. 17B). So this data excluded the possibility of asymmetric 

migration and fusion of the bilateral interrenal tissues, and it also rule out the possibility that 

one of the bilateral interrenal tissues degenerated during early interrenal organogenesis. The 

size of ff1b-driven GFP was increased during interrenal development, suggested that the 

interrenal cells as migration as proliferation (Fig. 17C) and also supported that no asymmetric 

apoptosis happened in the bilateral interrenal tissues. Due to the temperature of the confocal 

imaging was low (~23°C), the time for the bilateral interrenal fusion and lateral relocalization 

(around 4 hours) was much longer than that in the standard situation. Therefore, we performed 

ISH of ff1b during interrenal fusion and lateral relocalization, the bilateral interrenal tissues 

fused at central midline around 22 somite stage and started to relocate away from the midline 

around 24 somite stage. At 26 somite stage, the interrenal tissue became to be a leaf-shape 

cluster at left side of the midline by the ventral flat-mount view (Fig. 17D).  

 

2.2. The EC is required for central fusion and lateral relocalization of the interrenal tissue 

Morphogenetic movement of the interrenal tissue was closely related to the adjacent ECs. 

In the part 1 study of this thesis, we revealed that the head kidney was tightly associated with 

the migrating venous angioblast and this association patterned head kidney midline 



convergence during early embryogenesis. Study in the the clo mutant indicates that the 

angioblast regulates the process of interrenal tissue central fusion (Liu and Guo, 2006). In the 

etv2 morphant and the tal1 morphant, the fused interrenal tissue remained at central midline 

rather than at right of the midline compared with the control embryo (Fig. 10C;11C). 

Moreover, simultaneous inhibition of the endoderm and the endothelium could rescue the 

severe midline convergence phenotype of the interrenal tissue in the endodermless embryo, 

but could not rescue the defective lateral relocalization of the interrenal tissue. Therefore, the 

endothelium must be involved in the process of interrenal central fusion and lateral 

relocalization. 

In order to further verify the role of the EC in interrenal central fusion and lateral 

relocalization, we performed etv2MO injection on the Tg(fli1:EGFP)Y1 embryo, in which the 

EC was labelled by the GFP, and increased the sample number. We found most of the control 

embryo exhibited a single interrenal cluster at the right of the midline with a normal 

vasculature (symbol as “normal”) (n=112, 96.6%; Fig. 18A) and the others exhibited a closely 

bilateral interrenal tissues with a normal vasculature (n=4, 3.4%). The etv2 morphant 

displayed three different degrees of interrenal phenotypes (Fig. 18B-D): normal, n=12, 11.3%; 

class(I) phenotype, single cluster from the midline fusion of bilateral ones (n=36, 34.0%); 

class (II) phenotype, closely bilateral elongated clusters with caudal ends fusing at the midline 

(n=31, 29.2%); class (III) phenotype, closely bilateral clusters across the midline (n=27, 

25.5%) (Table. 4). Consistent with previous findings, development of the ECs was severely 

inhibited (Liao et al., 1998; Sumanas and Lin, 2006; Fig. 12C,D), and the steroidogenic 

interrenal tissue was associated with the residual ECs in all of the etv2 morphants (Fig. 18B-

D). We found that the degree of the interrenal central fusion phenotype was correlated to the 



different amount of the residual ECs, further confirming that the ECs was required for 

interrenal tissue central fusion (Liu and Guo, 2006). Furthermore, the class (I) phenotype in 

the etv2 morphant showed a fused interrenal tissue at the central midline but fail to migrate 

laterally, suggesting that the lateral relocalization of the interrenal tissue was inhibited by the 

loss of endothelium as well as the malformed vasculature.  

Lack of the axial vessels also inhibits the blood flow. The time point we analyzed the 

interrenal phenotype of the etv2 morphant was 34 hpf, while the blood flow started form 26 

hpf. In order to understand the effect of blood flow on interrenal lateral relocalization, we 

analyzed the interrenal phenotype in the cardiac troponin T2 (tnnt2a) morphant at 34 hpf. 

Tnnt2a is one component of the cardiac myocyte; mutation of the tnnt2a (silent heart) results 

in an absent of blood flow (Sehnert et al., 2002). We found that the tnnt2a morphant displayed 

a fused interrenal tissue at right of the midline (Fig. 18E) and the gross development of the 

vasculature such as the DA, the PCV, the intersegmental vessel (ISV), the glomerular 

capillaries, and the subintestinal vessel (SIV) were unperturbed (Fig. 18E,F), indicating that 

the interrenal lateral relocalization required the ECs but not the blood flow. 

 

2.3. The artery is required for lateral relocalization of the interrenal tissue 

 The fused interrenal tissue moved away from the central to the right of the midline at 

around 24-26 somite stage (Fig. 17D). In the meantime, the cord-like angioblast aggregates 

formed the DA and PCV at around 21-25 hpf (Parker et al., 2004; Jin et al., 2005; Herbert et 

al., 2009). The DA is implicated to be a regulator for lateral relocalization of the interrenal 

tissue due to a defective lateral repositioning of the interrenal tissue in the hey2 morphant (Liu 

and Guo, 2006). The transcription factor, Hey2, is expressed in the arterial EC and is 



responsible for the arterial cell fate determination (Zhong et al., 2001). In order to further 

investigate whether the formation of DA regulates interrenal lateral relocalization, we 

performed hey2MO injection and analyzed the phenotype of arterial and venous EC 

differentiation as well as the morphogenesis of interrenal tissue by two color ISH of either 

eph receptor B2a (ephb2a) plus ff1b or flt4 plus ff1b. Consistent with Zhong et al. (2001), the 

arterial marker ephb2a was strongly expressed in the pronephric glomerulus and the DA in 

the control embryo, while the expression of ephb2a was completely absent in the hey2 

morphant (Fig. 19A-a,b), suggesting that the arterial cell was abolished by hey2MO. On the 

other hand, differentiation of the venous EC was unaffected by the knockdown of hey2. The 

venous marker flt4 was expressed in the PCV in both of the control embryo and the hey2 

morphant (Fig. 19A-c,d). In addition, the ff1b-expressing interrenal tissue was located at the 

central midline in the hey2 morphant (Fig. 19A-b,d), but was located at the left of the midline 

in the control embryo from the ventral flat-mount view (Fig. 19A-a,c), suggesting that the 

interrenal lateral relocalization was inhibited by a loss of DA.  

In order to further visualize the structure of the vasculature and verify whether the 

absence of DA affected steroidogenic interrenal morphogenesis, we injected the hey2MO into 

the Tg(kdrl:GFP)s843
 embryo and performed 3βHsd enzymatic activity assay at 54 hpf. 

Consistent with the ISH results, the steroidogenic interrenal tissue was located at the central 

midline rather than at the right of the midline in most of the hey2 morphants (n=60, 95.2%). 

Moreover, formation of the DA, as well as angiogenesis of the glomerular and the ISV, were 

absent in the hey2 morphant, further confirming that the development of arterial EC was 

inhibited by hey2MO (Fig. 19B-c,d). This result suggested that interrenal lateral relocalization 

was inhibited in the embryo lacking arterial ECs. Therefore, formation of the DA was 



necessary for interrenal lateral relocalization.  

 

2.4. Relocalization and laterality of the interrenal tissue are guided by the processes of both 

arterial and venous assembly 

Overexpression of hey2 disrupts the venous cell fate determination (Zhong et al., 2001). 

Therefore, we inhibited venous EC formation by injection of hey2 mRNA and repeated the 

analysis to figure out whether the PCV patterned interrenal morphogenesis. In agreement with 

Zhong et al. (2001), the venous marker, flt4, was absent in the hey2-overexpressed embryo 

(Fig. 20A-b-f), indicating that injection of hey2 mRNA inhibited venous EC differentiation. 

However, formation of the DA, labelled by either ephb2 or kdrl-driven GFP, was defective, 

and laterality of the interrenal tissue was also disrupted in the hey2 overexpressed embryo 

(Fig. 20A-h-l,B-b-f). The interrenal tissue displayed five phenotypes in the hey2 

overexpressed embryo (Table 5; the ratio of each class based on the result of 3βHsd enzymatic 

activity assay (Fig. 20B-b-f)): class (I), bilateral clusters widely across the midline (n=76, 

30.1%); class (II), bilateral clusters immediately across the midline (n=45, 17.9%); class (III), 

single cluster at the central midline (n=74, 29.4%); class (IV), single cluster to the left of the 

midline (n=38, 15.1%); and class (V), single cluster to the right of the midline (n=19, 7.5%). 

We also found that the steroidogenic interrenal tissue was still closely associated with the 

malformed DA in all of the embryos, and the severity of the interrenal tissue was closely 

related to the different degree of the malformed DA (Fig. 20B,C). This results suggested that 

formation of the PCV and the DA was important for lateral relocalization and laterality of the 

interrenal tissue.  

 



2.5. Conclusion 

 Morphogenetic movements of the interrenal tissue are correlated with the development 

of blood vessels temporally and spatially. Midline convergence of the head kidney was not 

only parallel with, but also affected by the migrating venous angioblast through VegfC/Flt4 

signling. After migrating near the midline, central fusion of the bilateral interrenal tissue 

required the presence of the angioblast (Fig. 18; Liu and Guo, 2006). Moreover, formation of 

both the DA and the PCV was necessary for lateral relocalization and laterality of the 

interrenal tissue.   

 

Part 3. The role of the blood flow during the integration between the steroidogenic 

interrenal tissue and the chromaffin cells 

3.1. Morphogenesis of both pronephric glomerulus and interrenal tissue requires the blood 

flow 

  In order to further understand the morphogenesis of the head kidney after midline 

convergence, we performed 3βHsd enzymatic activity assay in the Tg(wt1b:GFP)li1 embryo 

at 34, 54, and 77 hpf. The result showed that, after interrenal lateral relocalization (34 hpf), 

there was a protrusion of the steroidogenic interrenal tissue at 54 hpf and the medial-caudal 

region of the interrenal tissue extended across the midline at 77 hpf. And the 54- and 77- hpf 

embryos displayed fused pronephric glomeruli which was consistent with Serluca et al. (2002) 

that the glimeruli fused after 2 dpf (Fig. 21A). The blood flow regulates fusion of bilateral 

pronephric glomeruli (Serluca et al., 2002). As development of the pronephros and the 

interrenal tissue is parallel (Hsu et al., 2003), we would like to verfiy whether the blood flow 

also regualtes interrenal tissue morphogenesis. Therefore, we analyzed the morphology of the 



interrenal tissue in the tnnt2a morphant at 34, 54, and 77 hpf. We found that, consistent with 

the finding of Serluca et al. (2002), fusion of the pronephric glomeruli was inhibited in the 

no-blood-flow embryo. The medial extension of the steroidogenic interrenal tissue was also 

inhibited in the tnnt2a morphant, and the interrenal tissue dispalyed an oval-shape without 

forming a protrusion at 54 and 77 hpf (Fig. 21B).  

In order to quantify the medial extension of the interrenal tissue, we measured the 

distance between the tip of the interrenal tissue and the midline. If the interrenal tissue 

extended across the midline, the value was designed as negative, and if the interrenal tissue 

did not across the midline, the value designed as positive (Fig. 21C). We found that the 

distance between the tip of the interrenal tissue and the midline did not show a significant 

difference between the control embryo and the tnnt2a morphant at 34 and 54 hpf, but 

exhibited an evident difference at 77 hpf. It suggested that the blood flow was not required 

for interrenal lateral relocalization, but played a role in the interrenal morphogenesis at a later 

stage. The distance between the tip of the interrenal tissue and the midline was negative in the 

control embryo and was positive in the tnnt2a morphant (Fig. 21D), suggesting that the 

interrenal medial extension in the control embryo was successful but defective in the tnnt2a 

morphant. In addition, we found that the growth of the steroidogenic interrenal tissue was not 

affected by tnnt2aMO injection (Fig. 21E), implicating that blood flow specifically regulated 

medial extension but not growth of the steroidogenic interrenal tissue. 

 

3.2. Inhibition of the blood flow represses interrenal medial extension and IRV growth 

Assembly of the functional interrenal organ requires the integration of the steroidogenic 

interrenal tissue and the differentiated chromaffin cell. The blood flow begins (~26 hpf) 



before functional assembly of the interrenal organ (2-3 dpf). Therefore, we would like to 

inhibit the blood flow specifically during interrenal organ assembly by pharmacological 

treatment. The skeletal muscle myosin-II inhibitor, 2,3-BDM, specifically inhibits the 

function of the cardiac muscle, and so inhibits the blood flow. We analyzed the interrenal 

phenotype in the Tg(kdrl:GFP)s843
 embryo under 2,3-BDM treatment from 1.5 dpf to 2.5 dpf. 

We found that the heart rate was decreased in the 2,3-BDM-treated embryo (Fig. 22A), and 

the blood flow was completely inhibited by 6 mM 2,3-BDM and slowed down by 2 mM 2,3-

BDM. The general morphology of the axial vessels was not affected in 2,3-BDM-treated 

embryos, but the extension of the steroidogenic interrenal tissue was inhibited (Fig. 22B-D). 

The value of interrenal medial extension was positive in both 2 and 6 mM 2,3-BDM-treated 

embryos, suggesting that the interrenal midline extension was inhibited by either slowing 

down or stopping the blood flow (Fig. 22E). In addition, compared to the control embryo, the 

length of the IRV was shorter in the 2,3-BDM-treated embryo (Fig. 22F-I), indicating that 

angiogenesis of the IRV was positively regulated by the blood flow.  

 

3.3. The defects of interrenal medial extension and IRV growth in the 2,3-BDM-treated 

embryo are rescued by recovery of the blood flow 

In order to further confirm that the blood flow regulated interrenal medial extension and 

IRV growth, we tested whether the phenotypes of interrenal tissue and IRV in the blood flow-

deficient embryo could be rescued by recovery of the blood flow. We inhibited the the blood 

flow by 6 mM 2,3-BDM in the Tg(kdrl:GFP)s843
 embryo from 1.5 dpf, and then removed the 

2,3-BDM at 2.5 dpf, before analyzing the interrenal phenotype as well as the IRV length at 3 

dpf. Firstly, we confirmed that the heartbeat could be recovered after removing the 2,3-BDM, 



which was evidenced by that the 2,3-BDM-recovered embryo displayed a higher rate of the 

heartbeat than that in the 2,3-BDM-treated embryo at either 2.5 or 3 dpf (Fig. 23A). Next, we 

found in the control embryo, the interrenal tissue extended across the midline and displayed 

a bilobed-like morphology at the central midline at 3 dpf (Fig. 23D). In the embryo under 2,3-

BDM treatment from 1.5 to 3 dpf, medial extension of the interrenal tissue was inhibited, and 

the interrenal tissue displayed an oval-shaped at the right of the midline (Fig. 23E). However, 

after removing the 2,3-BDM at 2.5 dpf, the interrenal tissue elongated and developed a 

protrusion in the medial-caudal region at 3 dpf (Fig. 23F). The distance between the tip of the 

interrenal tissue and the midline in the 2,3-BDM-recovered embryo was much lower than that 

in the 3 dpf 2,3-BDM-treated embryo at 3 dpf, and was similar to that in the 2.5 dpf control 

embryo (Fig. 23G). Moreover, angiogenesis of the IRV was also rescued by the recovery of 

the blood flow. Although the length of the IRV in the 2,3-BDM-recovered embryo at 3 dpf 

was shorter than that in the 3 dpf control embryo, it was longer than that in the 3 dpf 2,3-

BDM-treated embryo (Fig. 24). This result suggested that recovery of the blood flow could 

rescue both the inhibition of the interrenal medial extension and the reduction of the IRV 

angiogenesis.  

  

3.4. Increase of the blood flow promotes interrenal medial extension and IRV growth 

In order to further verify the effects of the accelerated blood flow on the interrenal medial 

extension and the IRV growth, we performed norepinephrine treatment on the 

Tg(kdrl:GFP)s843
 embryo from 33 hpf to 2 dpf before the interrenal medial extension, and 

assayed for 3βHsd enzymatic activity. The heartbeat and the blood flow was increased by 1 

and 0.1 mM norepinephrine, and exhibited a dose-dependent manner (Fig. 25D). Consistent 



with the 2,3-BDM treatment, we found that the general morphology of the DA and the PCV 

was not affected by manipulation of the blood flow, but the medial extension of the interrenal 

tissue was affected. In the control embryo, the steroidogenic interrenal tissue displayed an 

oval-shaped at 2 dpf, however, there was a protrusion on the caudal region of the interrenal 

tissue in the norepinephrine-treated embryos (Fig. 25A-C). Moreover, the distance from the 

tip of the interrenal tissue to the midline was decreased in norepinephrine-treated embryos 

compared to that in the control embryo (Fig. 25H). It suggested that the process of interrenal 

medial extension was promoted by the increased blood flow. Besides, the length of the IRV 

in the norepinephrine-treated embryos was longer than that in the control embryo (Fig. 25E-

G,I), suggesting that the blood flow also promoted angiogenesis of the IRV. Taken together, 

the blood positively regulated the process of interrenal medial extension as well as IRV 

angiogenesis, and both inhibition and acceleration of the blood altered the interrenal tissue 

and IRV development.  

 

3.5. The Fn-rich peri-interrenal microenvironment is contributed by the ECs 

Our previous study has suggested that the blood flow-patterned Fn-rich vascular 

microenvironment could be required for process of the interrenal tissue medial extension and 

the IRV growth. Knockdown of tnnt2a results in disrupted Fn deposition, misregualted IRV 

growth, and inhibited interrenal medial extension (Chiu, Master thesis, 2012; Chiu et al., 

2012). In order to verify the origin of the Fn-deposition at the peri-interrenal region, we 

performed two color ISH of the fn1 and ff1b in a wildtype embryo at 2 dpf. We found that the 

fn1 was expressed in the DA as well as the ventral side of the DA near the ff1b-labelled 

interrenal tissue (Fig. 26A). In addition, Fn protein was accumulated around the kdrl-driven 



GFP-expressing DA and in the peri-interrenal region in the control embryo, but the expression 

of the Fn in the peri-interrenal region was dramatically reduced in the ets1b morphant (Fig. 

26B,C), suggesting that the accumulation of Fn in the peri-interrenal region was produced by 

the ECs. 

 

3.6. Fn is not only required for the interrenal morphogenetic movements but also involved in 

the interrenal differentiation 

Previously we have analyzed the fn1 mutant (natter) at 3 dpf and found that the interrenal 

tissue exhibits two different phenotypes, one is the inhibition of interrenal medial extension, 

and another one is the defect of interrenal midline convergence (Chiu, Master thesis, 2012; 

Chiu et al., 2012).  

In order to further verify the role of fn1 in the interrenal development, we carefully 

analyzed the interrenal phenotype in the fn1 mutant at different embryonic stages. Consistent 

with our previous finding, the fn1 mutant displayed two interrenal phenotypes: class (I), single 

interrenal cluster at the right of the midline with the medial extension being defective (~70%); 

and class (II), bilateral interrenal clusters with the midline convergence being inhibited (~30%) 

(Fig. 27A). We also noticed that the ratio of class (II) phenotype was still maintained at about 

one-third at 74 hpf, suggesting that the class (II) phenotype was not due to a delayed migration 

of the interrenal tissue. In addition, compared to the wildtype sibling, development of the 

steroidogenic interrenal tissue (labelled by 3βHsd enzymatic activity assay) in the fn1 mutant 

was reduced at all the stage assayed, especially at 33 hpf (Fig. 27B). However, at 24 hpf, 

development of the ff1b-expressing interrenal precursors was not affected by the loss of fn1 

(Fig. 27C). Moreover, there was no difference between the fn1 mutant and its wildtype sibling 



in either the interrenal ff1b expression level or ff1b-expressing cell number at 33 hpf (Fig. 

26D-F), suggesting that the specification of the interrenal precursor was not perturbed. 

Therefore, the fn1 specifically regulated steroidogenic interrenal tissue differentiation, and 

also played a role in the processes of both the interrenal midline convergence and the 

interrenal medial extension. 

 

3.7. Loss of Fn disrupts functional assembly of the interrenal organ 

Functional assembly of the interrenal organ requires the successful medial extension of 

the steroidogenic interrenal tissue and proper migration of the differentiated chromaffin cells. 

In order to verify localizations of the interrenal tissue and chromaffin cells, we performed 

two-color ISH of the ff1b plus dopamine beta-hydroxylase (dβh), the differentiated 

chromaffin cell marker, during functional assembly of the interrenal organ. We found that 

some dβh-labelled migrating chromaffin cells invaded the ff1b-labelled interrenal tissue at 54 

hpf in the wildtype sibling but not in the fn1 mutant (Fig. 28A-C). Later at 77 hpf, the 

chromaffin cell was intermingled with the interrenal tissue at the central midline in the 

wildtype sibling (Fig. 28D,E). There were some chromaffin cells located out of the interrenal 

region in both the class (I) and the class (II) fn1 mutant (Fig. 28F-J). This means that in 

addition to the defective medial extension and the inhibited midline convergence of the 

interrenal tissue, the migration of the chromaffin cell was also misregulated in the fn1 mutant.  

 

3.8. The blood flow patterns Fn deposition and pFAK activation in the interrenal region 

Fn is required for myocardial assembly, and the heart formation as was as the blood flow 

is inhibited in the fn1 mutant (Trinh and Stainier, 2004). The interrenal class (I) phenotype of 



the fn1 mutant displayed an inhibition of the medial extension (Fig. 27A) which phenocopied 

the interrenal phenotype in the blood flow-deficient embryo (Fig. 22A), suggesting that the 

class (I) phenotype in the fn1 mutant was due to a loss of blood flow. In order to further 

confirm the relationship between the blood flow and the Fn during interrenal medial extension, 

we analyzed the deposition of the Fn and the expression of the activated Fn/Integrin 

downstream factor, phosphorylated FAK (pFAK), in the blood flow-deficient embryo. We 

found that there was misregulated Fn deposition in the peri-interrenal region under the 

inhibition of blood flow (Fig. 29A-C), and the expression level of Fn in the peri-interrenal 

region did not show a significant difference among the control embryo, the tnnt2a morphant, 

and the 6 mM 2,3-BDM treated embryo (Fig. 29D). In addition, pFAK expression could be 

found in the ff1b-driven GFP-labelled interrenal tissue in the control embryo, but not in either 

the tnnt2a morphant or the 6 mM 2,3-BDM treated embryo (Fig. 29A”-C”,E). This result 

suggested that the blood flow patterned Fn deposition in the interrenal microenvironment and 

modulated the activation of FAK at the interrenal tissue, and so regulated medial extension 

of the interrenal tissue. 

 

3.9. The blood flow regulates Fn-pFAK signaling and the interrenal medial extension 

through Klf2a and MMP2 

In the zebrafish, the blood flow modulates the different developmental processes through 

different factors such as MMP2 (Serluca et al., 2002) and Klf2a-NO signaling pathway 

(Vermot et al., 2009; Wang et al., 2011). Both Klf2a and MMP2 are expressed by the EC and 

are mechanosensitive proteins in response to the blood flow.  

In order to verify the molecular mechanism of how blood flow regulates interrenal 

medial extension, we analyzed the effects of klf2aMO and mmp2MO respectively on the 



interrenal tissue. We found that the steroidogenic interrenal tissue in both the klf2a morphant 

and the mmp2 morphant displayed an oval-like shape with a short protrusion on the medial-

caudal region (Fig. 30A-C). Moreover, values of the distance from the tip of the interrenal 

tissue to the midline were higher in either the mmp2 or the klf2a morphant than that in the 

control embryo (Fig. 30D), suggesting that medial extension of the interrenal tissue was 

inhibited by either the klf2aMO or mmp2MO injection.  

Next we analyzed the Fn accumulation, the pFAK expression, and the IRV growth in 

either the klf2a morphant or the mmp2 morphant. We found that both of the length of the IRV 

and the interrenal-pFAK expression were reduced by the knockdown of either klf2a or mmp2 

(Fig. 31). These phenotypes in the klf2a morphant and the mmp2 morphant were consistent 

with that in the blood flow-deficient embryo, suggesting that the blood flow regulated 

processes of the Fn deposition, the FAK activation, the IRV angiogenesis, and the interrenal 

medial extension through the mechanosensitive proteins Klf2a and MMP2. 

 

3.10. Medial extension of the interrenal tissue involves an EMT-like change in 

steroidogenic cell morphology that is hemodynamically regulated and pFAK-dependent 

 In order to delineate the changes in interrenal cell morphology during interrenal medial 

extension, we analyzed the interrenal morphology by 3βHsd enzymatic activity staining at 

different stages. We found that before interrenal medial extension (28-48 hpf), the 

steroidogenic cells aggregated together and formed a cluster at the left of the midline from 

the ventral flat-mount view. During the interrenal medial extension (60-72 hpf), the interrenal 

cell lost cell-cell contact and developed a protrusion on the cell surface, and this 

mesenchymal-like cell morphology was more evident at 84 and 97 hpf (Fig. 32A). In addition, 



we inhibited DNA synthesis by camptothecin which is an inhibitor of type I topoisomerase to 

explore whether the medial extension of the interrenal tissue was dependent of cell 

proliferation. Interestingly, in spite of the reduced cell number in the interrenal tissue after 

camptothecin treatment, some mesenchymal-like steroidogenic interrenal cells still migrated 

across the midline (Fig. 32B). This result suggested that change of cell morphology is more 

important than cell proliferation during interrenal medial extension.  

In order to further identify the change of interrenal cell morphology during development, 

we detected the expression of epithelial marker, β-Catenin (Savagner, 2001), in the control 

embryo at 2 and 2.5 dpf. We found that the ff1b-driven GFP-expressing interrenal cells formed 

a cluster, and the expression of β-Catenin was enriched at the cell-cell junction of the ff1b-

driven GFP-expressing interrenal cluster at 2 dpf (Fig. 33A). At 2.5 dpf, some interrenal cells 

dissociated from the cluster, and the junctional β-Catenin expression of the interrenal tissue 

was decreased (Fig. 33B). Furthermore, the junctional β-Catenin distribution was apparent in 

the medial extension-deficient interrenal tissue, including the interrenal tissue of the tnnt2a 

morphant, the 2,3-BDM-treated embryo, the klf2a morphant, and the mmp2 morphant (Fig. 

33C,D,F,G). Besides, the embryos subject to the Fn antagonist RGD treatment also displayed 

a defective medial extension of the interrenal tissue with abundant β-Catenin in the cell 

junction (Fig. 33E). These results suggested that the interrenal cells underwent an epithelial-

to-mesenchymal transition (EMT)-like change during interrenal medial extension, and that 

was regulated by the hemodynamic force and the pFAK signaling.  

 

3.11. Migration of differentiated chromaffin cells requires blood flow but is independent of 

either mechanotransduction or Fn-mediated signaling 



 In order to verify the effect of disrupted blood flow as well as the Fn/pFAk signaling on 

interrenal organ functional assembly, we performed two-color ISH of the ff1b plus dβh at 3 

dpf. We found that the ff1b-expressing interrenal cells intermingled with the dβh-expressing 

chromaffin cells and displayed a V-shape at the central midline in the control embryo. 

Although medial extension of the interrenal tissue was inhibited in the RGD treated embryo, 

the klf2a morphant, and the mmp2 morphant, the migration of chromaffin cell was not affected 

(Fig. 34B,C,E). However, in the tnnt2a morphant, both migration of the chromaffin cells and 

medial extension of the interrenal tissue were inhibited (Fig. 34D). This result suggested that 

migration of differentiated chromaffin cells was dependent of the blood flow yet independent 

of either the mechanotransduction or the Fn-mediated signaling. In addition, disruptions in 

either medial extension of the steroidogenic interrenal tissue or migration of the chromaffin 

cell resulted in an incomplete assembly of the interrenal organ. 

 

3.12. Conclusion 

 In this part of study, we found that during functional assembly of the interrenal organ, 

both of medial extension of the steroidogenic interrenal tissue and migration of the chromaffin 

cells were regulated by the blood flow. The hemodynamic force upregulated the expression 

of mmp2 and klf2a, patterned Fn deposition in the peri-interrenal reion, and activated FAK in 

the interrenal tissue, and so led to an EMT-like change in the interrenal tissue, and promoted 

medial extension of the interrenal tissue. However, neither the mechanotransducer nor the Fn-

pFAK signaling was required for the blood flow-regulated chromaffin cell migration. 

Taken together, in this thesis we identified the multiple roles of the endothelium for 

interrenal gland organogenesis. We found (1) the midline convergence of the head kidney 



was restricted by the venous angioblast through VegfC/Flt4 signaling; (2) formation of the 

axial vessels patterned lateral relocalization and laterality of the interrenal tissue; and (3) the 

blood flow, through distinct mechanisms, regulates medial extension of the interrenal and 

migration of the chromaffin cell, while both processes are required for functional assembly 

of the interrenal gland. Furthermore, we demonstrated that the zebrafish is a good model for 

studying coordinated interactions among the pronephros, the interrenal tissue, the chromaffin 

cells, the endothelial cells, and the endoderm during the organ development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Discussion  

The midline signaling in the zebrafish 

The successful midline convergence of the head kidney (Fig. 10A; 11A) in both the 

sox32/etv2 double morphant and the sox32/tal1 double morphant indicated that the midline 

convergence of the head kidney was directly guided by the midline signaling and the midline 

signaling was dependent on neither the endoderm nor the endothelium. During gastrulation, 

the noncanonical-Wnt signaling pathway regulates the convergence and extension 

movements in the Xenopus and the zebrafish (Kühl 2002; Tada et al., 2002). Studies in the 

zebrafish have shown that the noncanonical-Wnt ligands, wnt4a, silberblick/wnt11, and 

wnt11-related, are expressed in the mesoendoderm as well as the notochord, and regulates 

midline convergence of the foregut and the heart tube through the noncanonical-

Wnt/Dishevelled/RhoA signaling pathway (Matsui et al., 2005). Moreover, Rho A acts 

downstream of wnt5 and wnt11 and is expressed in pharyngeal arches, notochord, heart, liver 

and pronephric duct during early embryonic development (Zhu et al., 2006). Inhibition of 

either the RhoA or its effector, Rho kinase 2, disrupts the convergence and extension 

movements and results in an expanded expression domain of pax2.1 as well as a broader 

notochord and somite formation (Zhu et al., 2006; Marlow et al., 2002). In addition, LIM 

domain containing preferred translocation partner in lipoma acts downstream of the 

Wnt11/Rho kinase 2 signaling pathway and interacts with the planar cell polarity protein Scrib 

to mediate the convergence and extension movements (Vervenne et al., 2008). These reports 

above suggest that the noncanonical-Wnt/Dishevelled/RhoA signaling pathway is required 

for anterior-posterior extension and mediolateral narrowing during gastrulation, shapes the 

organ morphology but not alters the cell fate. However, whether the nc-Wnt signaling 



pathway is dependent on the endoderm and whether it is required for midline convergence of 

the head kidney remain unclear.  

 

The role of the endoderm for the formation of axial vessels 

Distinct guidance cues in different regions pattern the various processes of angioblast 

morphogenesis (Siekmann et al., 2009; and reviewed in Ellertsdóttir et al., 2010). At the lower 

trunk, a loss of the endoderm delays the migration of angioblasts, but eventually the formation 

of the DA is unaffected while the lumen of the PCV appears dilated (Jin et al., 2005). In the 

anterior region, migration of the cxcr4a-expressing LDA precursor is specifically regulated 

by the cxcl12b-expressing endoderm next to the developing LDA. The sox32 morphant 

displays an absence of LDA while the trunk DA is unaffected (Siekmann et al., 2009). In 

agreement with these findings, we found that a knockdown of sox32 severely inhibited the 

formation of LDA, and slightly affected the formation of the DA in the anterior region while 

the DA in the posterior region was nearly unaffected (Fig. 6E,F). Therefore, the endoderm is 

required for the morphogenesis of the arterial angioblast in the anterior region, but is 

dispensable for that at the lower trunk. However, formation of the primordial hindbrain 

channel by the venous angioblast in a more anterior region is independent of the endoderm, 

and is regulated by other tissues through VegfC/Flt4 signaling (Covassin et al. 2006). 

Moreover, this study demonstrated that midline convergence of the arterial angioblast was not 

as severely inhibited as the venous angioblast in the sox32 morphant (Fig. 6F), suggesting 

that the endoderm selectively regulates the formation of the vein but not the artery in the head 

kidney region.  

 



The endothelium and the interrenal laterality 

 The cas mutant exhibits a defective Kupffer's vesicle which is the left-right asymmetry 

organ in the zebrafish (Alexander et al., 1999). However, the sox32 morphant displayed a 

severe convergence phenotype of the interrenal tissue rather than a randomized laterality of 

the interrenal tissue (Fig. 6B), suggesting that morphogenesis of the interrenal tissue was 

particularly associated with and regulated by the endothelium. Although a disruption of the 

general laterality by the pkd2MO resulted in randomization of the interrenal morphogenesis 

(Fig. 7), the possibility still cannot be ruled out that the randomization of the interrenal tissue 

in the pkd2 morphant was secondary to defects of axial vessels; due to the tight association 

between the interrenal tissue and the vessels. The mechanism of arterial- and venous-

regulated interrenal lateral relocalization is not clear. Formation of the DA might generate a 

space or secret some factors for interrenal local relocation. It is also unknown that why the 

fused interrenal tissue translocates to the right of the midline rather than the left. One 

explanation is that the axial vessels might display an asymmetric structure to influence the 

lateral relocalization of the interrenal tissue, however, it stills need a higher resolution of 

microscopy to confirm that.  

 

Multiple roles of Fn in the interrenal development 

Fn is required for the the midline convergence of other mesodermal tissues such as 

cardiomyocyte precursors (Matsui et al., 2007; Trinh and Stainier, 2004), and also plays a 

role in initiation of the angioblast migration (Jin et al., 2005). Expression of fn1 in the 

midtrunk is reduced in the clo mutant at 15 somite stage (Trinh and Stainier, 2004). 

Interestingly, the clo mutant displays a closely bilateral interrenal tissue at the midline and 



the penetrance is about 90%, suggesting that midline convergence is unaffected but central 

fusion of the interrenal tissue is inhibited (Liu and Guo, 2006). In addition, the fn1 mutant 

displays a more severe unfused interrenal phenotype (widely bilateral interrenal tissue) with 

a lower penetrance (about 30%; class(II) phenotype; Fig. 27A), suggesting that the midline 

convergence of the interrenal tissue was severely inhibited. It suggested that Fn might be 

contributed by other tissues such as the endoderm and extra-embryonic yolk syncytial layer 

(YSL) at a later stage so that the midline convergence of the interrenal tissue is unaffected in 

the clo mutant but is severely inhibited in the fn1 mutant. Indeed, studies on the myocardial 

migration have shown that the YSL patterns Fn deposition through regulation of Fn transcripts 

(Sakaguchi et al., 2006) or patterning the assembly of Fn (Arrington and Yost, 2009). On the 

other hand, there is a paralog of the fn1, the fn1b, in the zebrafish (Sun et al., 2005). fn1 and 

fn1b synergistically regulate somitogenesis through activation of Integrinα5 (Jülich et al., 

2005). Moreover, the integrinα5 morphant displays a severe midline convergence phenotype 

of the interrenal tissue and the penetrance is around 44% (Chiu, Master thesis, 2012; Chiu et 

al., 2012), which is slightly higher than that in the fn1 mutant. It hints that the fn1 might 

cooperate with the fn1b or other ECM genes in the regulation of midline convergence of the 

interrenal tissue, yet it still needs to be confirmed by simultaneous knockdown of the fn1 and 

fn1b.  

About 70% of the fn1 population displayed inhibition of interrenal medial extension 

(class (I) phenotype; Fig. 27A). Previously in out laboratory, we found that a knockdown of 

fn1b neither inhibits the accumulation of Fn at peri-interrenal region nor affects development 

of the interrenal tissue and the IRV. In contrast, the deposition of Fn in the peri-interrenal 

region is almost completely absent in the fn1 mutant (Chiu, Master thesis, 2012; Chiu et al., 



2012). Therefore, the blood flow-regulated Fn-deposition at the peri-interrenal region should 

be contributed by the fn1 only, in other words, the fn1 but not fn1b patterned the medial 

extension of the interrenal tissue and the growth of the IRV.  

Recently, Cheng et al., (2013) have shown that the endodermal cells promote 

mesodermal cell specification through the short-range signaling by Fn1, Fn1 then activates 

Integrin-β1 signaling which in terms activates the Wnt/β-catenin signaling. They have also 

found that inhibition of both fn1 and fn1b reduces the cardiac lineage cell fate determination 

and promotes the endodermal cell fate determination in the zebrafish. Here we found that the 

fn1 mutant displayed a normal expression of ff1b but a reduced 3βHsd enzymatic activity, 

suggesting that fn1 did not affect interrenal specification but regulated differentiation of the 

steroidogenic interrenal tissue (Fig. 27). However, an opposite observation has been found in 

the cell line study. Human fetal adrenal cells co-cultured with Fn results in a reduction of 

ACTH-stimulated 3βHSD expression. Other ECM proteins are also required for fetal adrenal 

cell function. Laminin enhances human fetal adrenal cells response to ACTH and results in 

an increase of DHEA secretion. Collagen IV increases the cortisol releasing by human fetal 

adrenal cell after ACTH stimulation (Chamoux et al., 2002). Nevertheless, the ECM is also 

required for adrenal/interrenal development, and here we have found that Fn is participated 

in midline convergence, medial extension, and differentiation of the interrenal tissue in the 

zebrafish. 

 

Roles of the hemodynamic force in the zebrafish organogenesis and angiogenesis 

The hemodynamic force might promote medial extension of the interrenal tissue through 

the following steps: (1) uregulation of klf2a in the EC; (2) patterning the Fn deposition at peri-



interrenal region through mmp2; (3) activation of pFAK signaling in the interrenal cell; and 

(4) induction of an EMT-like change in the steroidogenic interrenal cell. Interestingly, similar 

cellular behavior of the ECs has been found in the zebrafish valvulogenesis. The ECs in the 

atrioventricular canal undergo an endothelial-to-mesenchymal transition (EnMT), 

characterized by a loss of junctional Cdh5 expression, developing a protrusion on the cell 

surface, and dismissed form the lumen toward the cardiac jelly to form the valve (Kovacic et 

al., 2012; Steed et al., 2016). Moreover, this process is regulated by the reversing flow through 

upregulation of klf2a and fn1b in the ECs and accumulation of Fn at the atrioventricular canal 

(Vermot et al., 2009; Steed et al., 2016). Here we speculate that the flow inside the DA at 

interrenal region might be the pulsatile flow due to the heartbeat. It suggests that the different 

types of hemodynamic force could regulate organogenesis by similar molecular regulatory 

mechanisms.  

In addition to promote the IRV growth, the blood flow also patterns angiogenesis in other 

tissues through different molecules. The blood flow-induced klf2a in the ECs upregulates the 

expression of the endothelial-specific microRNA, miR126, which in turn enhances the Vegf 

signaling, and so promotes angiogenesis of aortic arch vessels (Nicoli et al., 2010). During 

the formation of hindbrain capillaries, blood flow represses the antigenic sprouting behavior 

of the EC in the newborn vessels and ensures the connection between the artery and vein 

through inhibition of the chemokine cxcl12b and its receptor cxcr4a (Bussmann et al., 2011). 

In addition, the hemodynamic force promotes lumen formation of the ISV, and F-actin as well 

as myosin II are involved in this process (Gebala et al., 2106). Therefore, the hemodynamic 

force can also regulate different developmental processes through various molecular 

mechanisms (Freund et al., 2012).  



Regulation of the chromaffin cell migration 

Unlike the regulation of interrenal medial extension, the blood flow-regulated 

chromaffin cell migration did not go through the Integrin/pFAK signaling (Fig 34). Inhibition 

of the Integrin/pFAK signaling by RGD treatment from the onset of the blood flow did not 

affect the migration of the chromaffin cells (Fig. 34); however, the fn1 mutant exhibited a 

more separated clusters of the chromaffin cell (Fig. 28) than that in the tnnt2a morphant (Fig. 

34). It suggested that the blood flow and the fn1 synergistically regulate the migration of 

chromaffin cell, and fn1 might function earlier than the onset of the blood flow.  

In the chick study, the DA-released BMPs signals mediate the migration of SA cells 

(Reissmann et al., 1996) through the chemokine SDF1/CXCL12 and the epidermal growth 

factor family protein NRG1 (Saito et al., 2012). However, mesenchymal-expressed BMPs 

cannot ectopic induce the expression of SDF1 and NRG, suggesting that there is/are other 

factor(s) that produced by the DA for patterning the SA cell migration. The DA-mediated 

migration of the SA cells does not seem to require the blood flow, due to the fact that the 

transplanted piece of DA can ectopiclly induce the expression of SDF1 and NRG and attract 

the migration of SA cells (Saito et al., 2012; and reviewed in Saito and Takahashi, 2015). 

However, it remains unclear whether the adrenomedullary cells successfully integrate with 

the adrenal cortex in the absent of the blood flow.  

It is a long-time question that whether the adrenal cortex contributes to the migration 

and differentiation of the adrenomedullary cells. In the SF1 knockout mice, despite the 

reduced cell number, the adrenomedullary cells still differentiate and migrate to the region of 

the absent adrenal cortex (Gut et al., 2005). Recently, Saito et al. (2012) demonstrate that both 

the para-DA mesenchyme and the adrenal cortex express NRG1 after the segregation of the 



adrenomedullary cells form the SA cells. In the SF1 knockout mice, the mesenchyme-

expressed NRG1 is unperturbed, so that explains why the adrenomedullary cells still migrate 

near the absent adrenal cortex (Saito et al., 2012). However, it remains unknown why the 

adrenomedullary cells only integrate with the adrenocortical cells but not the mesenchyme. 

Here we have found that some differentiated chromaffin cells migrated ventrally but not 

reached to the interrenal tissue in the blood flow-deficient embryo. Besides the attracting 

signals, the repulsive signals are also important for controlling NCC migration. 

Semaphorin3A/Neuropilin1 is expressed in the mesenchyme of the hindbrain to prevents the 

ectopic migration of the NCCs (Osborne et al., 2005). Furthermore, the Robo-Slit signaling 

can selectively inhibit trunk NCC migration into the gut (De Bellard et al., 2003). So the blood 

flow might initiate the repulsive signals that inhibit the invasion of the chromaffin cell into 

the para-DA mesenchyme. Alternatively, the blood flow might also generate an interrenal 

microenvironment which is independent of either the Integrin/pFAK signaling or the 

mechanotransducer, that attracts the migration of the chromaffin cell.  

 

Endothelial signaling in the kidney and in the adrenal cortex 

Communications between the ECs and the tissue regulate organ development and 

function. Podocyte-produced VEGFs plays critical role for renal angiogenesis, maturation, 

maintenance, and pathogenesis (Bailey et al., 1999; Eremina et al., 2003; Coultas et al., 2005; 

Bartlett et al., 2016). Expression of Vegf-A in the kidney begins from E14 in mice; 30 hpf in 

the zebrafish at the time point of renal angiogenesis, and the expression is maintained till 

adulthood (Tufro et al., 1999; Liang et al., 2001). Studies from human primary culture cell 

have shown that VEGF-A facilitates the proliferation, survival, and fenestration of the 



glomerular EC (Roberts and Palade, 1995; Bates et al., 2002; Satchell et al., 2006). Moreover, 

the roles of VEGF-A for stimulating the formation of renal capillaries and tubules have also 

been found ex vivo (Tufro et al., 1999). Functions of podocyte-expressed VEGF-C on 

glomerular ECs are similar to, but much lower than that of VEGF-A (Foster et al., 2006; 

Joukov et al., 1998), and effects of VEGF-A neutralization can be compensated by exogenous 

VEGF-C (Müller-Deile et al., 2009). On the other hand, VEGF-A and VEGF-C also serve as 

the autocrine factors that promote the survival of the human cultured podocyte through 

elevation of the phosphorylated Akt and phosphorylated Mitogen-activated protein kinases 

(pMAPK) (Foster et al., 2005; Foster et al., 2006; Müller-Deile et al., 2009). The podocyte-

specific VEGF-A homozygous knockout mice die after birth due to the renal failure with 

immature glomerular ECs, while the heterozygous displays the syndrome of end-stage renal 

disease such as loss of endothelial fenestrations, defective podocyte foot processes, and 

proteinuria. Specific overexpression of the VEGF-A164 isoform in the mouse podocyte also 

disrupts the renal function through a collapse of glomerular capillary with podocyte 

hyperplasia (Eremina et al., 2003). Other endothelium-secreted factors are also important for 

renal development and maintenance. Platelet-derived growth factor-B (PDGFB) is expressed 

by the ECs while the PDGF-Rβ, the receptor of PDGFB, is expressed by the mesangial cells 

in the developing and mature glomeruli (Lindahl et al., 1998). Knockout of endothelium-

specific PDGFB results in an absence of the mesangial cell and a dilation of the glomerular 

capillarity tuft at the embryonic stage, however, this glomerular phenotype of the 

endothelium-specific PDGFB knockout mice is recovered after 3 weeks of age (Bjarnegard 

et al., 2004). Furthermore, loss of podocyte-specific VEGF-A also affects the development of 



the mesangial cell (Eremina et al., 2003). These findings suggest that coordination of the 

endothelial signals modulates the formation and function of the glomerulus.  

In mammals, the tissue-specific angiogenic factor endocrine gland-derived VEGF (EG-

VEGF) is expressed in the steroidogenic tissues such as adrenal cortex, ovary, and placenta 

(LeCouter et al., 2001). EG-VEGF activates MAPK signaling pathway and stimulates 

endothelial NO synthase through activation of the Akt pathway that modulates the survival, 

migration, and proliferation of the adrenal cortex-derived endothelial cells (Lin et al., 2002). 

Moreorver, EG-VEGF also plays a role in the adrenal pathogenesis, and a higher expression 

of the nuclear EG-VEGF in the adrenocortical carcinomas is corelated to the lower survival 

rate of the patients (Heck et al., 2015). However, expression of the zebrafish homolog of EG-

VEGF, Prokineticin 2, is in the brain and is elevated in the injury-induced proliferating 

telencephalic cells (Ayari et al., 2010). The VEGF and its receptors such as VEGFRs and 

Angiopoietins are expressed in the normal and cancerous adrenal cortex (Kool et al., 2014). 

In human fetal adrenal cortex, expression of VEGF is higher in the inner FZ and is lower in 

the outer DZ, and this centripetal expression is correlated with both the vasculogenesis 

(Shifren et al., 1998) and the Fn expression (Chamoux et al., 2001) in the fetal adrenal cortex. 

In the adult bovine adrenal cortex, VEGF-A is expressed in both of the glomerulosa and the 

fasciculata cells (Vittet et al., 2000). In addition to regulating hormone secretions, ACTH also 

increase the expression and secretion of the VEGF in primary culture of either human fetal 

adrenal cortical cells or adult bovine adrenocortical cells (Shifren et al., 1998; Vittet et al., 

2000) through protein kinase A signaling pathway (Heikkila et al., 2000). Inhibition of the 

HPA axias by dexamethasone in the mouse inhibits the adrenal size, reduces the corticosterone 

levels, and decreases the expression of VEGF and its receptor Flk-1/KDR (Mallet et al., 2003). 



Moreover, the effect of ACTH on adrenocortical cells can be modulated by the ECMs 

(Chamoux et al., 2005). It is shown in this study that the Fn deposition in the interrenal 

microenvironment was contributed by the ECs and regulated by the blood flow. Thus, it is 

possible that the adrenocortical cell might interact with the ECs in response to ACTH 

stimulation. In addition, downergualtion of vegf reduces the size of zebrafish steroidogenic 

interrenal tissue and is evident at 80 hpf (Liu and Guo, 2006). The earliest stage of zebrafish 

larvae to react to the stress is at 3 dpf, and the controlling of the pituitary on the interrenal 

tissue starts as early as 5 dpf (To et al., 2007). This study shows that the interaction between 

the endothelium and the head kidney regulates the morphogenesis of the head kidney, and 

demonstrates a role of the endothelial signaling for organogenesis before either vessel 

formation or organ function.  
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Table 1. Sequence of MOs 

 

 
Table 2. Plasmids for making anti-sense riboprobes 

Name Sequence  Dosage (pmole) Reference  

etv2MO1 5’-TTGGTACATTTCCATATCTTAAAGT-3’ 1.2 (MO1+MO2) (Sumanas & Lin, 2006) 

etv2MO2 5’-CACTGAGTCCTTATTTCACTATATC-3’ (Sumanas & Lin, 2006) 

flt4MO 5’-TTAGGAAAATGCGTTCTCACCTGAG-3’ 0.7 (Covassin et al., 2006) 

hey2MO 5’-CGCGCAGGTACAGACACCAAAAACT-3’ 1.2 (Zhong et al., 2001) 

klf2aMO 5’-GGACCTGTCCAGTTCATCCTTCCAC-3’ 1.2 (Nicoli et al., 2010)  

mmp2MO 5’-GGGAGCTTAGTAAACACAAACCTGT-3’ 1.2 (Detry et al., 2012) 

osr1MO 5’-ATCTCATCCTTACCTGTGGTCTCTC-3’ 0.9 (Mudumana et al., 2008) 

pkd2MO 5’-AGGACGAACGCGACTGGAGCTCATC-3’ 0.5 (Sun et al., 2004) 

tal1MO1(scl) 5’-GCGGCGTTACCTGTTAATAGTGGCG-3' 1.2 (MO1+MO2) (Dooley et al., 2005) 

tal1MO2(scl) 5’-AATGCTCTTACCATCGTTGATTTC-3' (Dooley et al., 2005) 

sox32MO 5’-CAGGGAGCATCCGGTCGAGATACAT-3’ 0.5 (Dickmeis et al., 2001) 

STD-MO 5'-CCT CTTACCTCAGTTACAATTTATAA-3’ 1.4  

tnnt2aMO 5’-CATGTTTGCTCTGATCTGACACGCA-3’ 1 (Sehnert et al., 2002) 

vegfCMO 5’-GAAAATCCAAATAAGTGCATTTTAG-3’ 1 (Ober et al., 2004) 

Insert  Vector Restriction enzyme for linearization/ Transcription enzyme Labelling 

dβh pGEMT NcoI/SP6 DIG 

ephb2 pSPORT1 SalI/SP6 DIG 

flt4 pBK-CMV EcoRI/T7 DIG 

ff1b pGEMT-easy SalI/T7 Flu 

wt1a pCRII-TOPO BamHI/T7 DIG or Flu 

wt1b pCRII-TOPO BamHI/T7 DIG or Flu 



Table 3. Concentration of primary antibodies 

Table 4. Phenotypic analysis of interrenal morphogenesis in etv2 morphants 

Table 5. Phenotypic analysis of interrenal migration in hey2 MO- or hey2 mRNA-injected embryos 

 

Name Concentration  Host  Brand  

anti-βCatenin 1:50 Rabbit Sigma 

anti-Cdh1 1:200 Rabbit GeneTex 

anti-Fn 1:200 Rabbit Sigma 

anti-Laminin 1:200 Rabbit Abcam 

anti-pFAK 1:100 Rabbit BD Transduction Laboratories 

anti-Vimentin 1:200 Mouse Abcam 

anti-VegfC 1:50 Rabbit Santa Cruz 

  Control  etv2MO 

 Morphology of the interrenal tissue No. (%) No. (%) 

Normal Single cluster to the right of the midline 112 (96.6)  12 (11.3) 

Class(I) Single cluster from the midline fusion of bilateral ones 0  36 (34.0) 

Class(II) Bilateral elongated clusters with caudal fusing at the midline  0  31 (29.2) 

Class(II) Bilateral clusters across the midline 4 (3.4) 27 (25.5) 

Total   116  106  

     Control  hey2MO hey2mRNA 

Morphology of the interrenal tissue No. (%) No. (%) No (%) 

Bilateral clusters widely across the midline 0  0  76 (30.1) 

Bilateral clusters immediately across the midline 2 (1.4) 2 (3.2) 45 (17.9) 

Single cluster at the central midline 0  60 (95.2) 74 (29.4) 

Single cluster to the left of the midline 7 (5.0) 0  38 (15.1) 

Single cluster to the right of the midline 131 (93.6) 1 (1.6) 19 (7.5) 

Total  140 (100) 63 (100) 252 (100) 



Fig. 1. Schematic diagram of the mammalian adrenal gland and the
zebrafish interrenal gland.

(A). The mammalian adrenal gland contains the outer cortex and the inner
medulla. (modified from McKinley and O'Loughlin, 2008) (B). The
zebrafish interrenal gland contains the steroidogenic interrenal tissue which
is counterpart of the adrenal cortex, and the chromaffin cell which is
counterpart of the adrenal medulla.

Fig 2. The HPA axis (HPI axis in fish).

The HPA/HPI axis is activated in response to the stress, the hormones are
transported through the blood flow. The CRH is produced by the
hypothalamus, which stimulates the anterior pituitary to release ACTH.
ACTH stimulates the adrenal cortex (in mammalian) or the interrenal tissue
(in teleosts) to release corticosteroids which are received by the targets such
as the liver, the kidney and the muscle. (reviewed in Lightman and
Conway-Campbell, 2010)



Fig. 3. Morphogenetic movements of the interrenal tissue and the
chromaffin cell.

Schematic diagram of the functional assembly of the zebrafish interrenal
gland, dorsal view. The interrenal tissue (red) extended to the midline
during 2 to 3 dpf, at the meantime, the chromaffin cell (black) migrated
bilaterally from the dorsal along the notochord to reach the interrenal tissue.



Fig. 4. Morphogenetic movements of the head kidney and the EC in the
zebrafish.

(A). Schematic diagram of the zebrafish vasculature at the midtrunk at 24
hpf, dorsal view with anterior to the top (modified form Lawson and
Weinstein, 2002). (B). Schematic diagram of midline convergences of the
head kidney and the ECs (modified from Liu, 2007). Bilateral common
precursors of the head kidney arise before 17 hpf and co-migrate toward the
midline with the adjacent angioblasts. Precursors of the interrenal tissue (IR)
are specified form the pronephric region around 22 hpf, fuse after 24 hpf,
and differentiate around 28 hpf. The angioblasts assemble at the midline and
formed the DA and the PCV. The bilateral pronephric glomeruli (G) later
fuse at the midline around 2 dpf.



Fig. 5. The phenotype of the head kidney in the cas mutant.

Two color ISH of either wt1a (black) plus ff1b (red) or wt1b (black) plus
ff1b (red) in the wildtype sibling and the cas mutant at 34 hpf. Both wt1a
and wt1b represented the pronephric glomerulus while ff1b represented the
interrenal tissue. In the wildtype sibling, two clusters of the glomeruli were
immediately associated, while the fused interrenal tissue caudal to the
glomeruli. In the cas mutant, midline convergence of both the pronephric
glomerulus and the interrenal tissue was severely inhibited.





Fig. 6. Effects of sox32MO injection on the head kidney and the
vasculature.

(A). Schematic diagram of a Tg(wt1b:GFP)li1 embryo assayed for 3βHsd
enzymatic activity staining, dorsal view with anterior to the top. (B).
Tg(wt1b:GFP)li1 embryos were injected with standard control morpholino
(STD-MO) or sox32MO, and assayed for 3βHsd enzymatic activity staining.
The pronephros was marked by GFP and the interrenal tissue was visualized
by 3βHsd enzymatic activity assay. Midline convergence of the head kidney
was severely inhibited in the sox32 morphant, distance between the bilateral
interrenal tissues and distance between the bilateral pronephric glomeruli
were quantified in panel C and D, respectively. (E). Dorsal views of the
Tg(wt1b:GFP)li1xTg(kdrl:mCherry)ci5 embryo with anterior to the top. The
pronephros was marked by GFP; the EC was marked by red fluorescence;
and the interrenal tissue was visualized by 3βHsd enzymatic activity assay.
Angiogenesis of the pronephric glomerulus could be found in the control
embryo (indicated by yellow arrows), but not in the sox32 morphant
(marked by white asterisks). (F). Dorsal view of Tg(kdrl:GFP)s843 embryos.
In the control embryo, the interrenal tissue was sandwiched between the DA
and the right branch of the PCV, but in the sox32 morphant, the bilateral
interrenal tissues were disassociated with the DA and still tight associated
with the malformed PCV. The formation of LDA (red arrowhead) was
inhibited in the sox32 morphant (the absence of LDA was marked by red
asterisks). (student’s t-test, ***p<0.001; scale bar, 50 μm)



Fig. 7. Confocal images of the pkd2MO-injected Tg(fli1:EGFP)y1

embryos at 2 dpf.

(A). The pkd2 morphant displayed the curly tail phenotype and
phenocopied the pkd2 mutant (lateral view). Scale bar, 100 μm. (B-E). The
interrenal tissue was detected by 3βHsd enzymatic activity staining and its
neighboring endothelium was labeled by GFP (dorsal view with anterior
oriented to the top). Loss of pkd2 resulted in disruption of the left-right
asymmetry, the steroidogenic interrenal tissue displayed randomization of
the laterality. Orange arrows indicated interrenal tissues and yellow
arrowheads indicated the pronephric glomerulus. Scale bar, 50 μm.





Fig. 8. osr1MO co-injection alleviated midline convergence defects of the
head kidney in the endodermless embryo.

(A-D). Dorsal views of Tg(wt1b:GFP)li1 embryos at 34 hpf. The pronephric
morphology was represented by GFP and the steroidogenic cell was marked
by 3βHsd staining (orange arrow). The severe defective midline convergence
of the head kidney in the sox32 morphant (B) and the loss of proximal
pronephric tubule in the osr1 morphant (C) were rescued by double
knockdown of osr1 and sox32 (D). Distance between the bilateral interrenal
tissues and distance between the bilateral pronephric glomeruli were
quantified in panel I and J, respectively. (E-H). Dorsal views of
Tg(sox17:GFP)s870 embryos at 34 hpf. The GFP represented the endoderm
tissues, such as pancreas (p) and gut, which were absent in the endodermless
embryo (F). The endoderm loss in the sox32 morphant was rescued by a
simultaneous knockdown of osr1 (H). (K). Staining of α6F showed that the
anterior pronephric tubules was absent (white basket) in the osr1 morphant,
and that could be rescued by additional knockdown of sox32. (G, glomerulus;
pt, pronephric tubule.)





Fig. 9. Transplantation of sox32-overexpressed cells into the sox32
morphant. 

(A). Schematic diagram of the transplantation experiment. The donor
embryo was injected with sox32 mRNA and fluorescent dextran at 2- to 4-
cell stage, and some cells were taken off from the animal pole at
midblastula stage. The recipient was injected with sox32MO at one-cell
stage, and the dextran-labelled cells form the donor embryo were
transplanted into the margin of the blastoderm of the recipient. (B-D). The
interrenal morphology in the control embryo, the sox32 morphant, and the
recipient. (Dorsal view, the interrenal tissue was indicated by orange arrows)
(E). Lateral view with anterior to the left of the recipient at 48 hpf. The
dextran-labelled sox32-overexpressing cells (white arrowheads) were
associated with the venous endothelium (marked by GFP). (F,G).
Quantifications of distance between the bilateral interrenal tissues and
distance between the bilateral pronephric glomeruli. In the recipient, the
distance between the bilateral interrenal tissue and the distance between the
bilateral PCV were similar to that in the control embryo and were much
lower than that in the sox32 morphant.



Fig. 10. The severe midline convergence phenotype of the head kidney
in the sox32 morphant was suppressed by a knockdown of etv2.

(A-E). Dorsal views of Tg(wt1b:GFP)li1 embryos at 34 hpf. Distance
between the bilateral interrenal tissues and distance between the bilateral
pronephric glomeruli were quantified in panel F and G, respectively.
(student’s t-test, *p<0.05, ***p<0.001)
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Fig. 11. The severe midline convergence phenotype of the head kidney
in the sox32 morphant was suppressed by a knockdown of tal1.

(A-E). Dorsal views of Tg(wt1b:GFP)li1 embryos at 34 hpf. Distance
between the bilateral interrenal tissues and distance between the bilateral
pronephric glomeruli were quantified in panel F and G, respectively.
(student’s t-test, ***p<0.001)
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Fig. 12. Effects of etv2MO/sox32MO and tal1MO/sox32MO on
developments of the EC and the head kidney.

Dorsal views of Tg(kdrl:GFP)s843 embryos at 34 hpf. The kdrl-driven GFP
was reduced in the etv2 morphant (C’) and was nearly absent in the
sox32MO/etv2MO double morphant (D’), the tal1 morphant (E’), and the
sox32MO/tal1MO double morphant (F’). Although the interrenal tissue
displayed an unfused phenotype in either the sox32/etv2 double morphant or
the sox32MO/tal1MO double morphant, the distance between the bilateral
interrenal tissues was shorter than that in the sox32 morphant. It suggested
that simultaneously disrupted the endothelium could rescue the severe
midline convergence phenotype of the steroidogenic interrenal tissue in the
endodermless embryo.



Fig. 13. Expression of VegfC of mRNA and protein levels.

(A). Two color ISH of vegfC plus wt1b and vegfC plus ff1b in the wildtype
embryo at 25 hpf, ventral flat-mount view. The vegfC mRNA expression
(indicated by white arrows) was colocalized with either the wt1b-expressing
pronephros (left panel) or the ff1b-expressing interrenal tissue (right panel).
(B). Schematic diagram of the section of the pronephric glomerulus. (C).
Confocal image of the IHC staining in a wildtype Tg(wt1b:GFP)li1 embryo
at 34 hpf. The VegfC protein could be detected at the pronephric glomerulus,
neural cells (indicated by yellow arrows), and gut. (G, gut; PG, pronephric
glomerulus; NT, neural tube; NC, notochord; vibratome section, 100 μm)



Fig. 14. Severe convergence defect of the interrenal tissue in the 
endodermless embryo was VegfC/Flt4-dependent.

Dorsal view of Tg(kdrl:GFP)s843 embryos at 34 hpf. Either the
sox32MO/vegfCMO double morphant or the sox32MO/vegfCMO double
morphant displayed a milder defect in midline convergence of the interrenal
tissue than in the sox32 morphant, suggesting that the VegfC/Flt4 signaling
might be required for head kidney-venous EC interaction. (CCV, common
cardinal vein )



Fig. 15. VegfC/Flt4 signaling is required for head kidney-venous EC
interaction.

(A). Distance between the bilateral interrenal tissues and between the
bilateral edges of the PCV at the level of the interrenal tissue. (B). Dorsal-
lateral view of Tg(kdrl:GFP)s843 embryos at 34 hpf. In either the
sox32MO/vegfCMO double morphant or the sox32MO/vegfCMO double
morphant, the interrenal tissue was disassociated with the PCV but re-
associated with the DA.



Fig. 16. Summary of the Part 1 study.  

(A). The control embryo. The head kidney and the angioblast were attracted
by the midline signal and migrated toward the midline. (B). The sox32
morphant. Midline convergence of the head kidney was severely inhibited
due to the defective migration of the venous angioblast. (C,D). The severely
defective midline convergence of the head kidney in the sox32 morphant
was rescued by either simultaneous inhibition of the angioblast (C) or
breakage the interaction between the angioblast and the head kidney (D).



Fig. 17. Midline fusion and lateral relocalization of the interrenal tissue. 

(A). Confocal images of Tg(ff1bEx2:GFP) embryos. The ff1b-expressing
cell was labeled by GFP and the steroidogenic cell was visualized by 3βHsd
enzymatic activity staining. The colocalization of the GFP-expressing cell
and the 3βHsd staining cell indicated that the GFP represented both the
differentiated and undifferentiated interrenal tissue. (B). Confocal time-
lapse images of a live Tg(ff1bEx2:GFP) embryo (dorsal view with anterior
to the top, time is indicated by hours:minutes). (C). Relative increased size
of interrenal fluorescence. (D). ISH of ff1b in wildtype embryos at 21-, 22-,
24-, and 26-somite stages (21- 26S; ventral flat mount views). Bilateral
interrenal tissues migrated toward the midline and fused at the central
midline during 22 to 24 somite stage, and laterally relocated to right of the
midline before 26 somite stage. (S2, S3, and S4; the second, third and the
forth somite; white arrowhead/red arrow, interrenal tissue; m, muscle cell.
Scale bar, 50 μm)



Fig. 18. Phenotypes of the steroidogenic interrenal tissue and the
vasculature in the etv2 morphant and tnnt2a morphant at 2 dpf.

Confocal images of Tg(fli1:EGFP)Y1 embryos injected with STD-MO (A)
or etv2MO (B-D) or tnnt2aMO (E,F), and assayed for 3βHsd enzymatic
activity staining. Formation of the axial vessel was severely reduced and
central fusion of the interrenal tissue was inhibited in the etv2 morphant.
The phenotypic analysis of interrenal morphogenesis was shown in table 4.
Knockdown of tnnt2a did not affect interrenal central fusion but inhibited
interrenal lateral relocalization (E). Angiogenesis of both the glomerular
capillary and the ISV was also unperturbed in the tnnt2a morphant. (A-E,
Dorsal view with anterior to the top. F, Lateral view. Yellow arrowhead,
pronpehric glomerulus; orange arrow, interrenal tissue. Scale bar, 50 μm)



Fig. 19. Phenotypes of the interrenal tissue and the vasculature in the
hey2 morphant.

(A-D). Two-color ISH of either ff1b (red) plus ephb2a (black) or ff1b (red)
plus flt4 (black) in the control embryo (A,C) or in the hey2 morphant (B,D)
at 35 hpf, ventral flat mount views with anterior to the top. Inhibition of
hay2 reduced the expression of arterial marker ephb2a, while the expression
of venous marker flt4 seemed not be affected. (E-H). Confocal images of
Tg(kdr:EGFP)s843 embryos uninjected or injected with hey2MO, and
assayed for GFP and 3βHsd enzymatic activity staining at 54 hpf. In the
control embryo, interrenal tissue was associated tightly with the DA and the
right branch of the PCV (E,F). In the hey2 morphant, formation of DA and
ISV was inhibited, and the interrenal tissue was arrested at central midline
(G,H). (G, glomerulus; DA, dorsal aorta; ISV, intersegmental vessel; PCV,
posterior cardinal vein; DC, duct of Cuvier. Scale bar, 50 μm)





Fig. 20. Effects of hey2 mRNA injection on axial vessel formation and 
interrenal migration. 

(A). Two-color ISH of either ff1b (red) plus flt4 (black) or ff1b (red) plus
ephb2a (black) in the control embryo (a, g) or in the hey2-overexpressed
embryo (b-f, h-i) at 35 hpf. Overexpression of hay2 reduced the expression
of venous marker flt4 and affected the expression of arterial marker ephb2a.
(Ventral flat mount views with anterior to the top) (B,C). Confocal images
of Tg(kdr:EGFP)s843 embryos uninjected (a) or injected with hey2 mRNA
(b-f), and assayed for GFP and 3βHsd activity staining at 34 hpf with dorsal
views (B) or lateral views (C). In the hey2-overexpressed embryo, formation
of the vein and the ISV was reduced and morphology of the DA was also
abnormal. Migration phenotype of the interrenal tissue in the hey2-
overexpressed embryo could be divided into five classes (Class I-V), and the
phenotypic analysis was shown in table 5. (Scale bar, 50 μm)





Fig. 21. Effects of the blood flow on interrenal and pronephric
development.

(A,B). Confocal images of the Tg(wt1b:GFP)li1 uninjected (A) or injected
with tnnt2aMO (B), and assayed for 3βHsd enzymatic activity staining at 34,
54, and 77 hpf. Morphogenetic movements of the pronephros and the
interrenal tissue were defective in the absence of blood flow. In the control
embryo, steroidogenic interrenal tissue formed a protruding extension (red
arrow) across the midline by 54 hpf, while the pronephric glomerulus (G,
yellow arrowheads) assembled at the midline by 77 hpf. Medial extension of
the interrenal tissue and midline assembly of the pronephros were disrupted
in the flowless tnnt2a morphant. (C). Schematic diagram displayed the
measurement of the interrenal tissue medial extension. The negative value
meant that the interrenal tissue across to the midline, and the positive value
meant that the interrenal tissue did not reach to the midline. (D). Statistics of
the distance between the tip of the interrenal tissue and the midline. In the
control embryo, the value of the distance was negative at 77 hpf and was
different to that at either 34 or 54 hpf, suggesting that the interrenal tissue
extended across to the midline. However, in the tnnt2a morphant, the value
of the distance did not show a significant difference among the different
stages. It suggested that the inhibition of the blood flow inhibited medial
extension of the interrenal tissue. (E). Statistics of the 3βHsd staining in the
control embryo and the tnnt2a morphant at 34, 54, and 77 hpf. The relative
density of 3βHsd was increased in the later stage, and there was no
significant difference between the control embryo and the tnnt2a morphant
when they at the same stage. (ANOVA and Duncan’s multiple test, P<0.05;
the different letters above the histograms meant the significant difference
among each other)





Fig. 22. Inhibition of the blood flow represses interrenal medial
extension and IRV growth.

Tg(kdrl:GFP)s843 embryos were treated with 2,3-BDM from 1.5 dpf
onwards to 2.5 dpf. (A). Heartbeat counting after 2,3-BDM treatment (1.5
dpf). Heartbeat of the 2,3-BDM-treated embryo was significantly reduced
compared to the control embryo. (B-D). Dorsal views, the medial extension
of the steroidogenic interrenal tissue (orange arrow) was inhibited by 2,3-
BDM treatment, but the morphology of the axial vessels was unperturbed.
(F-H). Transverse sections, angiogenesis of the IRV (red arrow) was
reduced in 2,3-BDM-treated embryos. Medial extension of the interrenal
tissue and length of the IRV were quantified in panel E and I, respectively.
(student’s t-test, *p<0.05, ***p<0.001, N.S, not significant; G, pronephric
glomerulus; IR, interrenal tissue; NC, notochord; S, somite; vibratome
section, 100 μm; scale bar, 50 μm.)



Fig. 23. Recovery of the blood flow rescued the defective medial
extension of the interrenal tissue.

(A-E). Dorsal views of the Tg(kdrl:GFP)s843 embryos treated by 6 mM 2,3-
BDM form 1.5 dpf to 2.5 dpf (B), or from 1.5 dpf to 3 dpf (D), or form 1.5
dpf, recovery at 2.5 dpf, and fixed at 3 hpf (E). (F). Heartbeat counting after
2,3-BDM treatment (1.5 dpf), or after 2,3-BDM washout (2.5 dpf), or before
fixation (3 dpf). Compared to the control embryo, heartbeat of the 2,3-
BDM-treated embryo was significantly reduced. In addition, the heartbeat
was immediately recovered after washout of the 2,3-BDM. (G). Statistics of
interrenal tissue medial extension. Inhibition of the blood flow by 2,3-BDM
inhibited the medial extension of the interrenal tissue, and that could be
rescued by washing out of the 2,3-BDM at 2.5 dpf. (ANOVA and Duncan’s
multiple test, P<0.05; the different letters above the histograms meant the
significant difference among each other; scale bar, 50 μm)



Fig. 24. Recovery of the blood flow rescued the growth of the IRV.

(A-E). Transverse section of the Tg(kdrl:GFP)s843 embryos treated by 6 mM
of 2,3-BDM form 1.5 dpf to 2.5 dpf (B), or from 1.5 dpf to 3 dpf (D), or form
1.5 dpf, recovery at 2.5 dpf, and fixed at 3 hpf (E). (F). Statistics of the IRV
length. Inhibition of the blood flow by 2,3-BDM inhibited the angiogenesis
of the IRV, and that could be rescued by washing out of the 2,3-BDM at 2.5
dpf. (ANOVA and Duncan’s multiple test, P<0.05; the different letters above
the histograms meant the significant difference among each other; NC,
notochord; IR, interrenal tissue; S, somite, vibratome section, 100 μm; scale
bar, 50μm)
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Fig. 25. Effects of norepinephrine on interrenal medial extension and
IRV growth.

Tg(kdrl:GFP)s843 embryos were treated with norepinephrine from 33 hpf to
2 dpf. (A-C). Dorsal views, acceleration of the blood flow promoted
interrenal tissue medial extension, there was a protrusion (red arrow) of the
interrenal tissue in the norepinephrine-treated embryo at 2 dpf. (D).
Heartbeat counting after norepinephrine treatment (at 33 hpf). The heart rate
was increased and displayed a dose-dependent effect in norepinephrine-
treated embryos. (E-G). Transverse sections, the length of IRV was
elongated in the norepinephrine-treated embryo. Medial extension of the
interrenal tissue and length of the IRV were quantified in panel D and H,
respectively. (student’s t-test, *p<0.05, N.S, not significant; NC, notochord;
IR, interrenal tissue; S, somite; vibratome section, 100 μm)



Fig. 26. Fn deposition at peri-interrenal region was contributed by the
EC.

(A). Two color ISH of the fn1(black) and ff1b (red) at 2 dpf. The fn1 was
expressed around the the DA, and enriched in the ventral region of the DA
(indicated by the white arrowhead). (B,C). Tg(kdrl:GFP)s843 embryos
uninjected (B) or injected with etv2MO (C), assayed for 3βHsd enzymatic
activity staining, and IHC of Fn in the transverse section at 34 hpf.
Accumulation of the Fn in the DA and the peri-interrenal region was
reduced in the etv2 morphant. (NC, notochord; NT, neural tube; IR,
interrenal tissue; SB, swim bladder; S, somite; vibratome section, 100 μm;
scale bar, 50 μm.)



Fig. 27. Phenotypes of interrenal development in the fn1 mutant.

(A). Ventral flat mount views with anterior to the top of the fn1 mutant and
its wildtype sibling. The interrenal tissue developed a protruding (white
arrow) in the control embryo, but not in the fn1 mutant. In fn1 class (I)
mutant, medial extension of the interrenal tissue was inhibited; the fused
interrenal tissue failed to extend across the midline. In fn1 class (II) mutant,
midline convergence of the interrenal tissue was inhibited; the bilateral
interrenal tissues could not fuse even at 74 hpf. The relative density of the
3βHsd was quantified in panel B. (C). ISH of ff1b in the fn1 mutant and its
wildtype sibling at 24 hpf, ventral flat-mount view. (D). Two color ISH of
the wt1a (black) and ff1b (red) at 33hpf, ventral flat-mount view. The
relative expression of ff1b and the number of ff1b-experssing cell were
illustrated in panel E and F, respectively. Loss of fn1 reduced interrenal
differentiation, but not affect its specification. (student’s t-test, ***p<0.001,
*p<0.05, N.S, not significant; S3 and S4, the third and fourth somite)



Fig. 28. Loss of fn1 disrupted functional assembly of interrenal gland.

Two-color ISH of dβh (black) and ff1b (red) in the fn1 mutant and its
wildtype sibling at 54 (A-C) and 77 hpf (D-J), ventral flat mount views.
(A-C). At 54 hpf, the dβh-expressing chromaffin cell migrated into the
ff1b-expressing interrenal tissue in the wildtype sibling, but the migration
of chromaffin cell was inhibited in the fn1 mutant. (D,E). The interrenal
tissue was intermingled with the chromaffin cell in the wildtype sibling at
77 hpf. (F-J). The defective morphogenetic movements of both interrenal
tissue and chromaffin cells resulted in an incomplete assembly of the
interrenal organ in the fn1 mutant at 77 hpf.





Fig. 29. Inhibition of the blood flow affected Fn deposition and pFak
expression at the interrenal tissue.

(A-C). Tg(ff1bEx2:GFP) embryos uninjected (A) or injected (B) with
tnnt2aMO, or treated with 2,3-BDM from 1.5 dpf to 2.5 dpf (C), were
analyzed for 3βHsd enzymatic activity assay, vibratome sections, and IHC
of Fn. The Fn was accumulated at DA and IRV, and the pFAK was
expressed in the interrenal tissue at control embryos (A). In blood flow-
deficient embryos (B,C), the pattern of Fn deposition in the interrenal
microenvironment was abnormal, and the activation of FAK in the
interrenal tissue was inhibited. The fluorescent intensities of Fn at DA and
IRV (ROI, marked by white lines), and the fluorescent intensities of pFAK
at interrenal tissue (ROI, marked by orange lines) were quantified in panel
D and E, respectively. The fluorescent intensities of Fn among the control
embryo and the blood flow-defective embryos were not significantly
different, but the fluorescent intensities of pFAK at the interrenal tissue was
reduced in the blood flow-defective embryos compared to the control
embryo. (student’s t-test, ***p<0.001, N.S, not significant; NC, notochord;
S, somite; IR, interrenal tissue; SB, swim bladder; vibratome section, 100
μm; scale bar, 50 μm.)



Fig. 30. Defective interrenal medial extension in either klf2a morphants
or mmp2 morphants.

(A-C). Confocal images of Tg(kdrl:GFP)s843 uninjected (A) or injected
klf2aMO (B), or mmp2MO (C) and assayed for 3βHsd enzymatic activity
staining at 34 hpf. Knockdown of either klf2a or mmp2 did not affect the
development of the vasculature, but inhibited the medial extension of the
interrenal tissue. (D). Statistics of the interrenal tissue medial extension.
Scale bar, 50 μm.



Fig. 31. IRV growth, Fn deposition, and pFAK expression in klf2a and
mmp2 morphants.

(A-C). Confocal images of Tg(kdrl:GFP)s843 uninjected (A) or injected
klf2aMO (B), or mmp2MO (C) and assayed for 3βHsd enzymatic activity
staining, vibratome sectioning, and IHC of Fn plus pFAK at 34 hpf. The
length of IRV, fluorescent intensities of Fn at DA and IRV (ROI), and the
fluorescent intensities of pFAK at interrenal tissue (ROI) were quantified in
panel D. Compared to the control embryo, angiogenesis of IRV,
accumulation of Fn in the DA as well as the IRV, and activation of FAK
were reduced in either the klf2a morphant or the mmp2 morphant. (student’s
t-test, ***p<0.001, *p<0.05, N.S, not significant; NC, notochord; vibratome
section, 100 μm; scale bar, 50 μm.)



Fig. 32. Morphology change and migration of the steroidogenic
interrenal cell during interrenal organ assembly.

(A). Ventral flat-mount views of wildtype embryos assayed for 3βHsd
enzymatic activity staining at 28, 34, 48, 60, 72, 84, and 97 hpf. Before
interrenal medial extension (28, 34, and 48 hpf), the interrenal cell
associated tightly to each other. After interrenal medial extension (72, 84,
and 97 hpf), the steroidogenic cell lose of cell-cell contact and with some
protrusions on the cell surface. (B). Camptothecin treatment from 48 hpf to
57 hpf. Although the cell number was reduced by camptothecin treatment,
the interrenal tissue still success extended across to the midline, suggesting
that interrenal medial extension through cell-shape change and migration
rather than cell proliferation.



Fig. 33. Steroidogenic interrenal cells underwent an EMT-like change
by the hemodynamic force and pFAK signaling.

(A-G). Tg(ff1bEx2:GFP) embryos were uninjected (A,B), injected with
tnnt2aMO (C), klf2aMO (F) or mmp2MO (G), or treated with 2,3-BDM (D)
or RGD (E), and analyzed for vibratome sections and IHC of β-Catenin. In
the control embryo, β-Catenin was accumulated at the cell junction of the
GFP-labelled interrenal tissue at 2 dpf (A), but that expression was
decreased at 2.5 dpf (B), suggesting an EMT-like change in the interrenal
cell during interrenal tissue medial extension. However, in blood flow-
defective embryos (C,D), pFAK signaling inhibited embryos (E), klf2a
morphants (F), or mmp2 morphants (G), the interrenal tissue failed to extend
across the midline and still maintained junctional β-Catenin at 2.5 dpf. The
fluorescence intensity of β-Catenin in the interrenal tissue (ROI, marked by
orange lines) was measured and was normalized to the size of the cluster.
(The symbol above the histograms was the result of comparison with the 2
dpf control embryo by student’s t-test, *p<0.05, N.S, not significant; NC,
notochord; vibratome section, 100 μm; scale bar, 50 μm.)



Fig. 34. Effects of tnnt2aMO, klf2aMO, mmp2MO, and RGD-treatment
on the functional assembly of the interrenal gland.

(A-E). Double ISH of ff1b (red) and dbh (black) of the control embryo (A),
the RGD-treated embryos (B), the mmp2 morphant (C), the tnnt2a morphant
(D), and the klf2a morphant (E); ventral flat mount views. The dbh-
expressing chromaffin cell was fully colocalized with the ff1b-expressing
interrenal tissue in control embryos. Migration of the chromaffin cell
seemed not be affected in the RGD-treated embryo, the mmp2 morphant,
and the klf2a morphant, but medial extension of the interrenal tissue was
failed in these embryos, resulted in an incomplete assembly of the interrenal
organ. In the tnnt2a morphant, the functional assembly of the interrenal
organ was severely inhibited. The chromaffin cell (yellow arrowheads)
failed to converge at the interrenal area, and the medial extension of the
interrenal tissue was also inhibited.



Abbreviation  Full name 

2,3-BDM 2,3-Butanedione monoxime 

3βHsd 3β-Hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase 

α6F α-1 subunit of Na/K ATPase 

ACTH adrenocorticotropic hormone 

AGP adrenogonadal primordium 

ANOVA analysis of variance 

BCIP 5-Bromo-4-chloro-3-indolyl phosphate 

BMP bone morphogenetic protein 

cas casanova 

CCV common cardinal vein 

cited2 cAMP-response element binding protein binding protein/p300-

interacting transactivator, with Glu/Asp-rich carboxy-terminal 

domain, 2 

clo cloche 

CRF corticotropin-releasing factor 

cxcl12 chemokine (C-X-C motif) ligand 12 

DA dorsal aorta 

dβh dopamine beta-hydroxylase 

DIG Digoxigenin 

DMSO dimethyl sulfoxide 

dpf days post-fertilization 

DZ definitive zone 

E embryonic day 

EC endothelial cell 

ECM extracellular matrix 

egfl7 EGF-like domain 7 

eg-vegf endocrine gland derived-vascular endothelial growth factor 

EMT epithelial-to-mesenchymal transition 

EnMT endothelial-to-mesenchymal transition 

ephb2a eph receptor B2a 

erbbs erb-b2 receptor tyrosine kinases 

ETS E26 transformation–specific sequence 

etv2 ets variant 2  



FCS fetal calf serum 

flk1 fetal liver kinase-1 

flt4 Fms-related tyrosine kinase 4 

Flu Fluorescein 

fn fibronectin 

FZ fetal zone 

GBM glomerular basement membrane 

GFP green fluorescent protein  

hey2 hes-related family bHLH transcription factor with YRPW motif 2 

HPA hypothalamic-pituitary-adrenal 

hpf hours post-fertilization 

IHC Immunohistochemistry   

IRV interrenal vessel 

ISH in situ hybridization 

ISV intersegmental vessel  

kdrl kinase insert domain receptor like 

klf Krüppel-like transcription factor 

LDA lateral dorsal aortae 

MET mesenchymal-to-epithelial transition 

mmp2 matrix metalloproteinase-2 

MO anti-sense morpholino 

NBT nitroblue tetrazolium 

NCC neural crest cells 

NO  nitric oxide 

nrg1 neuregulin 1 

osr1 odd-skipped related transcription factor 1 

pax paired-box transcription factor 

PBDTx 1% BSA, 1% DMSO, 0.1% Triton X-100 in PBS 

PBS Phosphate-buffered saline 

PBST Phosphate-buffered saline containing 0.1% Tween 20 

PBSTx PBS containing 0.5% Triton X-100 

PCT proximal convoluted tubules 

PCV posterior cardinal vein 



 

 

 

 

 

 

 

 

 

 

 

 

 

pFAK phosphorylated focal adhesion kinase 

pdgfB platelet-derived growth factor-B  

PFAT paraformaldehyde containing 0.1% Tween 20 

pSmad phosphorylated SMAD family member 

RGD L-arginyl-L-glycyl-L-aspartic acid 

ROI region of interest 

SA sympatho-adrenal 

sdf1 stromal derived factor 1 

SEM standard error of the mean 

sf1 steroidogenic factor 1 

SIV subintestinal vessel 

sox32 SRY (sex determining region Y)-box 32 

tal1 T-cell acute lymphocytic leukemia 1 

tnnt2a cardiac troponin T2 

vegf vascular endothelial growth factor receptor 

wt1 Wilm’s tumor suppressor 

YSL yolk syncytial layer 
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Abstract

Background: While the endothelium-organ interaction is critical for regulating cellular behaviors during development and
disease, the role of blood flow in these processes is only partially understood. The dorsal aorta performs paracrine functions
for the timely migration and differentiation of the sympatho-adrenal system. However, it is unclear how the adrenal cortex
and medulla achieve and maintain specific integration and whether hemodynamic forces play a role.

Methodology and Principal Findings: In this study, the possible modulation of steroidogenic and chromaffin cell
integration by blood flow was investigated in the teleostean counterpart of the adrenal gland, the interrenal gland, in the
zebrafish (Danio rerio). Steroidogenic tissue migration and angiogenesis were suppressed by genetic or pharmacologic
inhibition of blood flow, and enhanced by acceleration of blood flow upon norepinephrine treatment. Repressed
steroidogenic tissue migration and angiogenesis due to flow deficiency were recoverable following restoration of flow. The
regulation of interrenal morphogenesis by blood flow was found to be mediated through the vascular microenvironment
and the Fibronectin-phosphorylated Focal Adhesion Kinase (Fn-pFak) signaling. Moreover, the knockdown of krüppel-like
factor 2a (klf2a) or matrix metalloproteinase 2 (mmp2), two genes regulated by the hemodynamic force, phenocopied the
defects in migration, angiogenesis, the vascular microenvironment, and pFak signaling of the steroidogenic tissue observed
in flow-deficient embryos, indicating a direct requirement of mechanotransduction in these processes. Interestingly,
epithelial-type steroidogenic cells assumed a mesenchymal-like character and downregulated b-Catenin at cell-cell
junctions during interaction with chromaffin cells, which was reversed by inhibiting blood flow or Fn-pFak signaling. Blood
flow obstruction also affected the migration of chromaffin cells, but not through mechanosensitive or Fn-pFak dependent
mechanisms.

Conclusions and Significance: These results demonstrate that hemodynamically regulated Fn-pFak signaling promotes the
migration of steroidogenic cells, ensuring their interaction with chromaffin cells along both sides of the midline during
interrenal gland development.
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Introduction

Although blood vessels have long been known to respond to

hemodynamic forces through mechanotransduction, only recently

have researchers begun to understand the influence of hemody-

namics on organogenesis through modulation of cellular behav-

iors, the extracellular matrix (ECM) microenvironment, as well as

cell signaling events [1]. The early zebrafish embryo does not rely

on blood circulation to transport oxygen [2], making it an

excellent in vivo model for studying the effect of blood flow on

development. Various genetic and pharmacological approaches

have been developed in the zebrafish model, which have revealed

the crucial role of hemodynamics in the morphogenesis of heart,

kidney, and brain vasculature [3,4,5,6]. Moreover, it is possible to

study the role of hemodynamics in establishing the architecture of

endocrine tissues in the zebrafish embryo, since the specification

and differentiation of a variety of endocrine cells proceed even in

the complete absence of vasculature [7,8,9,10,11].

How the adrenal cortex and medulla—arising because of

distinct cell fate decisions in physically separated precursor cells—

assemble to form the adrenal gland remains incompletely

understood. The adrenal cortex is comprised of steroidogenic

cells differentiated from the intermediate mesoderm, while the

medulla contains chromaffin cells that originate from the neural
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crest and are subsequently segregated from the sympatho-adrenal

lineage [12]. Mice deficient in the transcription factor steroido-

genic factor-1 (SF-1, NR5A1) lack an adrenal cortex, but exhibit

normal differentiation of chromaffin cells, half of which are

present in the suprarenal region, arguing against a role for the

adrenal cortex in attracting chromaffin cells [13]. However,

ectopic adrenocortical cells in the mouse thorax, induced through

the transgenic overexpression of SF-1, are capable of recruiting

sympatho-adrenal progenitors [14]. These findings suggestive of

an undefined role of the adrenal cortex have been clarified by the

recent demonstration of the dorsal aorta (DA) as a morphogenetic

center that instructs the specification and segregation of the

sympatho-adrenal lineage in the chick embryo [15]. The DA and

the adrenal cortex both secrete Neuregulin 1, which attracts

chromaffin cells to the suprarenal region. However, the existence

of shared paracrine factors does not explain why chromaffin cells

colonize the adrenal cortex rather than non-adrenal regions

surrounding the DA, and additional molecular and cellular factors

could participate in the integration of steroidogenic and chromaf-

fin cells. It was hypothesized that in addition to instructing the

migration and differentiation of chromaffin cells, the vasculature

near the adrenal gland also specifies the behavior of adrenocortical

cells, thereby promoting cortex-medulla amalgamation. This

possibility was investigated in the present study in zebrafish, an

established model for exploring the development and diseases of

the cardiovascular and endocrine systems.

The teleostean interrenal gland is functionally equivalent to the

adrenal gland in mammals, with steroidogenic and chromaffin cell

populations arising from conserved molecular programs

[16,17,18]. The integration of these two cell types occurs between

1.5 and 3 days post-fertilization (dpf), which is immediately

followed by de novo cortisol synthesis in response to stress

[18,19,20]. Within the same temporal window, the interrenal

vessel (IRV) is patterned along with a vessel-derived, Fibronectin

(Fn)-enriched microenvironment [21], which is essential for IRV

growth, steroidogenic tissue morphogenesis, and positioning the

interrenal organ. Nevertheless, little is known about how the Fn-

enriched interrenal microenvironment is regulated and the cellular

mechanisms governing morphogenetic movements during inte-

gration.

Previous studies have shown that Klf2a and MMP2 are

hemodynamically regulated: KLF2 is a transcription factor

activated in cultured endothelial cells by fluid shear stress from

laminar flow [22,23], and the endothelial expression of mouse

Klf2 and its ortholog klf2a in zebrafish reflects an increase in fluid-

generated forces, while a loss of function leads to defective smooth

muscle tone [24]. MMPs are known to mediate ECM remodeling

and enable reshaping of tissues through peptidase activity [25]. In

the zebrafish embryo, mmp2 is expressed in the endothelium of

developing axial vasculature in a flow-dependent manner [5]; and

in rats and cultured cells, MMP2 activity in glomerular mesangial

cells is induced by stretch [26,27] and regulated by cyclic strains in

the endothelium resulting from turbulent flow, which modulates

the migration of vascular smooth muscle cells [28,29]. Moreover,

MMP2 cleaves a variety of ECM molecules, including type IV

collagen, vitronectin, and fibronectin [30,31]. Abundant RNA

transcripts of both klf2a and mmp2 are restrictively localized at the

axial vasculature at around Prim-25 stage (36 hpf) during zebrafish

development [5,32], which is temporally correlated with the

initiation of interrenal medial extension and angiogenesis.

Furthermore, the nascent DA in the zebrafish does not recruit

mural cells until 3 dpf [33], and differentiated vascular smooth

muscle cells appear only after 7 dpf [34]; it was therefore

hypothesized that hemodynamic forces could be transduced

through the endothelium to influence closely associated interrenal

cells.

In this study, the possible role of blood flow for the integration

of steroidogenic and chromaffin cells was examined in the

zebrafish interrenal gland, by using genetic and pharmacological

approaches to abolish blood flow in the embryo. The vascular

structure and associated ECM microenvironment in the interrenal

region were examined for changes in the architecture of the

developing interrenal tissue. The modulation of interrenal

morphogenesis by blood flow through mechanotransduction was

investigated by knocking down the mechanosensitive proteins

Krüppel-like factor 2a (Klf2a) and Matrix metalloproteinase

(Mmp)2. In addition, we demonstrated that steroidogenic cells

undergo an epithelial-to-mesenchymal transition (EMT)-like

change during organ assembly, which was correlated with a

reduction in epithelial and a rise in mesenchymal markers. During

EMT, which occurs at many critical steps during embryonic

development, cell-cell contacts and polarity are lost and the

cytoskeleton is extensively remodeled [35]. The present findings

underscore the role of hemodynamics in regulating Fn-phosphor-

ylated Focal adhesion kinase (pFak) signaling in the developing

interrenal tissue, which in turn induces an EMT-like transforma-

tion in steroidogenic cells. Thus, in addition to the known

chemoattractive function for chromaffin cells, the axial vasculature

regulates the migration of steroidogenic cells through hemody-

namically regulated signaling.

Methods

Ethics Statement
All of the zebrafish-use protocols in this research were reviewed

and approved by the Institutional Animal Care and Use

Committee of Tunghai University (IRB Approval NO. 101–12).

Zebrafish Husbandry
Zebrafish (Danio rerio) were reared according to standard

protocols [36]. Embryos were obtained from natural crosses of

wild-type or transgenic fish, and staged as previously described

[37]. The following lines were used: Tg(wt1b: GFP)(line 1) [38]
(a gift from Christoph Englert, Fritz-Lipmann Institute, Jena,

Germany); Tg(ff1bEx2: GFP) [39] (a gift from Dr. Woon-Khiong

Chan, National University of Singapore); and Tg(kdrl: EGFP)s843

[40] (a gift of Didier Stainier, University of California, San

Francisco, CA, USA).

3b-Hydroxysteroid Dehydrogenase (3b-Hsd) Staining,
In Situ Hybridization (ISH), Immunohistochemistry (IHC),
Densitometry and Imaging
Embryos used for histological analysis were treated with 0.03%

phenylthiourea (Sigma) from 12 h post-fertilization (hpf) onwards

to inhibit pigmentation. The 3b-Hsd activity staining, ISH [9],

and IHC [41] were performed with modifications according to

previously published methods.

To delineate the morphology of steroidogenic interrenal tissue,

histochemical staining for 3b-Hsd enzymatic activity was per-

formed on whole embryos, and Nomarski images were captured

using a BX51 microscope (Olympus).

For whole-mount ISH, digoxigenin (DIG)- and fluorescein-

labeled antisense riboprobes were synthesized from linearized

plasmids of dopamine b hydroxylase (dbh) and ff1b (nr5a1a) genes,
respectively; the probes were detected with alkaline phosphatase-

conjugated anti-DIG or -fluorescein antibody (Roche), and

visualized with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue

tetrazolium (Promega) or Fast Red (Roche). Stained embryos were

Hemodynamic Regulation of Interrenal Gland Assembly
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flat-mounted and photographed under an Axioplan II microscope

(Zeiss).

For IHC experiments, Tg(ff1bEx2: GFP) and Tg(kdrl:
EGFP)s843 embryos were fixed and embedded in 4% NuSieve

GTG low-melting agarose (Lonza), cut into 100- mm sections with

a VT1000M vibratome (Leica), and permeabilized with phos-

phate-buffered saline (PBS) containing 1% Triton X-100 before

incubation with rabbit anti-human Fn (Sigma), mouse anti-human

pFak (pY397) (BD Transduction Laboratories), mouse anti-

chicken b-Catenin (Sigma), mouse anti-pig Vimentin (V9)

(Abcam), and rabbit anti-zebrafish E-cadherin (Cdh1) (GeneTex)

antibodies at 1:200, 1:100, 1:50, 1:200 and 1:200 dilutions,

respectively. Dylight 594- and 650-conjugated anti-rabbit or anti-

mouse IgG (abcam) were used as secondary antibodies at 1:200

dilution. Images were captured with an LSM510 confocal

microscope with version 3.5 software (Zeiss).

For the quantification of 3b-Hsd activity, images of deyolked

embryos in each group were taken with identical illumination and

magnification using Axioskop 2 Plus microscope equipped with

AxioVision 3.0 software (Carl Zeiss). Signal area and density were

measured using Image Gauge Program, version 4.0 (Fuji Photo

Film). Videos of embryos oriented with the anterior toward the left

were taken by using an SMZ1500 microscope equipped with an

AM4023X Dino-Eye eyepiece camera (Nikon).

Microinjection of Antisense Morpholino Oligonucleotides
(MOs)
The MO for cardiac troponin T2a (tnnt2aMO) (59-CAT GTT

TGC TCT GAT CTG ACA CGC A-39) [42], along with

klf2aMO (59-GGA CCT GTC CAG TTC ATC CTT CCA C-39)
[43], and mmp2MO (59-GGG AGC TTA GTA AAC ACA AAC

CTG T-39) [44] were synthesized by Genetools LLC and diluted

in 16Danieau solution, before injection into one- to two-cell stage

embryos using a Nanoject (Drummond Scientific Company) at

dosages of 1.0, 1.2, and 1.2 pmole per embryo, respectively.

Pharmacological Treatment
Camptothecin (Sigma # C9911) treatment was performed

according to a previously described method [45] with modifica-

tions. The compound (60 mM in 0.1% dimethyl sulfoxide

[DMSO]) was applied to 48 hpf embryos, which were harvested

at 57 hpf for the 3b-Hsd activity assay. The treatment of embryos

with 2,3-butanedione 2-monoxime (2,3-BDM; Sigma #B0753)

was as described in an earlier report [46], except that dechor-

ionated embryos were immersed in various concentrations of 2,3-

BDM starting from 1.5 dpf. Norepinephrine treatment was

performed by treating dechorionated embryos with 0.01, 0.1 or

1 mM norepinephrine (Sigma A7257) freshly prepared in egg

water. L-NAME treatment was performed by treating dechor-

ionated embryos with freshly prepared 100 mM Nv-nitro-L-
arginine methyl ester (L-NAME) (#N5751, Sigma) in egg water

with 0.1% DMSO at 36 hpf. For L-arginyl-L-glycyl-L-aspartic acid

(RGD; #G1269, Sigma) treatment, the peptide was reconstituted

to 1 mM in filter-sterilized egg water and applied to dechorionated

embryos at a final concentration of 100 mM at 26 hpf; embryos

were collected at 2.5 dpf and fixed for histological assays.

Statistical Analysis
All quantitative data are expressed as the mean 6 standard

error of the mean. Data were evaluated by analysis of variance

(ANOVA), followed by Duncan’s new multiple range test

(Duncan’s multiple test) or Student’s t test. P,0.05 was considered

statistically significant.

Results

Blood Flow is Required for the Morphogenesis of Kidney
Glomerulus and Interrenal Tissue
The hemodynamic force drives the assembly of zebrafish kidney

glomeruli at the midline [5]. Since the kidney and interrenal gland

develop in parallel [16], with the DA acting as the source of

angiogenesis in both organs [21,47], the role of blood flow in the

morphogenesis of the interrenal gland was assessed. Kidney and

interrenal tissue morphology was visualized by staining for 3b-Hsd

enzymatic activity in Tg(wt1b: GFP) embryos, in which GFP is

expressed in the glomerular podocytes, pronephric tubules, and

proximal pronephric ducts [38,48], as well as in the exocrine

pancreas due to a possible position effect of transgene insertion.

The MO against tnnt2a, a gene essential for sarcomere assembly

and heart contractility [42], was injected into Tg(wt1b: GFP)
embryos, and 100% of the tnnt2a morphants (n = 56) displayed

completely abolished heartbeat and blood flow. Consistent with

the previous study [5], bilateral kidney glomeruli in control

embryos assembled at the midline by 54 hpf, but failed to fuse in

tnnt2a morphants (Figure 1A). The steroidogenic tissue in blood

flow-deficient embryos grew as a round, tightly packed cell

aggregate, without extending protrusions as in the case of controls.

The extent of migration was quantified by measuring the distance

between the tip of medially extending steroidogenic tissue and the

midline, and although there was no difference at 54 hpf, the

distance was decreased in morphants relative to control embryos

at 77 hpf (Figure 1B). The inhibition of medial extension was not

due to growth arrest of interrenal tissue, since organ size—as

assessed by densitometric analysis of 3b-Hsd activity staining—was

similar in tnnt2aMO-injected and control embryos at all stages

examined (Figure 1C). To further evaluate the effect of tissue

growth on interrenal morphogenetic movement, embryos were

treated with camptothecin, which blocks cell proliferation in

zebrafish embryos [45], from 48 to 57 hpf. Camptothecin-treated

embryos showed an 18% reduction in interrenal tissue size

compared to controls. Notably, the formation of protrusions was

unaffected by camptothecin treatment (Figure 1D), suggesting that

cell growth is not the major determinant for interrenal medial

extension. Taken together, these results indicate that blood flow is

required for the morphogenetic movement of both kidney and

interrenal tissues. Based on the early defects in the ventral DA

caused by tnnt2a knockdown [49,50], experiments were per-

formed to establish whether interrenal morphogenetic movement

during the temporal window of organ assembly is specifically

subject to regulation by blood flow.

Medial Extension of Steroidogenic Tissue during
Interrenal Organ Assembly is Regulated by Blood Flow
The pharmacological agent 2,3-BDM, which affects heart rate

without affecting cell viability, has previously been used to evaluate

the role of blood flow in zebrafish organogenesis [5,6,51]. To rule

out the possibility that defective medial extension of the interrenal

tissue in tnnt2a morphants was due to an early effect on blood

vessel morphogenesis, blood flow was inhibited in embryos by

application of 2,3-BDM from 1.5 dpf, by which interrenal medial

extension and organ assembly are initiated (Figure 2). The 2,3-

BDM treatment on zebrafish embryos leads to decreased

myofibrillar ATPase and myocardial force in a dose-dependent

manner, which affects heart rate at a concentration as low as

2 mM and is sufficient to eliminate blood flow at 6 mM [46].

Consistent with the previous study, a concentration of 6 mM

produced a 53% reduction in heart rate and a cessation of blood

flow (Video S1) compared to control embryos (Video S2). A lower
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concentration of 2,3-BDM (2 mM) caused a 26% decrease in

heart rate and a visibly weakened blood flow (Video S3). To

examine the morphology of the DA adjacent to the kidney and

interrenal regions, 2,3-BDM was applied to Tg(kdrl: EGFP)s843

embryos that express GFP in the developing blood vascular

structure [40], which were then harvested at 2.5 dpf, when the

migration of interrenal cells can be clearly observed [19].

Treatment with 2 or 6 mM 2,3-BDM suppressed interrenal

medial extension across the midline (Figure 2B, B’’, C, C’’), with

similar effects observed at both concentrations (Figure 2D).

However, the interrenal tissue had more protrusions at 2 than at

6 mM 2,3-BDM (Figure 2B, C), suggesting that the effect of 2,3-

BDM was dose-dependent. In contrast, the morphology of the DA

and the pronephric glomerulus was unperturbed by 2,3-BDM

treatment. Thus, the inhibition of medial extension of the

interrenal tissue caused by loss of blood flow was not due to a

general defect in the DA.

Conversely, as the heart rate was accelerated by norepinephrine

treatment from 33 hpf, a significant enhancement of interrenal

tissue extension was detected at 2 dpf (Figure 2E-E’’, F-F’’, G-G’’,

H). Norepinephrine accelerated the heart rate of developing

embryos in a dose-dependent manner (Figure S1). 0.01, 0.1 and

1 mM of norepinephrine treatments on embryos at 33 hpf led to a

23%, 29% and 41% increase of heart rate, respectively. Compared

to the control embryo (Figure 2E), both 0.1 and 1 mM of

norepinephrine treatements led to a more evident migratory

Figure 1. Morphology of pronephros and interrenal tissue in the absence of blood flow. (A) The interrenal steroidogenic tissue positive
for 3b-Hsd activity forms an extension that protrudes toward the midline by 54 hpf (cell protrusions marked by red arrows), while kidney glomeruli
delineated by wt1b: GFP expression (G, yellow arrowheads) assemble at the midline. Morphogenetic movements of kidney glomeruli and
steroidogenic tissues are defective in the tnnt2a morphant. All panels show dorsal views of representative embryos. (B) Quantification of effects of
tnnt2aMO injection on interrenal migration. The distance between the midline and the migrating tip of steroidogenic tissue was designated as
positive if the migrating tip had not reached the midline, and negative if the tip had migrated across the midline. (C) Relative density of steroidogenic
tissue, as assessed by 3b-Hsd activity staining in the ventral surface, in tnnt2a morphants compared to wild-type controls. The number of embryos in
each group is indicated in parentheses in (B) and (C). Histograms with different letters above them are significantly different (ANOVA and Duncan’s
multiple test, P,0.05). (D) Effect of camptothecin treatment from 48 to 57 hpf on 3b-Hsd activity in steroidogenic cells. A, anterior; P, posterior; L, left;
R, right. Broken yellow lines indicate position of the midline. Abbreviations: glomerulus (G). Scale bar, 50 mm.
doi:10.1371/journal.pone.0107997.g001
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Figure 2. Effects of 2,3-BDM and norepinephrine on morphogenetic movements of interrenal tissue. For repression of blood flow,
Tg(kdrl: GFP)s843 embryos were treated with (A–A’’) vehicle (control), or 2,3-BDM at a concentration of (B–B’’) 2 mM or (C–C’’) 6 mM from 1.5 dpf. A
suppression of the medial extension of steroidogenic cells was observed in 2,3-BDM-treated embryos at 2.5 dpf, while the morphology of the DA and
the pronephric glomerulus (yellow arrowheads) appeared unperturbed. Protrusions (red arrow) formed at the lower concentration; the phenotype
was more severe at the higher concentration. For acceleration of blood flow, Tg(kdrl: GFP)s843 embryos were treated with (E-E’’) vehicle (control), or
norepinephrine at a concentration of (F–F’’) 0.1 mM or (G-G’’) 1 mM from 33 hpf. An enhancement of interrenal medial extension, as evidenced by
the formation of protrusions, was observed in norepinephrine-treated embryos at 2 dpf. The effects of 2,3-BDM and norepinephrine treatments on
interrenal migration were quantified in (D) and (H), respectively. The distance between the midline and migrating tip of steroidogenic tissue was
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phenotype of interrenal tissue, as verified from the extending

protrusions (red arrows in Figure 2F, G), which was consistent

with the results of the quantification of interrenal tissue extension

(Figure 2H). However, no significant difference in steroidogenic

tissue extension could be detected between embryos treated with

0.1 or 1 mM of norepinephrine. Norepinephrine at 0.01 mM also

enhanced steroidogenic tissue extension (4.362.0 mm, n= 24)

compared to control embryos, while no significant statistical

difference was found among norepinephrine treatments at 0.01,

0.1 and 1 mM. Our results thus indicated that a moderate

elevation of heart rate by 23% was sufficient to promote migration

of steroidogenic interrenal cells, although further increase of heart

rate by treating with higher concentrations of norepinephrine did

not lead to a dose-dependent enhancing effect on interrenal medial

extension.

To confirm the relationship between blood flow and steroido-

genic cell migration, we further tested whether interrenal medial

extension repressed by 2,3-BDM treatment could be recovered by

restoring the blood flow (Figure 2I, Figure S2). Steroidogenic

tissue migrated across the midline by 2.5 dpf (Figure S2A, A’’) and

continued to extend and form a bilobed organ structure by 3 dpf

(Figure S2C, C’’). Extension of steroidogenic tissue was arrested as

2,3-BDM at 6 mM was applied to embryos from 1.5 dpf onwards

(Figure S2B, B’’, D, D’’). The steroidogenic tissue extension in 2,3-

BDM-treated embryos was recovered at 3 dpf as 2,3-BDM was

washed out at 2.5 dpf (Figure S2E, E’’). The interrenal tissue in

2,3-BDM-treated embryos appeared to be located further away

from the midline at 3 dpf than at 2.5 dpf (Figure 2I), possibly due

to continuous growth of peri-interrenal structures from 2.5 to 3

dpf. It is interesting to note that there was no significant difference

of migration distance between control embryos at 2.5 dpf and

recovered embryos at 3 dpf (Figure 2I), implying that the inhibited

interrenal medial extension by 2,3-BDM treatment from 1.5 to 2.5

dpf could be rescued by resuming blood flow for 12 hours. Taken

together, results in Figure 2 demonstrated that pharmacologic

repression and acceleration of heart rates are well correlated with

the extent of interrenal medial extension. Furthermore, the

inhibited steroidogenic tissue extension caused by arrested blood

flow was recoverable following restoration of blood flow, providing

strong evidence that migratory activity of interrenal steroidogenic

cells is indeed modulated by blood flow.

Blood Flow Regulates IRV Extension during Interrenal
Organ Assembly
Interrenal medial extension temporally coincides with IRV

angiogenesis, which is promoted by the IRV-associated vascular

microenvironment [21], and therefore the effect of reduced blood

flow on IRV angiogenesis was examined from 1.5 to 2.5 dpf

(Figure 3). IRV growth was initiated normally when blood flow

was inhibited starting at 1.5 dpf. However, in embryos treated with

2 or 6 mM 2,3-BDM, IRV lengths were reduced and the vessels

reached but did not extend ventrally through the interrenal tissue,

with a more severe phenotype observed at the higher concentra-

tion (Figure 3B’–C’, D), indicating a dose-dependent effect of 2,3-

BDM on IRV extension. Our previous study showed that IRV

directionality, but not initiation of angiogenesis, is perturbed in the

tnnt2a morphant [21]; accordingly, the present results indicated

that the blood flow was not required for the sprouting of the IRV

from the DA, but may play a role in its extension. Furthermore,

the interrenal tissue in 2,3-BDM-treated embryos (Figure 3B–B’,

C–C’) and tnnt2a morphants [21] only interacted with the tip of

the IRV but not the DA, while the extending interrenal tissue in

the control embryo remained closely associated with both the

ventral DA and the IRV (Figure 3A–A’).

To test whether accelerated blood flow could promote extension

of the IRV, embryos were treated with norepinephrine at 0.1 or

1 mM at 33 hpf and harvested at 2 dpf for analysis (Figure 3E-G,

E’-G’). It was found that norepinephrine at both concentrations

significantly increased length of the IRV (Figure 3H), yet no

difference in the IRV growth was observed between 0.1 and

1 mM of norepinephrine treatments. The promoting effects of

norepinephrine treatments on extension of the IRV were therefore

highly correlated with those on interrenal medial extension

(Figure 2H). Similar to the case of interrenal medial extension in

Figure 2I, restoring blood flow by 2,3-BDM washout after the

treatment from 1.5 to 2.5 dpf led to a recovery of IRV growth at 3

dpf, with the IRV length in 3-dpf recovered embryos not

significantly different from that in 2.5-dpf control embryos

(Figure 3I, S3).

Our results from pharmacologic inhibition and acceleration of

blood flow therefore strongly support that blood flow regulates

both interrenal medial extension and IRV growth during

interrenal organ assembly. While the processes of interrenal

medial extension and IRV growth occur synchronously during

development [21], they are both influenced by blood flow in a

highly correlated manner. Therefore, it leads to the hypothesis

that there might be a common flow-regulated molecular and

cellular mechanism by which both interrenal medial extension and

IRV angiogenesis are regulated. The initiation of IRV angiogen-

esis requires deposition of Fn at the ventral DA near the interrenal

tissue, and the accumulation of this protein in the local

microenvironment supports IRV extension [21]. While the

interrenal tissue is closely associated with both the DA and the

IRV, vessel-derived Fn functions at the tissue-vessel interface and

thus modulates the migration of steroidogenic cells [19]. There-

fore, it is possible that the vascular microenvironment established

during IRV angiogenesis is regulated by blood flow, which in turn

modulates the migration of steroidogenic cells.

Blood Flow is Required for Patterning the Fn-rich
Microenvironment and pFak Distribution in the Interrenal
Region
Possible perturbations in the interrenal microenvironment of

blood flow-deficient embryos were assessed using the Tg(ff1bEx2:
GFP) line, in which the GFP expression recapitulates the

endogenous expression of ff1b [52]—the teleostean ortholog of

mammalian SF-1—and marks the ontogeny of steroidogenic

interrenal tissue [16,17]. Embryos were examined for expression

of Fn and pFak (Figure 4). The elimination of blood flow by

tnnt2aMO injection (Figure 4B–B’’) or 6 mM 2,3-BDM treatment

(Figure 4C–C’’) did not diminish Fn accumulation in the

interrenal microenvironment (Figure 4D). However, Fn was

designated as positive if the migrating tip had not reached the midline, and negative if the tip had migrated across the midline. *P,0.05; N.S., not
significant (Student’s t-test). (I) Suppressing effect of interrenal cell migration by 2,3-BDM at 6 mM from 1.5 dpf was reversible at 3 dpf, as the 2,3-
BDM applied from 1.5 dpf was washed out at 2.5 dpf for restoring blood flow. The interrenal tissue in recovered embryos extended across the midline
at 3 dpf and displayed a migration distance not significantly different from that in control embryos at 2.5 dpf. Histograms with different letters above
them are significantly different (ANOVA and Duncan’s multiple test, P,0.05). A, anterior; P, posterior; L, left; R, right. Broken white lines indicate
position of the midline. Abbreviations: glomerulus (G), posterior cardinal vein (PCV). Scale bar, 50 mm.
doi:10.1371/journal.pone.0107997.g002
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abnormally distributed, raising the possibility that in the absence

of blood flow, the polymerization of Fn into fibrils was disrupted.

To verify whether aberrant Fn deposition perturbed signaling

events within the interrenal tissue, the localization of pFak—a

downstream effector of Fn-Integrin signaling and an indicator of

the dynamic reorganization of focal adhesions during cell

migration—was examined (Figure 4A–C’’). Indeed, pFak level

within the interrenal tissue was significantly reduced compared to

control embryos (Figure 4E), suggesting a disruption of Integrin-

mediated signaling. In contrast, pFak distribution was readily

detected at the somites, gut tube, and swim bladder in tnnt2a
morphants (Figure 4B, B’) and 2,3-BDM-treated embryos

(Figure 4C, C’). These results indicate that the interrenal

microenvironment established during IRV angiogenesis is per-

turbed by reduced blood flow, resulting in the suppression of Fn-

pFak signaling and steroidogenic cell migration.

Figure 3. Effects of 2,3-BDM and norepinephrine on IRV formation. For repression of blood flow, Tg(kdrl: GFP)s843 embryos were treated with
(A–A’) vehicle (control), or 2,3-BDM at a concentration of (B–B’) 2 mM or (C–C’) 6 mM from 1.5 dpf, and harvested at 2.5 dpf. For acceleration of blood
flow, Tg(kdrl: GFP)s843 embryos were treated with (E-E’) vehicle (control), or norepinephrine at a concentration of (F–F’) 0.1 mM or (G-G’) 1 mM from 33
hpf, and harvested at 2 dpf. Transverse sections of harvested embryos were subject to analysis of 3b-Hsd activity (black) and GFP expression (green).
IRV lengths of 2,3-BDM- or norepinephrine-treated embryos were quantified in (D) and (H), respectively; which were verified from confocal Z-stacks
covering the full range of IRV growth, and measurements were made from single focal planes displaying the maximal range of ventrally extending
IRV. *P,0.05, ***P,0.0005, N.S., not significant (Student’s t-test). (I) Repressing effect of 2,3-BDM (6 mM) on IRV growth was reversible at 3 dpf, as the
2,3-BDM applied from 1.5 dpf was washed out at 2.5 dpf. The IRV length in recovered embryos at 3 dpf was not significantly different from that in
control embryos at 2.5 dpf. Histograms with different letters above them are significantly different (ANOVA and Duncan’s multiple test, P,0.05). D,
dorsal; V, ventral; L, left; R, right. Abbreviations: interrenal tissue (IR), notochord (NC), somite (S). Scale bar, 25 mm.
doi:10.1371/journal.pone.0107997.g003
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Klf2a and MMP2 are Required for Migration,
Angiogenesis, and Fn-pFak signaling in the interrenal
tissue
To confirm whether hemodynamics, and not circulating factors,

account for the effect of blood flow on steroidogenic tissue

migration and angiogenesis, the role of Klf2a and MMP2 in

interrenal morphogenesis was evaluated (Figure 5). While Klf2a
deficiency leads to heart failure at 3 dpf [24], as evidenced by

pericardial edema and venous pooling of blood around the yolk

sac, a heart rate similar to that of control embryos is observed at 2

dpf [3]. In the present study, only mild cardiac edema was

observed at 2.5 dpf, and circulation was unaffected, making it

possible to evaluate the specific effect of hemodynamic forces on

interrenal development at this stage. Consistent with the previous

finding that primary vascular structures are not perturbed in the

klf2a morphant [24], the axial vasculature was grossly normal in

the peri-interrenal region at 2.5 dpf (Figure 5B’). However, the

migration of steroidogenic cells was inhibited (Figure 5B, D), and

IRV growth and directionality were perturbed (Figure 5F, H). In

contrast to the tnnt2a morphant and 2,3-BDM-treated embryos in

which the steroidogenic tissue and DA were not closely associated

(Figure 3) [21], the interrenal tissue was proximal to the DA in the

Figure 4. Effect of blood flow inhibition on the ECM microenvironment and pFak distribution in interrenal steroidogenic tissue.
Transverse sections of Tg(ff1bEx2: GFP) embryos were (A–A’’) uninjected (control), (B–B’’) injected with tnnt2aMO, or (C–C’’) treated with 6 mM 2,3-
BDM from 1.5 dpf. Embryos were harvested at 2.5 dpf and assayed for expression of GFP (green), Fn (red), and pFak (blue in A–C and A’–C’; white in
A’’–C’’). Images are single confocal planes showing the maximal transverse dimension of ff1bGFP-expressing steroidogenic tissue of a representative
embryo, with magnified views shown in (A’’–C’’). (D) Fluorescence intensity of Fn in the DA and IRV selected as regions of interest (ROI; white lines in
A’–C’) normalized to the size of the ROI. (E) Total fluorescence intensities of pFak within the steroidogenic tissue (ROI marked by orange lines in A’’–
C’’) were normalized to the size of the cluster. The difference between the treatment and the control groups was analyzed by Student’s t-test. ***P,
0.001, N.S., not significant. D, dorsal; V, ventral; L, left; R, right. Abbreviations: arbitrary units (A.U.), interrenal tissue (IR), notochord (NC), somite (S),
swim bladder (SB). Scale bar, 25 mm.
doi:10.1371/journal.pone.0107997.g004
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Figure 5. Suppression of interrenal tissue migration in klf2a and mmp2 morphants. Dorsal view of interrenal steroidogenic tissue (IR, red
arrows) as detected by 3b-Hsd activity staining, with adjacent vasculature marked by GFP expression. Tg(kdrl: GFP)s843 embryos were (A, A’) uninjected
(control), or injected with (B, B’) klf2aMO or (C, C’) mmp2MO. (D) Quantification of the effects of MO-mediated gene knockdown on interrenal
migration. The distance between the midline and the migrating tip of steroidogenic tissue was designated as positive if the migrating tip had not
reached the midline and negative if it had crossed the midline. The number of embryos in each group is indicated in parentheses. The extent of
interrenal medial extension of control 2.5-dpf embryos in panel 5D was not statistically different from those in Figure 2D and 2I. Fn and pFak
expression in the interrenal region was examined in (E–E’’’’) uninjected (control), and (F–F’’’’) klf2aMO- and (G–G’’’’) mmp2MO-injected embryos by
IHC. Images show transverse sections of a representative embryo from each treatment group. (H) Quantification of the effects of klf2aMO and
mmp2MO on IRV growth, Fn level in the vicinity of the DA and IRV (ROI marked by broken lines in E’’–G’’), and pFak level in the steroidogenic tissue
(ROI marked by orange lines in E’’’’–G’’’’). The number of embryos in each group is indicated in parentheses. Fluorescence intensities of Fn and pFak
were normalized to their respective ROI sizes. The difference between the treatment and the control groups was analyzed by Student’s t-test. *P,
0.05, ***P,0.001, N.S., not significant. A, anterior; P, posterior; L, left; R, right; D, dorsal; V, ventral. Abbreviations: notochord (NC). Scale bar, 25 mm.
doi:10.1371/journal.pone.0107997.g005
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klf2a morphant. Despite these phenotypic differences between

blood flow-deficient and klf2a morphant embryos, both types of

embryos showed abnormal Fn distribution and reduced pFak level

in the interrenal area (Figure 5F’–F’’’’, H).

Although blood flow regulates the generation of hematopoietic

stem cells from the DA by a klf2a-nitric oxide (NO) pathway

[49,50], steroidogenic interrenal tissue migration and angiogenesis

were NO-independent (Figure S4). Treatment with the endothelial

NO synthase inhibitor L-NAME from 1.5 to 2.5 dpf had no effect

on interrenal tissue migration and angiogenesis, indicating that

blood flow and Klf2a do not regulate interrenal morphogenesis

through activation of NO signaling.

Embryos injected with 1.2 pmole mmp2MO had no major

morphological abnormalities except for a kinked tail and mild (2%)

reduction in heartbeat that did not cause any visible changes in

blood flow. Nevertheless, morphants showed defects in migration,

angiogenesis, and Fn-pFak signaling in the interrenal tissue

(Figure 5C, D, G, H). This indicated that MMP2 activity may

participate in the blood flow-regulated interrenal microenviron-

ment. As observed upon klf2a knockdown, the steroidogenic tissue
remained associated with both the DA and the IRV, suggesting

that neither Klf2a nor MMP2 was essential for this association,

which likely depends on other hemodynamically regulated

molecules.

Medial Extension of the Interrenal Tissue Involves
EMT-like Changes in Steroidogenic Cell Morphology that
are Hemodynamically Regulated and pFak-Dependent
The interaction of cancerous epithelial cells with Fn in vitro

promotes EMT [53,54]. The morphology of the interrenal

steroidogenic tissue and the associated Fn-enriched microenviron-

ment suggested that an EMT-like phenotypic change could occur

during interrenal medial extension. An examination of interrenal

tissue morphology by high resolution Nomarski microscopy

revealed that while steroidogenic cells positive for 3b-Hsd activity

formed a cluster to the right of the midline by 48 hpf (Figure 6A,

B), protrusions were detected at 48 hpf that became more evident

by 60 hpf (Figure 6C) and continuously spread across the midline

until a bilobed structure was formed by 84 hpf (Figure 6E). During

the morphogenetic movement, interrenal steroidogenic cells

became more loosely associated with each other and demonstrated

a mesenchymal-like phenotype with cell surface protrusions

(Figure 6D, E). These morphological features likely reflected an

EMT-like process during organ assembly.

To confirm whether interrenal steroidogenic cells undergo a

transformation from epithelial to mesenchymal phenotypes, the

expression of b-Catenin—a marker for adherent junctions in

epithelial cells [55]—was examined. At 2 dpf, b-Catenin was

clearly detected at cell-cell junctions of interrenal steroidogenic

cells visible by GFP expression in ff1bEx2: GFP embryos

(Figure 6F–F’), while at 2.5 dpf, b-Catenin was markedly reduced

within the steroidogenic tissue cluster (Figure 6G–G’), reflecting

the adoption of a mesenchymal-like character.

Since an EMT-like change occurred in steroidogenic cells

during interrenal medial extension, the roles of hemodynamic

forces and Fn-pFak signaling in this process was assessed. The

accumulation of b-Catenin was observed in the interrenal tissue of

blood flow-deficient embryos generated by tnnt2aMO microin-

jection (Figure 6H–H’) or 6 mM 2,3-BDM treatment (Figure

6I–I’), providing evidence that blood flow induces an EMT-like

change in steroidogenic cells. Since blood flow regulates interrenal

medial migration via Fn-pFak signaling (Figure 4), Fn signaling

was inhibited without perturbing blood flow to determine whether

the EMT-like change in steroidogenic cells could be repressed.

The RGD peptide, an antagonist of Fn, was applied to

Tg(ff1bEx2: GFP) embryos at a concentration of 100 mM starting

from 26 hpf, when circulation is initiated; in these embryos,

junctional b-Catenin distribution was significantly higher than in

controls at 2.5 dpf (Figure 6J–J’, M). RGD effectively reduced

pFak level in the interrenal area (Figure S5), thus suggesting that

the inhibition of pFak signaling was responsible for the observed

suppression of EMT-like changes in steroidogenic cells. Moreover,

b-Catenin accumulation at cell-cell junctions was evident in both

klf2a and mmp2 morphants at 2.5 dpf (Figure 6K–K’, L–L’, M) as

compared to the control embryo.

Consistent with the results of b-Catenin expression, immuno-

histochemial analysis of E-cadherin, a central component of cell-

cell adhesion junction which is required for the formation of

epithelia [56,57], detected a clear epithelial phenotype of the

interrenal tissue at 2 dpf (Figure S6A, A’). At 2.5 dpf, the E-

cadherin expression was reduced at the interrenal tissue where a

migratory phenotype was manifested (Figure S6B, B’). In contrast,

junctional E-cadherin distribution at the interrenal tissue was not

reduced in 2.5 dpf embryos where interrenal medial migration was

suppressed by a disruption of either circulation (Figure S6C, C’) or

pFak-mediated signaling (Figure S6D, D’), or hemodynamics-

regulated molecules (Figure S6E, E’, F, F’). It was noted that

RGD-treated embryos and mmp2 morphants at 2.5 dpf displayed

a higher expression level of junctional E-cadherin than control

embryos at 2 dpf did (Figure S6G), with the underlying mechanism

remaining unclear. Nevertheless, the immunohistochemistry

results of b-Catenin and E-cadherin both indicated a clear

reduction of epithelial nature at the interrenal tissue from 2 to

2.5 dpf. Moreover, mesenchymal phenotype of the interrenal

tissue at 2.5 dpf correlated well with a rise of Vimentin expression

in the ff1b-expressing steroidogenic cells (Figure S7A, A’, B, B’).

Vimentin, a type III intermediate filament protein and a widely

used mesenchymal marker, plays a predominant role for inducing

changes in cell shape, adhesion and motility during the EMT

[58,59]. In contrast to the reduction of b-Catenin and E-cadherin

during interrenal medial extension, the Vimentin expresison is

significantly increased from 2 to 2.5 dpf, and this accumulation of

Vimentin was not detected in embryos deficient in either blood

flow (Figure S7C, C’) or pFak signaling (Figure S6D, D’), or

hemodynamic transducers (Figure S7E, E’, F, F’). Therefore, an

inverse correlation between epithelial and mesenchymal markers

was observed during interrenal medial expression. Taken together,

these results indicate that blood flow, through mechanotransduc-

tion and Fn-pFak signaling, promotes EMT-like changes in

steroidogenic cells during interrenal organ assembly.

Migration of Differentiated Chromaffin Cells Requires
Blood Flow but is Independent of Mechanotransduction
and Fn-Mediated Signaling
To determine whether blood flow also regulates the develop-

ment of the chromaffin cell lineage, ISH was performed to detect

transcript expression of ff1b and dbh, markers for steroidogenic

and chromaffin cell lineages, respectively (Figure 7). Consistent

with the findings of our earlier study [19], the integration of the

two cell populations was detected as early as 36 hpf (Figure

7A–A’), and was not affected in tnnt2a morphants (Figure 7B–B’),

while interrenal medial migration and organ assembly were

observed at 56 hpf and 3 dpf (Figure 7C–C’, E–E’), respectively.

Since the medial extension of steroidogenic tissue was inhibited in

tnnt2a morphants, chromaffin cells that reached the interrenal

region remained closely associated with steroidogenic cells, and

were located to the right of the midline (Figure 7D–D’, F–F’).

While the convergence of differentiated chromaffin cells colonizing
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the interrenal organ was completed by 3 dpf in wild-type embryos

(Figure 7E’), clusters of differentiated chromaffin cells were located

outside the interrenal region in tnnt2a morphants (Figure 7F–F’),

apparently due to the unsuccessful migration of chromaffin cells,

indicating that although they are still capable of interacting with

steroidogenic cells, their migration is defective in blood flow-

deficient embryos, leading to an incomplete assembly of the

interrenal organ.

Interestingly, while blood flow was required, mechanotransduc-

tion and Fn-pFak signaling were dispensable for chromaffin cell

migration. Embryos injected with klf2aMO or mmp2MO, or

treated with 100 mM RGD starting from 26 hpf, had defective

medial migration of ff1b-expressing cells but normal convergence

of chromaffin cells at the midline (Figure 7G–I, G’–I’), resulting in

only partial integration of the two cell lineages. This implies that

the migration of steroidogenic and chromaffin cells are differen-

tially modulated by blood flow.

Discussion

The results of this study indicate that in addition to supplying

steroids and maintaining tissue homeostasis, blood flow ensures

maximal interaction between steroidogenic and chromaffin cells in

teleosts (Figure 8). During interrenal organ assembly, hemody-

namic forces pattern the vascular microenvironment and regulate

the morphology of steroidogenic cells and the associated angio-

genic endothelium. The data presented here illustrate a mecha-

nism by which an EMT-like process and tissue-tissue interactions

can be modulated by blood flow. A disruption of the vascular

microenvironment or mechanotransduction perturbs steroidogen-

ic tissue morphogenesis but not chromaffin cell migration,

Figure 6. Steroidogenic cells are induced to undergo an EMT-like change by hemodynamic forces and pFak signaling. (A–E) Ventral
view of the midtrunk from 34 to 84 hpf; steroidogenic cells become loosely associated and develop protrusions at the cell surface. The accumulation
of b-Catenin at cell-cell junctions in the steroidogenic tissue can be seen in cross sections of Tg(ff1bEx2: GFP) embryos at (F, F’) 2 dpf, but not at (G, G’)
2.5 dpf. The decrease in junctional b-Catenin was not observed in (H, H’) tnnt2a morphants, (I, I’) 2,3-BDM- or (J, J’) RGD-treated embryos, or (K, K’)
klf2a or (L, L’) mmp2 morphants. Sections are shown of a representative embryo from each treatment group. (M) Fluorescence intensity of b-Catenin
in ff1bGFP-expressing steroidogenic tissue (ROI marked by orange lines) is normalized to the size of the cluster, with the number of embryos
indicated in parentheses. The difference between 2-dpf control group and any of the other groups was analyzed by Student’s t-test. *P,0.05, N.S.,
not significant. A, anterior; P, posterior; L, left; R, right; D, dorsal; V, ventral. Broken yellow lines indicate position of the midline. Abbreviations:
notochord (NC). Scale bar, 25 mm.
doi:10.1371/journal.pone.0107997.g006
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indicating that blood flow regulates these processes through

different pathways.

The obstruction of blood flow in the zebrafish embryo produced

a phenotype similar to that of the fn1 mutant [19] (Figure 7),

providing evidence that the interrenal Fn-enriched microenviron-

ment is regulated by hemodynamic forces (Figure 4). However,

while blood flow-deficient embryos have similar defects in

steroidogenic and chromaffin cell migration, 20%–30% of fn1
mutants exhibit a more severe phenotype, where the bilateral

fusion of early interrenal tissues is unsuccessful (Figure 7). The

variable expressivity of this phenotype in fn1mutants could be due

to a more profound effect of Fn deficiency on early development

prior to the onset of blood flow [41,60]. Indeed, early bilateral

interrenal tissues arise in close association with pre-vascular

angioblasts, and their fusion occurs in parallel with the assembly of

axial vasculature independently of the initiation of blood flow

[9,52].

The phenotype of the RGD-treated embryo—that is, defective

migration of steroidogenic but not chromaffin cells—was different

from that of the fn1 mutant, in which the migration of both cell

types was compromised (Figs. 7 and 8). Fn regulates the fusion of

bilateral cardiac primordia, and is therefore essential for the

development of myocardial epithelia [41]; thus, fn1 mutants have

impaired cardiac function and consequently, reduced blood flow,

which may cause the aberrant migration of chromaffin cells.

Nevertheless, these cell clusters in fn1 mutants were more

dispersed than in tnnt2a morphants (Figure 7J), suggesting that

the presence of Fn ensures that the microenvironment stimulates

chromaffin cell migration prior to the onset of circulation. Trunk

neural crest cells, from which the sympathochromaffin lineage is

derived, migrate along the medial surface of each somite but not

the somite boundary where Fn accumulates [60,61]. However,

disrupted somite formation in the fn1 mutant leads to the

uncoupling of slow- and fast-twitch muscle fibers, and hence a

Figure 7. Interaction between interrenal steroidogenic and chromaffin cells in tnnt2a, klf2a, and mmp2 morphants and RGD-treated
embryos during interrenal gland assembly. Double ISH assays showing colocalization of ff1b (red) and dbh (black) transcripts in uninjected
control embryos and tnnt2amorphants at (A, A’; B, B’) 36 hpf (n = 3 and 6, respectively), (C, C’; D, D’) 56 hpf (n = 3 and 5, respectively), and (E, E’; F, F’) 3
dpf (n = 17 and 15, respectively), and in (G, G’) klf2a (n = 9) and (H, H’)mmp2 (n = 8) morphants and (I, I’) RGD-treated embryos (n = 18) at 3 dpf. Ventral
flat mount views are shown for representative embryos in each group, oriented with anterior at the top. Yellow arrowheads indicate chromaffin cell
clusters that failed to converge at the interrenal area in tnnt2a morphants. Broken white lines indicate position of the midline. (J) Schematic
representation of various phenotypic defects associated with interrenal organ assembly. Panels show ventral views of wild-type, mutant, morphant,
and drug-treated embryos at 3 dpf, oriented with anterior at the top. Phenotypes depicted for cloche (clo) and fn1 mutants are based on previous
reports [9,21]. Abbreviations: notochord (NC), the third somite (3S), the fourth somite (4S).
doi:10.1371/journal.pone.0107997.g007
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disorganized myofibril pattern [62], which is another factor that

could compromise chromaffin cell migration. In contrast, the

RGD-treatment in this study was initiated at 26 hpf without

evident perturbation of cardiac flow and somite morphology,

which might explain why chomaffin cells migrate normally in

RGD-treated embryos.

EMT is initiated by transforming, fibroblast, epithelial, and

hepatocyte growth factors as well as the oncogene Harvey rat

sarcoma. During this process, there is a downregulation of

epithelial and concomitant upregulation of mesenchymal markers,

while cells assume a proliferative and migratory character [35].

EMT is similar to the endothelial-to-mesenchymal transition

(EnMT), a critical step in vertebrate heart development in which

endothelial endocardial cells give rise to heart cushion cells that

form the mesenchymal portion of septa and valves [63]. In various

vertebrate models including zebrafish, alterations in hemodynamic

forces during cardiogenesis have profound effects on cardiac

septation and valvulogenesis [3,4,46,64], suggesting that EnMT is

regulated by hemodynamics. The present study underscores a

novel role for hemodynamics in the EMT-like behavior of vessel-

associated endocrine cells via modulation of the vascular

microenvironment and Fn-pFak signaling.

In addition to being an epithelial cell marker, b-Catenin also

transduces canonical Wnt signals and is implicated in cell

proliferation [65]. Cytoplasmic b-Catenin is stabilized upon

activation of Wnt signaling, leading to its translocation to the

nucleus, where it interacts with T-cell factors (TCFs) to stimulate

the transcription of target genes. There was no obvious

enrichment of nuclear b-Catenin detected in steroidogenic cells

during interrenal organ assembly (Figure 6), and it is possible that

canonical Wnt signaling is not involved in zebrafish interrenal

development. Nevertheless, Wnt4 can inhibit b-Catenin/TCF
signaling by redirecting nuclear b-Catenin to the membrane [66].

During mammalian sex differentiation, Wnt4 inhibits the migra-

tion of endothelial and steroidogenic cells into the female gonad

[67], and is also expressed in the outermost region of the adrenal

cortex, where it may play a role in migration events that segregate

adrenal and gonadal lineages during early development [68]. It

therefore remains to be explored whether Wnt signals are directly

or indirectly regulated by hemodynamic forces and thereby guide

cell migration during interrenal organ assembly.

It will be of interest to explore whether other morphogens

participate in the interrenal organogenesis. Pregnenolone, a

steroid produced from cholesterol by the steroidogenic enzyme

Cyp11a1, promotes cell migration by activating CLIP-170 and

stabilizing microtubules [69,70]. The function of pregnenolone for

cell movement has been well studied in the zebrafish gastrulation

which is well before the onset of blood flow as well as interrenal

organogenesis. While cyp11a1 is expressed at the zebrafish

interrenal tissue by 1 dpf [18], it remains unclear whether

pregnelolone would also form a morphogen gradient during the

interrenal morphogenetic movement. On the other hand, the

molecular and cellular mechanisms by which blood flow regulates

chromaffin cell migration remain to be explored. In the blood

flow-deficient zebrafish embryo, the expression of endothelial

CXCR4a is upregulated during collateral formation [71].

CXCR4a is the G protein-coupled receptor for the chemokine

stromal cell-derived factor 1 (SDF-1). SDF-1, along with Bone

Morphogenetic Proteins (BMPs) and Neuregulin 1 of the

epidermal growth factor family, are the three groups of paracrine

factors that participate in the generation of sympatho-adrenal

progenitors from the neural crest [12,72,73,74]. BMPs are

produced by the DA and are critical for the production of SDF-

1 and Neuregulin 1 in the vicinity of the DA, while SDF-1 and

Neuregulin 1 function as chemoattractants for the migration of

neural crest cells [15]. It will therefore be intriguing to examine

whether a loss of blood flow would influence the activity of SDF-1

through upregulating CXCR4a expression.

Figure 8. Schematic representation of interrenal steroidogenic tissue (IR) and chromaffin cell integration that takes place in the
vicinity of the DA and extending IRV. An Fn-enriched microenvironment promotes medial extension of the steroidogenic tissue and culminates
in steroidogenic-chromaffin interactions on both sides of the midline (left); various defects in extension lead to incomplete assembly of the interrenal
organ (middle and right). D, dorsal; V, ventral; L, left; R, right. Abbreviations: notochord (NC). Somite (S).
doi:10.1371/journal.pone.0107997.g008
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Supporting Information

Figure S1 Effect of norepinephrine on the heart beat of
zebrafish. Norepinephrine treatments resulted in a dose-

dependent increase of heart rate at 33 hpf. The difference

between groups treated with various concentrations of norepi-

nephrine was analyzed by Student’s t-test. *P,0.05, ***P,
0.0005.

(TIF)

Figure S2 Interrenal cell migration suppressed by 2,3-
BDM was recovered following the removal of 2,3-BDM.
The interrenl tissue stained by 3b-Hsd activity assay in the control

Tg(kdrl: GFP)s843 embryo continued to extend across the midline

from 2.5 dpf (A-A’’) to 3 dpf (C-C’’), while migration of interrenal

cells was repressed by 2,3-BDM treatment at 6 mM from 1.5 to

2.5 dpf (B-B’’) or 3 dpf (D-D’’). Migration of interrenal cells was

recovered at 3 dpf as 2,3-BDM was washed out at 2.5 dpf (E-E’’).

Protrusions of extending interrenal tissues (red arrows) were

detected in control as well as recovered embryos. Broken white

lines indicate position of the midline. Abbreviations: glomerulus

(G), posterior cardinal vein (PCV). Scale bar, 50 mm.

(TIF)

Figure S3 Effects of blood flow inhibition on IRV growth
was reversible following the removal of 2,3-BDM. The

IRV in the control Tg(kdrl: GFP)s843 embryo continued to extend

from 2.5 dpf (A, A’) to 3 dpf (C, C’), while the IRV growth was

repressed by 2,3-BDM treatment at 6 mM from 1.5 to 2.5 dpf (B,

B’) or 3 dpf (D, D’). Extension of IRV was recovered at 3 dpf as

2,3-BDM was washed out at 2.5 dpf (E, E’). The interrenal tissue

(IR) was detected by 3b-Hsd acitivity assay. D, dorsal; V, ventral;

L, left; R, right. Broken yellow lines indicate position of the

midline. Abbreviations: notochord (NC), somite (S). Scale bar,

50 mm.

(TIF)

Figure S4 Effect of L-NAME on morphogenetic move-
ments of interrenal steroidogenic tissue and IRV
formation. (A–A’’) Tg(kdrl: GFP)s843 embryos treated with

100 mM L-NAME from 1.5 dpf onwards had interrenal steroido-

genic tissue (IR) morphology (orange arrows) and (B–B’’) IRV

length similar to control embryos (Figure 3A, A’, D) at 2.5 dpf

(n = 8). The activity of endothelial NO synthase was inhibited by L-

NAME at concentrations higher than 10 mM [50]. D, dorsal; V,

ventral; L, left; R, right. Abbreviations: posterior cardinal vein

(PCV). Scale bar, 50 mm.

(TIF)

Figure S5 Effect of RGD treatment on pFAK distribu-
tion in the interrenal region. Transverse sections of Tg(kdrl:
GFP)s843 embryos either untreated (control; n = 6) or treated with

100 mM RGD peptide (n = 10) from 26 hpf and harvested at 2.5

dpf for evaluation of 3b-Hsd activity and pFak level by IHC.

Sections are shown of a representative embryo from each group,

oriented with the dorsal side at the top. Abbreviations: interrenal

tissue (IR), notochord (NC), somite (S).

(TIF)

Figure S6 Steroidogenic cells display a decrease of E-
cadherin expression which is induced by hemodynamic

forces and pFak signaling. E-cadherin in the fluorescent

steroidogenic tissue of Tg(ff1bEx2: GFP) embryos was decreased

from 2 dpf (A-A’) to 2.5 dpf (B-B’). The decrease in E-cadherin was

not observed in (C, C’) tnnt2a morphants, (D, D’) RGD-treated

embryos, or (E, E’) klf2a or (F, F’) mmp2 morphants. Sections are

shown of a representative embryo from each treatment group. (F)

Fluorescence intensity of E-cadherin in ff1bGFP-expressing

steroidogenic tissue is normalized to the size of the cluster, with

the number of embryos indicated in parentheses. The difference

between 2-dpf control group and any of the other groups was

analyzed by Student’s t-test. *P,0.05, **P,0.005, N.S., not

significant. D, dorsal; V, ventral; L, left; R, right. Abbreviations:

notochord (NC). Scale bar, 25 mm.

(TIF)

Figure S7 Steroidogenic cells display a rise of Vimentin
expression which is induced by hemodynamic forces
and pFak signaling. Vimentin in the steroidogenic tissue

(marked by green fluorescence) of Tg(ff1bEx2: GFP) embryos was

increased from 2 dpf (A-A’) to 2.5 dpf (B-B’). The increase in

Vimentin was not observed in (C, C’) tnnt2a morphants, (D, D’)

RGD-treated embryos, or (E, E’) klf2a or (F, F’) mmp2 morphants.

Sections are shown of a representative embryo from each

treatment group. (G) Fluorescence intensity of Vimentin in

ff1bGFP-expressing steroidogenic tissue (ROI marked by orange

lines) is normalized to the size of the cluster, with the number of

embryos indicated in parentheses. The difference between 2-dpf

control group and any of the other groups was analyzed by

Student’s t-test. **P,0.005, N.S., not significant. D, dorsal; V,

ventral; L, left; R, right. Abbreviations: notochord (NC). Scale bar,

25 mm.

(TIF)

Video S1 Complete blockage of blood flow in the
posterior cardinal vein of a 36-hpf embryo treated with
6 mM 2,3-BDM.
(WMV)

Video S2 Normal blood flow in the posterior cardinal
vein of a wild-type 36-hpf embryo.
(WMV)

Video S3 Partial reduction in blood flow in the poste-
rior cardinal vein of a 36-hpf embryo treated with 2 mM
2,3-BDM.
(WMV)
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Fibronectin Mediates Correct Positioning
of the Interrenal Organ in Zebrafish
Chih-Wei Chou, Chih-Hao Chiu, and Yi-Wen Liu*

ABSTRACT: Background: Fibronectin (Fn) forms a centripetal gradient during the fetal adrenal
gland organogenesis, and modulates hormone responsiveness of adrenocortical cells in the primary
culture. However, how Fn is involved in organ formation of the adrenal gland remains unclear.
Results: In this study, we found that Fn accumulates around migrating ff1b-expressing interrenal
cells, which were marked by the ff1b promoter-driven transgenic fluorescence, during the course of
interrenal organ assembly. The interrenal cells displaying the migratory phenotype were absent in
the fn1 mutant, while specification and kidney association of the interrenal tissue remained normal.
The Fn deposition in the interrenal microenvironment was severely reduced in the vessel-deficient
ets1b morphant, implying its origin of synthesis from the peri-interrenal vasculature. In the fn1
mutant, early-migrating chromaffin cells were capable of interacting with steroidogenic interrenal
cells, yet continuous migration and midline convergence of chromaffin cells were disrupted. Migra-
tion defects of both interrenal and chromaffin lineages, in the absence of Fn, thus led to incomplete
interrenal organ assembly in aberrant positions. Conclusions: Our results indicate that Fn is
essential for patterning interrenal organ formation, by modulating the migratory behavior of both
steroidogenic interrenal and chromaffin cells. Developmental Dynamics 000:000–000, 2013. VC 2013
Wiley Periodicals, Inc.

Key words: zebrafish; adrenal; interrenal; steroidogenic; chromaffin; fibronectin

Key Findings:
� Fibronectin accumulates around migrating steroidogenic cells, which are detected by a steroidogenic cell-spe-

cific zebrafish transgenic line, during the course of interrenal organ assembly.
� Migration but not specification of steroidogenic interrenal cells is defective in the zebrafish fibronectin

mutant.
� Fibronectin distribution in the zebrafish interrenal microenvironment is at least in part contributed by the

neighboring vasculature.
� The assembly of zebrafish interrenal organ is aberrant in the absence of Fibronectin, due to migration defects

of both steroidogenic and chromaffin cells.
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INTRODUCTION

The teleostean interrenal gland is a
functional counterpart of the mam-
malian adrenal gland, a crucial
component of the hypothalamic-

pituitary-adrenal axis. The adrenal
gland is composed of the outer cortex,
which produces steroid hormones in
a zone-specific manner, and the inner
medulla, which synthesizes catechol-

amines. Although lacking a highly
organized zonal structure, the inter-
renal gland demonstrates conserved
functional features as the major
steroid-producing organ. Functional
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assembly of the interrenal gland

is marked by the integration of
steroidogenic interrenal tissue with

chromaffin cells, the functional

equivalent of adrenal medulla. In the
zebrafish embryo, the integration

between interrenal and chromaffin
cells is evident by 3 days post-fertil-

ization (dpf), when the fish embryo is
able to physiologically respond to

stress and secrete steroids (To et al.,
2007; Alsop and Vijayan, 2009). It

means that teleostean steroid func-

tion in the embryo is initiated con-
currently with highly dynamic

tissue–tissue interactions. Mean-
while, a hypothalamic-pituitary-

interrenal axis develops and func-
tions as early as assembly of the

interrenal organ, which is essential
for maintaining the growth and dif-

ferentiation of interrenal steroido-

genic cells. Hence, these temporally
compressed events for zebrafish

interrenal organogenesis might ena-
ble us to explore those molecular and

cellular mechanisms that are con-
served between mammals and

teleosts.
In the zebrafish, the interrenal tis-

sue is derived from the embryonic
kidney (the pronephros) during the
segmentation stage, and is segregated
from the pronephric field by 30 hr
post-fertilization (hpf). Both the kid-
ney and the interrenal tissue arise as
bilateral clusters across the midline,
and converge at the midline in a coor-
dinated fashion (Hsu et al., 2003; Liu,
2007). While central assembly of the
pronephros requires the hemody-
namic force (Serluca et al., 2002),
medial fusion of bilateral primordial
interrenal tissues is regulated by
the interrenal-associated endothe-
lium, possibly prior to vessel forma-
tion (Liu and Guo, 2006). Bilateral
interrenal tissue clusters merged at
the midline, and then relocalized to
the right of the midline, with the
relocalization event regulated by the
adjacent axial artery and vein, which
are under active assembly. As a
result, the interrenal tissue from 28
hpf onwards is located to the right of
the midline, and juxtaposed between
the dorsal aorta (DA) and the right
branch of the posterior cardinal vein.
From about 2 dpf onwards, the inter-
renal cell cluster further extends

medially across the midline, and
becomes integrated with the chromaf-
fin cells, which are derived from the
trunk neural crest. The assembly of
the interrenal organ is evident at 3
dpf by the intimate intermingling
between interrenal and chromaffin
cells. Intrinsic and extrinsic mole-
cules that determine the interrenal
cell migration during the process of
interrenal organ assembly have
remained unclear.

By using a fluorescent transgenic
line driven by the promoter of nu-
clear receptor ff1b, the functional
ortholog of adrenal 4 binding pro-
tein/steroidogenic factor 1 (Ad4BP/
SF-1; officially designated NR5A1)
as well as the key gene for specifi-
cation and differentiation of the
interrenal tissue (Chai et al., 2003;
Hsu et al., 2003; Quek, 2009), we
found in this study that interrenal
cells appeared to display an active
migratory phenotype during the
stage of interrenal organ assembly.
Interestingly, a rich enrichment of
extracellular matrix protein Fn was
deposited around migrating ff1b-
expressing cells during the interre-
nal morphogenetic movement. Fn, a
major adhesive molecule of the
extracellular matrix, interacts with
the Integrin receptor family to
mediate a wide range of cellular
processes including cytoskeletal or-
ganization, cell-substratum adhe-
sion and spreading, and cell
migration (Hynes, 1992; Astrof and
Hynes, 2009). In the human fetal
adrenal gland, Fn forms a centripe-
tal gradient of accumulation, and is
highly enriched at the fetal zone
(Chamoux et al., 2001). Experi-
ments on primary cultures derived
from whole fetal adrenal glands
have revealed that Fn orchestrates
with other extracellular matrix
components including Laminin and
Collagen IV to modulate hormonal
responsiveness, steroid secretion,
and cell turnover (Chamoux et al.,
2002a,b). On the other hand, the
Fn distribution of the fetal adrenal
gland appears highly parallel with
the centripetal migration of fetal
adrenocortical cells (Ishimoto and
Jaffe, 2011). However, whether Fn
participates in the fetal adrenal
centripetal migration remains
unknown. It is also unclear how

the Fn accumulation in the fetal
adrenal gland is regulated.
Studies performed on the zebrafish

fn1 mutant (natter) have revealed
essential roles of Fn for the develop-
ment of somites and the heart. Fn
accumulates at the somite boundaries
in an Integrina5-dependent manner,
and is required for maintenance but
not specification of somite boundaries
(Koshida et al., 2005). Fn is also
detected around the myocardial pre-
cursors, and at the midline region
between the endoderm and endocar-
dial precursors (Trinh and Stainier,
2004). The peri-myocaridal Fn
appears to be generated by the
endothelium, and regulates epithelial
organization for the migrating myo-
cardial cells. We, therefore, hypothe-
sized that the Fn deposition
associated with steroidogenic interre-
nal cells might be essential for the
interrenal morphogenetic movement,
and hence implicating a role of Fn in
the interrenal–chromaffin interac-
tion. Therefore, we utilized the
genetic fn1 mutant to check whether
the interrenal morphogenetic move-
ments were perturbed in the absence
of Fn. We found that the fn1 mutant
displayed a normal specification of
the interrenal tissue, which was suc-
cessfully segregated from and
remained associated with the pro-
nephros. However, defects of interre-
nal morphogenetic movements were
exhibited in the fn1 mutant. Further-
more, the Fn accumulation in the
interrenal microenvironment was
severely reduced in embryos deficient
in Ets1b, which is essential for blood
vessel formation, suggesting that the
source of Fn in the interrenal micro-
environment was at least in part
contributed by the neighboring vascu-
lature. Interestingly, the convergence
of chromaffin cells at the midline was
also perturbed in the fn1 mutant,
with initial but not continuous
recruitment of chromaffin cells to the
interrenal region being successful.
Defective morphogenetic movements
of both interrenal and chromaffin
cells in the fn1 mutant together led to
incomplete assembly of the interrenal
organ in aberrant locations. Our
study thus supported a role for Fn to
be essential for cell migratory events
that ensure correct interrenal organ
assembly in teleosts.
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RESULTS AND DISCUSSION

The Fn Protein Accumulates

Around Migrating ff1b-

Expressing Interrenal Cells

During the Stage of

Interrenal Organ Assembly

Following the early midline fusion
and lateral relocalization, the steroi-
dogenic component of the interrenal
organ develops into a bilobed organ
lateral to the notochord from 3 dpf
onwards, with the right lobe generally
larger than the left lobe (Chai et al.,
2003; To et al., 2007). It remains
unclear whether the asymmetric
bilobed organ structure is due to
uneven expansion, or to the migratory
behavior of steroidogenic cells during
a general expansion of developing
interrenal tissue. To check whether
steroidogenic cells display migratory
activity following the early morphoge-
netic movements, a transgenic line
Tg(ff1bEx2:GFP) was used to mark
both primordial and differentiated
interrenal cells (Fig. 1). Our earlier
study showed that the reporter
gene expression driven by the ff1b
promoter could recapitulate the
expression of ff1b during zebrafish
embryogenesis, and has been used to
delineate morphogenetic movements
of the developing interrenal tissue
(Chou et al., 2010).

Vibratome sections of the
Tg(ff1bEx2:GFP) embryos demon-
strated that while ff1b-expressing
cells formed a single cluster to the
right of the midline by 1.5 dpf (Fig.
1A), a protruding extension toward
the midline was detected at 2 dpf
(Fig. 1B), which was possibly consti-
tuted by migrating interrenal cells. At
2.5 dpf, interrenal cell clusters show-
ing migratory behavior were detected
near the midline region (Fig. 1C), and
some steroidogenic cells were situated
at the left of the midline, obviously
representing those cells that have
migrated across the midline. The
migration and extension of the inter-
renal tissue led to a dispersed distri-
bution of interrenal morphology at 3
dpf (Fig. 3D), which was accompanied
by a continuous size expansion of the
ff1b-expressing domains. It thus sug-
gested that the asymmetric bilobed
structure of the interrenal organ from
3 dpf onwards was actually due to a

continuous migratory behavior of
interrenal cell clusters from 2 to 3
dpf.

Interestingly, the protruding exten-
sion of the interrenal tissue cluster at
2 dpf was directed toward an enriched
deposition of Fn protein accumulated
near the midline region and ventral
to the notochord and the DA (Fig.
1B’’, white arrowheads), while the Fn
protein was also deposited around the
notochord as well as the DA. From 2.5
to 3 dpf, interrenal clusters migrating
across the midline continued to asso-
ciate with the Fn deposited along the
course of interrenal medial extension
(Fig. 1C’’,D’’). It thus indicated that
the Fn accumulation in the interrenal
microenvironment displayed a tempo-
ral correlation with the interrenal cell
migration from 2 to 3 dpf. Therefore,
it is of interest to explore whether Fn
could modulate morphogenesis of the
interrenal tissue during the process of
medial extension and functional
assembly.

Although the fluorescent intensity
of a 24-hpf Tg(ff1bEx2:GFP) embryo in
whole-mount could be captured by con-
focal microscopy (Chou et al., 2010), it
was too weak on vibratome sections
for locating bilateral interrenal clus-
ters. Nevertheless, indirect evidence
has pointed out the possibility of Fn
deposition in the microenvironment of
bilateral interrenal tissues. At around
24 hpf, bilateral interrenal tissues are
associated with those flk1-expressing
angioblasts that could be involved in
the assembly of axial vasculature (Liu
and Guo, 2006). Fibronectin has been
found to deposit around the flk1-
expressing anigoblasts as early as 16
hpf (Jin et al., 2005), and hence would
likely accumulate in the vicinity of
the endothelium-associated interrenal
clusters at 24 hpf.

Morphogenetic Movements

of Steroidogenic Interrenal

Cells Are Defective, Despite

a Normal Interrenal

Specification, in the fn1

Mutant

To examine whether Fn plays a role
in the morphogenesis of developing
interrenal gland, we checked the mor-
phology of steroidogenic interrenal
tissue in the fn1 mutant as well as its

wild-type siblings (Fig. 2A, B, C, E).
The ventral flat-mount view (Fig. 2A)
of deyolked wild-type embryos demon-
strated an onset of central migration
for steroidogenic interrenal cells by
33 hpf. The migrating steroidogenic
cells formed a coherent protruding
extension from the aggregated inter-
renal tissue cluster, which became
more evident by 56 hpf (Fig. 2A, white
arrows). Along with an expansion of
interrenal size, those interrenal cells
displaced away from the main cluster
appeared loosely-associated at 74 hpf,
which was temporally correlated with
an intermingling of steroidogenic
interrenal and differentiated chro-
maffin cells at this stage (Chai et al.,
2003; To et al., 2007). For all the
stages assayed, most of the fn1
mutants displayed an interrenal phe-
notype where no migrating cells were
detected (fn1 class I: 70% at 33 hpf,
n¼22; 70% at 56 hpf, n¼53; 71% at
74 hpf, n¼ 45), whereas the rest
showed a more severe morphological
defect by the presence of bilateral
interrenal tissue clusters (fn1 class
II). In contrast, the majority of wild
type siblings displayed a migratory
interrenal tissue phenotype (78% at
33 hpf, n¼67; 99% at 56 hpf, n¼145;
96% at 74 hpf, n¼ 125). Since interre-
nal progenitors appeared as bilateral
clusters in either the fn1 mutant
(100%, n¼25) or its wild-type siblings
(100% in 31 randomly-selected sam-
ples) at 24 hpf (Fig. 2B), the pheno-
type of fn1 class II was apparently
due to an unsuccessful fusion of bilat-
eral interrenal progenitors after their
specification. Cross-sections of the fn1
mutant and its wild type siblings at 3
dpf revealed that the Fn protein
expression was severely reduced in
both classes of fn1 mutants (Fig. 2C).
While interrenal cells migrated along
the ventral side of the DA in the wild-
type embryo, those in the fn1 mutant
did not migrate and remained as sin-
gle (class I) or bilateral (class II) clus-
ters associated with the lateral side(s)
of the DA. Although Integrin-medi-
ated signaling is involved in the inter-
action between mesoderm and
endoderm during gastrula (Nair and
Schilling, 2008), the migration pheno-
types of the interrenal tissue in the
fn1 mutant were not due to an early
effect, as the embryos treated with Fn

ROLE OF FIBRONECTIN IN ZEBRAFISH INTERRENAL ORGAN 3
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antagonist RGD peptide from 16 hpf
(14-somite stage) onwards also led to
migration defects of the interrenal tis-
sue, albeit in a slightly more severe
manner (see Supp. Fig. S1, which is
available online). The migration of
interrenal cells in the RGD-treated
embryo (n¼38) was arrested either at
the stage of midline fusion (class II;

29%) or during the subsequent lateral
relocalization event (class I; 71%).

Apart from the evident defect of
interrenal morphogenetic movements,
functional differentiation of the inter-
renal tissue demonstrated a mild yet
significant reduction in the fn1 mu-
tant. Both density and area of 3bHsd
activity, as estimated by densitometry

analysis from the ventral surface of
the stained interrenal tissue, showed a
trend of constant increase from 33 to
74 hpf in either fn1 mutant or its wild-
type siblings (Fig. 2D). However, for
all the stages assayed, the fn1 mutant
persistently demonstrated a slightly
yet significantly lower level of 3bHsd
activity than its wild-type sibling.

Fig. 1. The distribution of Fn around migrating interrenal cells. Interrenal cells (GFP as driven by ff1b promoter in A–D and A”–D”) formed a protruding
extension at 2 dpf (B, B”) and dispersed clusters at 2.5 (C, C”) and 3 dpf (D, D”), on transverse sections of Tg(ff1bEx2:GFP) embryos. Migrating interre-
nal cell clusters (denoted by yellow arrows) were closely associated with the Fn protein (red fluorescence in A’–D’ and A”–D”; Fn enrichment in the
interrenal microenvironment highlighted by white arrowheads) throughout the medial extension process of the interrenal tissue. All sections are oriented
with the dorsal side toward the top. White dotted lines indicate the position of the midline. NC, notochord; DA, dorsal aorta. Scale bar¼ 50 mM.

4 CHOU ET AL.
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Despite a downregulation of inter-
renal steroidogenic activity in the fn1
mutant as shown in Figure 2D, speci-
fication of the interrenal tissue from

the pronephric field is neither per-
turbed nor delayed (Fig. 2E). Quanti-
fication of the ff1b-expressing
domains in randomly selected fn1

mutants (n¼ 25; 19 class I and 6 class
II) and their wild-type siblings
(n¼ 18) showed that there was no sig-
nificant difference in the expression

Fig. 2.
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levels of ff1b mRNA. Moreover, the
number of ff1b-expressing cells
showed no apparent difference
between the fn1 mutant and its wild-
type sibling. Since the medial exten-
sion of interrenal cells was initiated
by 33 hpf (Fig. 2A), of which in the
fn1 mutant could not be entitled to an
insufficient cell number at this stage.
In the situation where proliferative
activity of interrenal cells is reduced
due to a repressed hypothalamic-piui-
tary-interrenal axis (To et al., 2007),
medial extension and organ assembly
of the interrenal gland remain unper-
turbed, further supporting that the
factors that determine migratory ac-
tivity of interrenal cells might be
decoupled from those promoting inter-
renal cell proliferation.

On the other hand, the simultane-
ous detection of either wt1a or wt1b
transcripts with those of ff1b revealed
that the unperturbed interrenal spec-
ification in the fn1 mutant was fol-
lowed by proper segregation from,
and association with, the wt1-express-
ing pronephric glomerulus (Fig. 2E).
It further supports that the function
of Fn for the interrenal morphogene-
sis is mainly on the cell migration and
independent of either organ specifica-
tion or even functional
differentiation.

The interrenal phenotype in the fn1
mutant is reminiscent of the previous
finding regarding how Fn regulates
the cardiomyocyte migration during
the process of heart formation (Trinh
and Stainier, 2004). It thus raises the
question as to whether Fn is com-

monly involved in migratory events
during the process of organ formation.
While Fn is also expressed by and de-
posited at the early endoderm of the
zebrafish embryo (Jin et al., 2005),
the Fn deficiency did not seem to
affect either endodermal migration or
gut tube formation, although differen-
tiation and gross morphology of the
gut tube were obviously defective
(Fig. 2G). On the other hand, the
swim bladder as another endoderm-
derived organ is surrounded by abun-
dant Fn deposition and appeared
severely disrupted in the absence of
Fn. We thus speculate that while Fn
participates in the microenvironment
of many organ or cell types, it might
play differential roles for each specific
type during development.

The Fn Distribution in the

Interrenal Microenvironment

Is at Least in Part

Contributed by the

Neighboring Endothelial

Structure

The interrenal tissue is tightly associ-
ated with angioblasts and the vascu-
lar endothelium since the onset of
organ formation and throughout its
development (Liu and Guo, 2006). It
is thus of interest to explore whether
the Fn deposition in the interrenal
microenvironment was synthesized
by the adjacent vasculature. Consist-
ent with the previous study by Jin
et al. (2005), Fn was found to deposit
around the DA segment associated

with the steroidogenic interrenal tis-
sue, as well as at somites and the
swim bladder, at 34 hpf (Fig. 3A, A’).
Later at 60 hpf, Fn appeared more
highly enriched around the DA and
the swim bladder, in the vicinity of
the interrenal tissue, which was
marked by ff1b promoter-driven fluo-
rescence, and also accumulated at the
ventral side of the gut tube (Fig. 3C,
C’). We then examined the Fn distri-
bution in the embryo injected with
the antisense morpholino nucleotides
(MO) against the ets1b gene (Fig. 3B,
B’; D, D’). The ets1b gene is required
for vasculogenesis in the zebrafish
embryo (Sumanas and Lin, 2006), a
knockdown of which leads to defects
in either midline fusion or lateral
relocalization of the developing inter-
renal tissue (Chou et al., 2010). In
this work, all the ets1b morphants
injected at a dosage of 1.2 pmol per
embryo displayed severely disrupted
vasculogenesis at the midtrunk at 34
hpf (n¼28). The vibratome sections at
the level of the midtrunk showed that
Fn was severely reduced in the ets1b
morphant, where the peri-interrenal
vasculature was largely deficient (Fig.
3 B, B’). In the ets1b morphant, a sig-
nificant reduction of Fn deposition in
the interrenal microenvironment was
evident at 60 hpf (Fig. 3D, D’). In con-
trast, Fn could still be detected
around the swim bladder and ventral
to the gut tube. Consistently, the
phosphorylated Focal Adhesion Ki-
nase (pFAK), an activated down-
stream component of Integrin
signaling (Crawford et al., 2003), also

Fig. 2. The analysis of interrenal morphogenesis in the fn1 mutant. A: Morphogenetic movements of the steroidogenic interrenal tissue in the fn1
mutant (fn1) and its wild type siblings (WT) at 33, 56, and 74 hpf were detected by whole-mount 3b-Hsd staining. Ventral flat-mount views of
deyolked samples showed that the steroidogenic interrenal tissue appeared as a single aggregated cell cluster in the wild-type embryo, with the
medially-migrating cells forming a protruding extension (white arrows) evident as early as 33 hpf, at the level between the third (S3) and fourth (S4)
somites, which was extended across the midline (yellow dotted lines) by 56 hpf and became more loosely associated at 74 hpf. The medial exten-
sion and dispersion of single interrenal cell cluster was defective in the class I fn1 mutant, while the class II mutant displayed a more severe phe-
notype where bilateral interrenal primordia did not converge. B: Bilateral interrenal clusters expressing ff1b transcripts were detected in both the
fn1 mutant and its wild-type sibling at the stage of 24 hpf, as assayed by an ISH analysis. C: The interrenal migration phenotype of the fn1 mutant
at 72 hpf, which displayed disrupted Fn expression (red), was further demonstrated by vibratome sections with the dorsal side oriented toward
the top. The lumen of the DA is marked by yellow dots. D: Relative density (top chart) and area (bottom chart) of steroidogenic interrenal tissues
as assessed by 3bHsd activity staining from the ventral surface, in the fn1 mutant compared with its wild-type sibling control. The number of
embryos for each population is indicated in parentheses. Both density and area of 3bHsd activity-positive interrenal cells were mildly yet signifi-
cantly reduced in the fn1 mutant. *P< 0.05; **P< 0.005; ***P< 10�5. E: Double ISH assays showing the colocalization of ff1b (red) with wt1a and
wt1b (dark brown), respectively, at 33 hpf in the fn1 mutant as well as its wild-type sibling. F: The Fast Red fluorescent intensity of ff1b ISH sig-
nals, and the number of ff1b-expressing interrenal cells as measured from the ventral surface, are quantified in left and right charts, respectively.
Expression levels of ff1b transcripts, as well as the number of ff1b-expressing interrenal cells, are essentially invariable between the fn1 mutant
(n¼ 25) and its wildtype siblings (n¼ 18) at the early stage of interrenal differentiation. G: The morphology of the developing gut tube in the fn1
mutant. Vibratome sections at the level of anterior gut region in the fn1 mutant (fn12/2) as well as its wild-type sibling (WT) were stained with the
antibody against Acta2 for demarcating smooth muscle cells located at the outer layers of gut tube (Gut) and swim bladder (SB), while the anti-
body also detected myofibrils at the somites (S). Morphology but not laterality of the gut tube is affected in the absence of Fn. NT, neural tube.
NC, notochord. Scale bar¼ 50 mM.
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appeared greatly reduced in the inter-
renal area but not in the swim blad-
der or the gut tube structures.
Nevertheless, it is to be noted that the

swim bladder and the gut tube were
hypomorphic in the ets1b morphant,
implying that the deletion of vascula-
ture from the embryo might affect

organogenesis at multiple levels, how-
ever not necessarily through the
down-regulation of Fn. Our result is
in agreement with the previous report
that the RNA expression of fn1 is
absent at the anterior trunk region of
the endothelium-free cloche (clo) mu-
tant (Trinh and Stainier, 2004). It
also suggests that Fn might partici-
pate in the vessel-derived extracellu-
lar matrix microenvironment, which
shapes the developing interrenal
gland in the fish embryo.

Defective Migration Defects

of Both Interrenal and

Chromaffin Cells in the fn1

Mutant Lead to Incomplete

Interrenal Gland Assembly in

Aberrant Locations

The central migration of steroidogenic
interrenal cells from 1.5 dpf onwards
is temporally correlated with the
functional integration between inter-
renal and chromaffin cells. While the
steroidogenic interrenal and chromaf-
fin cells are originated from the inter-
mediate mesoderm and the neural
crest, respectively, co-development of
these two interrenal organ compo-
nents starts before 2 dpf, and the
resulting interrenal gland assembly is
evident at around 3 dpf (Chai et al.,
2003; To et al., 2007). To examine
whether the interrenal gland assem-
bly was disrupted in the fn1 mutant
where the interrenal morphogenesis
was defective, the morphology of dif-
ferentiated chromaffin cells was
delineated by the RNA expression of
dopamine b-hydroxylase (dbh) gene,
which functions to convert dopamine
to noradrenaline.
Co-localization of dbh and ff1b tran-

scripts by double in situ hybridization
(ISH) at 34 and 54 hpf showed that
the initial integration between inter-
renal and chromaffin cells was not
disrupted in the fn1 mutant (Fig. 4).
We found that interrenal and chro-
maffin cells were closely associated as
early as 34 hpf (Fig. 4A–A’’, B–B’’), a
stage shortly after the onset of steroi-
dogenesis; and the association was
not affected in the fn1 class I (Fig.
4C–C’’, D–D’’) and II (Fig. 4E–E’’, F–
F’’) mutants where morphogenetic
movements of the interrenal tissues
was defective. More dbh-expressingFig. 3.

ROLE OF FIBRONECTIN IN ZEBRAFISH INTERRENAL ORGAN 7
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chromaffin cells were detected at the
dorsal side of the ff1b-expressing
interrenal tissue cluster in the wild-
type embryo at 54 hpf, apparently
representing those chromaffin cells

that are migrating to colonize the
interrenal organ (Fig. 4H–H’’). In con-
trast, this continuous recruitment of
chromaffin cells from the dorsal side
into the interrenal area could barely

be detected in either class I (Fig. 4J–
J’’) or class II (Fig. 4L–L’’) of the fn1
mutant.
Co-localization of dbh and ff1b tran-

scripts at 77 hpf further displayed
that the continuous integration
between interrenal and chromaffin
cells was severely disrupted in the ab-
sence of Fn (Fig. 5). At this stage, con-
tinuously-migrating chromaffin cells
have reached and assembled in the
interrenal region, forming a bilobed
structure of chromaffin cell cluster
immediately dorsal to the ff1b-
expressing interrenal tissue (Fig. 5A”,
B”). In contrast, the dbh-expressing
cells in the fn1 mutant failed to

Fig. 3. The effect of ets1bMO on the Fn distribution in the interrenal region. Top: Transverse
sections of Tg(kdrl:GFP)s843 embryos either uninjected (A, A’) or injected with ets1bMO (B, B’)
were harvested at 34 hpf and assayed for 3b-Hsd activity (black), GFP (green), and Fn expres-
sion (red in A, B; white in A’, B’). The result of ets1b morphant in B, B’ is a representative of 9
sectioned samples, which all showed disrupted vasculature at the level of the midtrunk. Bottom:
Transverse sections of Tg(ff1bEx2:GFP) embryos either uninjected (C, C’) or injected with
ets1bMO (D, D’) were harvested at 60 hpf and assayed for GFP (green), Fn expression (red),
and pFAK (blue). C’, D’ are magnified views of the outlined areas in C, D. The result of ets1b
morphant in D, D’ is a representative of 20 sectioned samples. The accumulation of Fn in the
interrenal microenvironment is severely reduced in the ets1b morphant. All sections are oriented
with the dorsal side toward the top. DA, dorsal aorta; IR, interrenal tissue; NC, notochord; NT,
neural tube; S, somite; SB, swim bladder.

Fig. 4. The interaction between interrenal and chromaffin cells in the fn1 mutant at 34 and 54 hpf. Double ISH assays showing the colocalization
of ff1b (red) with dbh (black) in the class I and II fn1 mutants, as well as their wild-type siblings. Ventral flat mount (A–A’’, C–C’’, E–E’’, G–G’’, I–I’’,
K–K’’) and lateral (B–B’’, D–D’’, F–F’’, H–H’’, J–J’’, L–L”) views are shown for the representative embryo of each phenotypic type (n ¼17, 10, and
24 for the 34-hpf fn1 mutant class I, class II, and their wild-type siblings, respectively; n¼ 6, 3, and 18 for the 54-hpf fn1 mutant class I, class II,
and their wild-type siblings, respectively). The anterior (A) versus posterior (P) orientation of each sample is indicated, and the midline is marked
by yellow dotted lines. The embryos in the lateral view panels are oriented with the dorsal side to the top, and migrating chromaffin cell clusters
are highlighted by white arrowheads. The initial interaction between interrenal and chromaffin cell populations appears normal; while the continu-
ous recruitment of chromaffin cells to the interrenal region is defective in the fn1 mutant. Scale bar¼ 50 mM.
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Fig. 5. The interaction between interrenal and chromaffin cells in the fn1 mutant at 77 hpf. Double ISH assays showing the colocalization of ff1b
(red) with dbh (black) at 77 hpf in the class I and II fn1 mutants, as well as their wild-type sibling. Ventral flat mount (A–A’’, C–C’’, E–E’’) and lateral
(B–B’’, D–D’’, F–F’’, G–G”) views are shown for the representative embryo of each phenotypic type (n¼ 14, 7, and 58 for the fn1 mutant class I,
class II, and their wild-type siblings respectively). The anterior (A) versus posterior (P) orientation of each sample is indicated. The embryos in the
lateral view panels are oriented with the dorsal side to the top. Defective migration and convergence of chromaffin cells in the fn1 mutant result in
incomplete interrenal organ assembly. Scale bar¼ 50 mM.



D
ev

el
op

m
en

ta
l D

yn
am

ic
s

converge at the midline, and distrib-
uted as discrete clusters in two rows
bilaterally along the midline (Fig.
5C”–G”). It implied that the continu-
ous migration of chromaffin progeni-
tor cells was defective in the absence
of Fn. Nevertheless, those dbh-
expressing cell clusters situated in
close proximity to interrenal tissues
in the fn1 mutant demonstrated inti-
mate interactions with the ff1b-
expressing cells, implicating that the
Fn deficiency did not disrupt the
interaction between interrenal cells
and those chromaffin cells that have
colonized the interrenal area at the
early stage. Our results thus sug-
gested that Fn is required for correct
positioning of interrenal organ assem-
bly, by ensuring normal morphoge-
netic movements for both
steroidogenic interrenal and chromaf-
fin cells.

It remains to be explored why the
convergence of differentiated chromaf-
fin cells was defective in the fn1 mu-
tant. As trunk neural crest cells in the
zebrafish migrate along the middle of
the medial surface of each somite
(Honjo and Eisen, 2005), rather than
along the somite boundary where Fn
accumulates (Koshida et al., 2005), the
migration defect of chromaffin cells in
the fn1 mutant might not be due to a
loss of Fn along the migration course of
trunk neural crest cells. However, the
early defect of somite boundary forma-
tion in the fn1 mutant leads to a disor-
ganized myofibril pattern, where fast-
and slow-twitch muscle lengths are
uncoupled (Snow et al., 2008). It is,
therefore, possible that the disorgan-
ized muscle fiber organization in the
fn1 mutant might result in defective
migration of trunk neural crest cells,
and so their derived chromaffin cells.

Our results support that the Fn-
containing microenvironment in the
interrenal region contributes to pro-
mote morphogenetic movements of
both steroidogneic interrenal and
chromaffin lineages, yet might not
play an essential role for reciprocal
interactions between these two cell
types. It is interesting to note that the
location of interrenal–chromaffin
integrations seemed to be defined by
the aberrantly positioned interrenal
tissues, arguing for a role of interre-
nal-derived factors for recruiting
chromaffin cells.

Do Interrenal-Derived

Factors Play a Role in the

Interrenal–Chromaffin

Interaction?

Previous studies in mice have impli-
cated a role of developing adrenocorti-
cal cells for the migration of
chromaffin cells. Ectopic adrenocorti-
cal cells that resulted from transgenic
expression of Ad4BP/SF-1 are capa-
ble of recruiting sympathoadrenal
progenitor cells, albeit in a relatively
inefficient manner (Zubair et al.,
2009). In the adult mice, the trans-
genic Ad4BP/SF-1 expression leads to
eccentric chromaffin cell location and
thus a disorganized adrenal organ
architecture. Similarly, reduced size
of the adrenal cortical anlagen in
Ad4BP/SF-1 heterozygous mice leads
to unsuccessful immigration of chro-
maffin progenitors into the cortical
anlagen (Lohr et al., 2006). On the
other hand, differentiation of the
chromaffin cell lineage was not
affected upon a lack of the adrenal
cortex in Ad4BP/SF-1 homozygous
mice (Gut et al., 2005). Our results in
the zebrafish model are consistent
with those in mice in that the pres-
ence of steroidogenic cells is essential
for recruiting chromaffin cells during
the organ assembly, yet not required
for the generation and differentiation
of chromaffin cells. This implicates
that steroidogenic tissue-derived fac-
tor(s) might play a role in the guid-
ance of chromaffin cell migration. A
disruption of pituitary–interrenal
interactions in zebrafish, whether by
genetic mutation, dexamethasone
treatment, or morpholino knockdown,
does not affect the migration of, as
well as integration between, interre-
nal and chromaffin cells (To et al.,
2007). It thus ruled out the possibility
of interrenal-derived steroids playing
any role in regulating the interrenal–
chromaffin interaction.

The endothelium-free zebrafish clo
mutant has been found defective in
both the migration of steroidogenic
cells, and the interrenal–chromaffin
interactions (Liu and Guo, 2006).
While the interrenal specification and
differentiation are not perturbed in
the clo mutant, bilateral interrenal
primordia fail to fuse at the midline
in the absence of peri-interrenal vas-
culature, and the differentiated chro-

maffin cells converge at an extra-
interrenal location, which is well sepa-
rated from the interrenal region.
Although the interrenal tissue pheno-
type of class II fn1 mutants highly
resembles that of the clo mutant, ster-
oidogenic interrenal cells in the class
II fn1 mutant, however, are able to
recruit chromaffin cells (Figs. 4E”, F”,
K”, L”, 5E”–G”; for a comparison
between the clo and fn1 mutants see
Fig. 6). Since the vessel–interrenal
association was not disrupted in the
fn1 mutant (Chiu et al., 2012) as well
as in embryos treated with the Fn an-
tagonist RGD peptide (Supp. Fig. S1),
it indicates that the adrenal/interre-
nal-derived guidance cue for chemo-
attracting chromaffin cells might be
generated during the process of inter-
renal–vessel interaction. Much similar
to the adrenal cortex, the adrenal me-
dulla is a highly vascularized endo-
crine organ that provides a well-
developed network of capillaries, ven-
ules, and large veins for chromaffin
cells to release their product (Kikuta
and Murakami, 1984). For the teleos-
tean interrenal organ where steroido-
genic and chromaffin cells intermingle
instead of forming discrete compart-
ments, both cell types might be
exposed to the same set of endothe-
lium-derived signals, and a dissection
of such would help us to understand
the mechanism that governs assembly
of the adrenal/interrenal organ.

EXPERIMENTAL

PROCEDURES

Ethics Statement

All of the zebrafish-use protocols in
this research were reviewed and
approved by the Institutional Animal
Care and Use Committee of Tunghai
University (IRB Approval NO.
96–05).

Zebrafish Husbandry

Zebrafish (Danio rerio) were raised
according to standard protocols (West-
erfield, 2000). Embryos were obtained
from natural crosses of wild-type,
transgenic, or heterozygous mutant
fish, and staged as previously
described (Kimmel et al., 1995). The
following lines were used in this
study: fn1kt259 (Koshida et al., 2005)
(gift of Prof. Shinji Takada, National
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Institutes of Natural Sciences, Oka-
zaki, Japan); Tg(ff1bEx2:GFP) (Quek,
2009) (gift of Dr. Woon-Khiong Chan,
NUS, Singapore); Tg(kdrl:EGFP)s843

(gift of Didier Stainier, University of
California, San Francisco, CA); and
Tg(fli1:EGFP)y1 (Zebrafish Interna-
tional Resource Center, Eugene, OR).

3b-Hydroxysteroid Dehydro-

genase (3b-Hsd) Staining,

ISH, Densitometry and

Immunohistochemistry (IHC)

Embryos to be subject to histological
analysis were treated with 0.03% phe-
nylthiourea (Sigma, St. Louis, MO)
from 12 hpf onwards to inhibit pig-
ment formation. 3b-Hsd activity
staining, ISH, and IHC were per-
formed essentially according to Grassi
Milano et al. (1997) Liu and Guo
(2006), and Trinh and Stainier (2004),
respectively, with modifications.

To delineate the morphology of ster-
oidogenic interrenal tissue, histo-
chemical staining for 3b-Hsd
enzymatic activity was performed on
whole embryos, and Nomaski images
were captured using an Olympus
BX51 microscope system.

For whole-mount ISH assays,
digoxigenin-labeled antisense ribop-

robes were synthesized from linear-
ized plasmids of wt1a, wt1b, and dbh
respectively. Fluorescein-labeled anti-
sense riboprobes were synthesized
from linearized ff1b plasmids. DIG-la-
beled riboprobes were detected with
alkaline phosphatase conjugated anti-
DIG antibody (Roche, Indianapolis,
IN) while fluorescein-labeled probes
were detected by alkaline phospha-
tase conjugated anti-fluorescein anti-
body (Roche). Visualization was
performed either with BCIP/TNBT
(Millipore, Billerica, MA), or with
Fast Red (Roche). Stained embryos
were post-fixed in 4% paraformalde-
hyde in PBS and washed in PBS sup-
plemented with 0.1% of Tween 20.
Stained embryos were subject to yolk-
sac removal and flat-mount analysis.
The specimens were cleared in 50%
glycerol in PBS, mounted on glass
slides, and photographed under
Nomaski optics on an Olympus (Cen-
ter Valley, PA) BX51 microscope sys-
tem or a Zeiss (Thornwood, NY)
Axioplan II microscope equipped with
LSM510.

For the quantification of 3b-Hsd ac-
tivity, photos of embryos from each re-
spective group were taken with
identical illumination and magnifica-
tion, by using Axioskop 2 plus micro-
scope equipped with AxioVision 3.0

(Carl Zeiss) software. Areas and den-
sity of the respective signal were
measured by the Image Gauge Pro-
gram, Version 4.0 (Fuji Photo Film).
For the quantification of ff1b

expression levels, the Fast Red fluo-
rescence signals of the ff1b tran-
scripts were assessed from image
stacks acquired at a 8-mM z-steps, by
using a Zeiss Axioplan II microscope
equipped with LSM510. Intensity val-
ues from the consecutive stacks
encompassing the interrenal region
were summated to obtain the relative
ff1b expression level for each sample.
For IHC experiments performed on

Tg(ff1bEx2:GFP) and
Tg(kdrl:EGFP)s843 embryos, fixed
embryos were embedded in 4%
NuSieve GTG low-melting agarose,
cut into 100-mM sections with a Leica
VT1000M vibratome, and permeabil-
ized with PBS containing 1% Triton
X-100, before antibody staining in
PBDT (1% BSA, 1% DMSO, 0.1% Tri-
ton X-100 in PBS). Rabbit polyclonal
anti-human Fibronectin (Sigma),
mouse monoclonal anti-human FAK
[pY397] (BD Transduction Laborato-
ries, San Diego, CA), and rabbit poly-
clonal anti-zebrafish Acta2 (GeneTex,
San Antonio, TX) were used at 1:200,
1:100, and 1:100 dilutions; respec-
tively. DylightTM594-conjugated or
DylightTM650-conjugated goat anti-
rabbit IgG was used as the secondary
antibody at a 1:200 dilution. Images
of vibratome-sectioned embryos were
captured with the confocal
microscopy.

Microinjection of Antisense

Morpholino Oligonucleotides

(MOs)

MOs targeting the ets1b gene,
ets1bMO1, and ets1bMO2, were syn-
thesized at Genetools LLC (Philo-
math, OR), diluted in 1� Danieau
solution, and co-injected in equimolar
amounts for a total of 1.2 pmol per
embryo, into one- to two-cell stage
embryos by using a Nanoject (Drum-
mond, Broomall, PA). The nucleotide
sequences of the ets1bMO1 and
ets1bMO2 are 50 – TTG GTA CAT
TTC CAT ATC TTA AAG T - 30 (Suma-
nas and Lin, 2006) and 50 – CAC TGA
GTC CTT ATT TCA CTA TAT C - 30

Fig. 6. The clo and fn1 mutants display various types of phenotypic defects in the interrenal
organ assembly. The panels represent ventral views of wild-type or mutant embryos at 3 dpf,
oriented with anterior to the top. The phenotype of the clo mutant is depicted based on the
result of Liu and Guo (2006). NC, notochord. 3S and 4S, the third and fourth somite
respectively.
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(Sumanas and Lin, 2006),
respectively.

Statistical Analysis

All quantitative data are expressed as
the mean6SE of the mean (SEM).
Statistical analysis of the data was
performed using analysis of variance,
followed by Student’s t-test. A proba-
bility of P< 0.05 was considered stat-
istically significant.
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Arterial and Venous Vessels Are Required for
Modulating Developmental Relocalization and
Laterality of the Interrenal Tissue in Zebrafish
Chih-Wei Chou,1 Hsiao-Chu Hsu,1 Sue-Ing Quek,2 Woon-Khiong Chan,2 and Yi-Wen Liu1*

During zebrafish embryogenesis, the endothelium signals to emergent bilateral interrenal primordia to
converge toward the midline, yet the merged interrenal tissue has been found to be situated lateral to the
midline. We show in this study that bilateral interrenal tissue clusters fused at the central midline, before
relocating laterally to be juxtaposed between the dorsal aorta and the posterior cardinal vein. In ets1b
morphants where the midtrunk vasculature failed to assemble, various degrees of interrenal fusion
defects were displayed, and the interrenal laterality was lost. As either arterial or venous endothelium
was specifically reduced, the interrenal tissue was defective in its relocalization and laterality, yet
remained closely associated with the malformed vasculature. Our results showed evidence to support
that assembly of the axial artery and vein, and its resulting vascular topology at the midtrunk, is required
for patterning relocalization and laterality of the interrenal tissue after the initial medial fusion.
Developmental Dynamics 239:1995–2004, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Interactions between endothelial
cells (EC) and the microenvironment
are known to regulate organogenesis
and pattern formation in the embryo
(for a review see Cleaver and Melton,
2003; Nikolova et al., 2007; Red-
Horse et al., 2007). The zebrafish,
due to its optical clarity, has been
shown to be a good model for observ-
ing the interplay between organs and
vasculature during early develop-
ment. Also, a vast array of mutants
and morphants manifesting various
types of vascular disorders has
allowed a detailed genetic dissection
of endothelial signals that modulate

organogenesis. For example, in the

developing zebrafish embryo, endo-

thelium has been found to regulate

cardiomyocyte movement during
heart tube assembly (Holtzman

et al., 2007), to provide guidance cues

for defining the position of the thy-
roid gland (Alt et al., 2006), and to

regulate the apicobasal polarization

of hepatocytes (Sakaguchi et al.,

2008). Furthermore, endothelium-
derived signals play morphogenetic

roles for the embryonic renal and

interrenal organs (Serluca et al.,

2002; Liu and Guo, 2006), while
these two organs develop in a highly

parallel manner.

The interrenal tissue, the teleos-

tean counterpart of mammalian adre-

nal cortex, is derived from the embry-

onic kidney, or pronephros (Hsu et al.,
2003; Chai et al., 2003). Although tis-

sue organization and morphology of

the interrenal tissue in zebrafish
demonstrates species-specific differ-

ences from its mammalian counter-

part, key mechanisms that control

the interrenal organogenesis and
steroidogenesis highly resemble those

in mammals (for a review see Liu,

2007). In the zebrafish embryo, both

kidney and interrenal tissue arise as
bilateral clusters across the midline,

and migrate centrally in a coordinated
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fashion (Hsu et al., 2003). While cen-
tral assembly of the pronephros
requires the hemodynamic force (Ser-
luca et al., 2002), medial migration of
primordial interrenal cells toward the
midline is regulated by the interre-
nal-associated endothelium, possibly
prior to vessel formation (Liu and
Guo, 2006). The converged interrenal
tissue is located to the right of the
midline, and juxtaposed between the
dorsal aorta (DA) and the right
branch of the posterior cardinal vein
(PCV) (Liu and Guo, 2006). However,
it remains unclear whether the initial
merging point of bilateral interrenal
clusters is at or to the right of the
midline. Also, it could not be ruled out
that the left interrenal cell cluster
might disappear before reaching the
midline, leaving the right cluster for
subsequent morphogenesis. We
hypothesized that in parallel with as-
sembly of the DA and the PCV at the
midtrunk area, the centrally-migrat-
ing primordial interrenal cells first
fuse at the central midline, before a
lateral relocalization to the right of
the midline, resulting in a single
interrenal tissue cluster ‘‘sandwiched’’
between the DA and the PCV. Also,
developmental relocalization of the
interrenal tissue after the conver-
gence event could be modulated by its
adjacent vessels. The functional dif-
ferentiation of interrenal cells,
detected by 3bHsd activity staining
as early as 28 hpf, takes place approx-
imately concurrent with the morpho-
genetic phase of interrenal relocaliza-
tion, which implied that the
endocrine function of steroid secretion
might be ready right after the onset of
blood circulation.

In order to validate the putative
morphogenetic steps in our proposed
model, we performed in situ hybrid-
ization (ISH) and transgenic reporter
analyses to capture the morphology of
bilateral interrenal tissues that were
undergoing midline fusion. We also
examined the interrenal phenotype in
ets1b morphants where the trunk vas-
culature was severely disrupted, as
well as in embryos with specific
reduction in either arterial or venous
cells. The results of our phenotypic
analyses suggest that midline fusion
and lateral relocalization take place
in the process of embryonic interrenal
morphogenesis, and these movements

are dynamically regulated by the
peri-interrenal endothelium, which
participates in assembly of the DA
and the PCV.

RESULTS AND DISCUSSION

The Midline Fusion of

Primordial Interrenal Cells

as Detected by Both ISH and

Transgenic Reporter Analyses

The fusion and relocalizing processes
of bilateral interrenal primordia were
delineated through analyzing the
expression of ff1b mRNA as well as
the green fluorescence driven by ff1b
promoter, immediately after the inter-
renal specification. ff1b (NR5A4) has
been discovered to be the earliest
gene expressed at the developing
interrenal tissue (Chai et al., 2003;
Hsu et al., 2003). ff1b is the ortho-
logue of mammalian steroidogenic
factor 1 (SF-1/Ad4BP; NR5A1), and
the disruption of its expression leads
to a complete ablation of the embry-
onic interrenal tissue. Earlier ISH
results of detecting ff1b mRNA tran-
scripts by using Fast Red chromo-
genic staining imply that bilateral
interrenal cell clusters emerge at
about 21-somite stage, and the con-
vergence toward the midline is com-
pleted by 23-somite stage (Hsu et al.,
2003; Liu et al., 2003). Those results,
however, did not explicitly demon-
strate the primary mechanism of
interrenal asymmetry, and it could
not be ruled out that the interrenal
laterality could be due to asymmetric
degeneration, apoptosis, or disassoci-
ation of one primordia. In order to
address this issue, firstly we utilized
NBT/BCIP staining to obtain better
resolution of ISH in detecting the ff1b
mRNA expression in embryos at the
21- to 26-somite stages. Consistent
with the former studies, bilateral
interrenal tissues were detectable in
embryos as early as the 21-somite
stage (Figs. 1A, 21S). In contrast, a
single interrenal cell cluster of the
shape as shown in Figure 1A, 22S,
apparently formed by the fusion of
bilateral clusters migrating toward
the midline, was detected in embryos
at the 22-somite stage. Subsequently,
at approximately the 24-somite stage,
some interrenal cells started to be dis-
placed away from the midline (Fig. 1A,

24S), culminating in a single leaf-
shaped interrenal tissue cluster local-
ized to the right of the midline as
viewed dorsally (ventral view shown
in Fig. 1A, 26S).
To further validate the process of

interrenal fusion and repositioning in
the developing embryo, we performed
a time-lapse confocal analysis on the
embryo where the interrenal cells
were traced by utilizing a ff1b pro-
moter-driven green fluorescent line,
Tg(ff1bEx2:GFP). The interrenal
identity of GFP-expressing cells in
the Tg(ff1bEx2:GFP) embryo was
verified by colocalization of the GFP
expression with the 3bHsd enzymatic
activity staining (Fig. 1B). At 32 hpf,
most of the GFP-expressing cells near
the third somite appeared as a leaf-
shape cluster to the right of the mid-
line as viewed dorsally, and the
3bHsd activity was detected in part of
the GFP-expressing cells. This was
consistent with our former results
that 3bHsd activity is detected in
some but not all of the ff1b -express-
ing interrenal cells during develop-
ment (Chai et al., 2003; Liu et al.,
2003). In some samples, a tiny cluster
of GFP-expressing cells appeared to
be dispersed from the main interrenal
tissue and was localized at the left of
the midline. This might be due to the
differential rate of cell migration
within the interrenal cell population.
The ff1b promoter-driven fluorescence
could be detected as early as the 21-
somite stage, and a time-lapse confo-
cal analysis was performed on the
Tg(ff1bEx2:GFP) embryo starting
from this stage (Fig. 1C). Bilateral
rows of GFP-positive cells were also
detected throughout the scanning pe-
riod, which represented ectopic GFP
expression at muscle pioneer cells,
possibly due to the presence of an
enhancer element near the site of
transgene integration (Quek, 2009),
and this domain of fluorescence weak-
ened later at about 32 hpf. The live
Tg(ff1bEx2:GFP) embryo was incu-
bated at 23�C in order to slow down
the developmental process for the
purpose of clear observation. The
bilateral interrenal clusters, as
detected by ff1b promoter-driven GFP
expression, started to fuse medially
by 42 min after the onset of scanning.
The interrenal morphology at the
time of fusing was consistent with the
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ff1b mRNA expression pattern as
detected by ISH at the 22-somite
stage in Figure 1A. By 1 hr, a fused
interrenal tissue was found to be relo-

calized toward the right of the mid-
line, with a tiny rostral cluster
appearing to be dispersed from the
main cluster. At this time, the fused

interrenal tissue showed a 2.2-fold
increase in size as compared to that
which is summed from the bilateral
clusters at time point 0:00 (Fig. 1C;
see Supp. Fig. S1, which is available
online), implying that ff1b-expressing
cells from each of the bilateral inter-
renal tissue combined to result in a
single interrenal tissue during the
process of medial fusion. By 250 min
after scanning, when the fused inter-
renal tissue was fully relocated to the
right of the midline, the interrenal
size expanded to about 2.8-fold of that
right after the interrenal fusion, indi-
cating active interrenal cell prolifera-
tion following the medial fusion
event.
Altogether, both ISH and time-

lapse transgenic reporter results sup-
port our hypothesis that medially
migrating bilateral interrenal primor-
dia first fuse at the central midline,
and the merged interrenal tissue is
subsequently relocalized to the right
of the midline. It is then of interest to
check how these morphogenetic move-
ments could be modulated by the peri-
interrenal vasculature.

Disrupted Formation of

Trunk Vasculature Led to

Defective Midline Fusion

and Relocalization of the

Interrenal Tissue

Subsequent to the medial migration
and midline fusion, the interrenal tis-
sue was laterally relocalized and jux-
taposed between the DA and the right
branch of the PCV (Fig. 2A–A00). Pre-
viously, it has been shown that cen-
tral convergence as well as laterality
of the interrenal tissue was normal in
embryos injected with the antisense
morpholino oligo against cardiac tro-
ponin T2 (tnnt2) gene (Liu and Guo,
2006), where the blood flow is absent
(Sehnert et al., 2002), suggesting that
hemodynamic force might not be
essential for the early interrenal mor-
phogenetic movement. Instead, we
propose here that right-sided lateral-
ity of the interrenal tissue might be
correlated with patterning of the DA
and the PCV at the mid-trunk. To test
this hypothesis, we checked the em-
bryonic interrenal morphology in
ets1b-deficient embryos where the for-
mation of trunk vasculature was

Fig. 1. The ff1b-expressing interrenal primordia during midline fusion and lateral repositioning.
A: Ventral flat mount views of 21-somite (21S), 22-somite (22S), 24-somite (24S), and 26-somite
(26S) stage embryos, which were subject to ISH for detecting ff1b mRNA, with anterior oriented
to the top. B: The colocalization of steroidogenic activity and ff1b:GFP transgene expression at
the interrenal tissue, in the Tg(ff1bEx2:GFP) embryo. Confocal images display the steroidogenic
cells as detected by 3bHsd activity staining (a,b), and the green fluorescence driven by ff1b pro-
moter (a0,b0), in a Tg(ff1bEx2:GFP) embryo at 32 hpf. The merged images of 3 m-Hsd activity
staining and GFP are shown in a0 0,b0. a–a0 0: Dorsal views with anterior to the top; (b–b00) dorso-
lateral views with anterior to the right. C: Confocal time-lapse imaging of the interrenal tissue in
a live Tg(ff1bEx2:GFP) embryo. A dechorionated embryo at around 21-somite stages was
mounted with the dorsal side up in 3% methyl cellulose. The fluorescent images were collected
at 1-min intervals, and representative frames are shown. The last frame of the time series is a
merge of fluorescent and bright-field images. Time is indicated by hours:minutes. Since the
sample was kept at 23�C during observation, developmental stages cannot be accurately
addressed. Each fluorescent image in B and C represents a projection of a consecutive z-stack
encompassing the depth of the interrenal tissue. Both ISH and time-lapse ff1b:GFP analyses
show that the interrenal primordia fuse at the midline prior to the lateral relocalization. Red
arrows indicate ff1b-expressing interrenal primordia in A, and the ff1b promoter-driven interre-
nal-specific fluorescence in C. S2, S3, and S4, the second, third, and fourth somite, respectively.
White arrowheads in C indicate ectopic GFP expression in muscle pioneer cells. White dotted
lines indicate the position of the midline. Scale bar ¼ 50 mM.
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disrupted. Ets1-related protein (Etsrp;
or Ets1b) has been identified to reg-
ulate endothelial but not hematopoi-
etic development (Sumanas and Lin,
2006). Ets1b appears to function
straight downstream of clo (Sumanas
and Lin, 2006). Consistent with the
former study, a mixed injection of two
morpholino oligos against ets1b at a
high dosage (15 ng) resulted in a com-
plete loss of circulation, and severe
elimination of endothelium (Fig. 2B0–
D0) as verified by fli1 promoter-driven
vascular-specific GFP fluorescence in
Tg(fli1:EGFP)Y1 embryos (Lawson
and Weinstein, 2002). The remaining
fli1-expressing cells in ets1b mor-

phants were speculated to be aggre-
gated angioblasts as a consequence
of disrupted vasculogenesis, and
appeared to display high affinity to
the interrenal tissue (Fig. 2B0–D0,B00–
D00). While the trunk vasculature was
compromised, ets1b morphants dis-
played variable expressivity of inter-
renal convergence phenotype, which

was accompanied by a loss of lateral-
ity (Fig. 2B–D). In contrast with the
uniform interrenal convergence phe-
notype seen in angioblast-deficient clo
mutant, that bilateral interrenal pri-
mordia fail to fuse and were sepa-
rately located at two sides of the mid-
line (Liu and Guo, 2006), we saw
intermediate phenotypes shown as

Fig. 2.
Fig. 3.

TABLE 1. Analysis of ets1b Morphant Phenotypes in 2-dpf Tg(fli1:EGFP)Y1 Embryos as Viewed From the Dorsal Side

Phenotype

ets1bMO Control

Morphology of the interrenal tissue No. (%) No. (%)

Normal Single cluster to the right of the midline 12 (11.3) 112 (96.6)
Class (I) Single cluster from the midline fusion of bilateral ones 36 (34.0) 0
Class (II) Bilateral elongated clusters with caudal ends fusing at the midline 31 (29.2) 0
Class (III) Bilateral clusters across the midline 27 (25.5) 4 (3.4)

Total 106 116
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reverse U-shape (class I in Fig. 2B) or
V-shape (class II in Fig. 2C) interrenal
clusters across the midline, which
appeared to result from incomplete
fusion. The most severe phenotype in
class III (Fig. 2D) of ets1b morphants
well resembled the interrenal mor-
phology in the clo mutant. The sever-
ity of the interrenal fusion phenotype
seemed to be correlated with that of
the vascular disruption. While about
97% of uninjected control embryos
displayed normal interrenal laterality
(n ¼ 116), 89% of ets1b morphants
lost interrenal laterality (n ¼ 106),
ranging from defective relocalization
after the convergence to unsuccessful
medial migration (Table 1). The aber-
rant interrenal morphology in the
vasculature-deficient embryo was not
similar to the interrenal phenotype in
the tnnt2 morphant (a representative
sample shown in Fig. 2E–E00,F). It is
to be noted that in the absence of
blood flow, the interrenal tissue
remained juxtaposed between the DA
and the PCV. Hence, we conclude that
the formation of trunk vasculature
near the interrenal region, but not
vascular flow, might play a role in the

laterality, or right-sidedness, of the
fused interrenal tissue. Furthermore,
phenotypic differences among the clo
mutant, the ets1b morphant, and
their wild type controls implied that
the interrenal fusion at the midline
and the later interrenal relocalization
might occur as two distinct yet con-
secutive phases, differentially regu-
lated by pre-vascular angioblasts and
vascular ECs, respectively. To further
examine whether arterial or venous
vasculature plays a specific role in
relocalization and laterality of the
interrenal tissue, in the following
experiments we checked the interre-
nal morphology in embryos deficient
in either arterial or venous cells.

Inhibition of Artery

Formation Led to Defective

Relocalization and Laterality

of the Interrenal Tissue

To manipulate arterial- versus venous-
differentiation, the expression of grl/
hey2 was altered following what was
reported by Zhong at al. (2001). Our
earlier study showed that in fli1 pro-

moter-driven fluorescent embryos
injected with the antisense morpholino
oligo against hey2, medial migration
and midline fusion of bilateral interre-
nal primordia were not affected, argu-
ing against a specific role for arterial
ECs to regulate the early interrenal
convergence. It, however, remains
unclear whether artery would pattern
developmental relocalization and
right-sided laterality of the interrenal
tissue. To examine how the peri-inter-
renal vasculature reacts to the inhibi-
tion of hey2 expression, we injected
hey2 morpholino at the dosage of about
1.2 pmol per embryo into wild type
embryos, and the morphants manifest-
ing notable vascular defects by a com-
plete loss of circulation (53.1%; n ¼
143) were selected for the subsequent
examination of either arterial- or ve-
nous-specific markers by ISH. Ventral
flat-mount views showed that while
the arterial-specific gene eph-B2a was
abundantly expressed at the glomer-
uous and the DA in the control embryo
at 35 hpf (Fig. 3Aa), it was absent at
the DA and poorly expressed in the glo-
merular region of all the hey2 mor-
phants checked (n ¼ 45; Fig. 3Ab).
Conversely, the venous-specific gene
flt4 was excessively expressed at the
PCV and its two bilateral branches in
the hey2 morphant, thus showing a
malformed venous structure at the
midtrunk (n ¼ 31; Fig. 3Ad). The
effects of hey2 morpholino on the ar-
tery and vein were consistent with the
data reported by Zhong et al. (2001). It
is shown in Figure 3Aa that the later-
ally-positioned interrenal tissue was
intimately associated with the arterial
ECs that constitute the pronephric
glomerulous and the DA. It is inter-
esting to note that, albeit evident in
its laterality, the ff1b-expressing
interrenal tissue was in contact with
both right and left branches of the
PCV, implying a possible asymmetry
of PCV structure at the midtrunk
area. The ff1b-expressing interrenal
tissue in 95% of the hey2 morphants,
which showed absence of circulation,
was shown as a single cluster lying
across the midline, with the cen-
trally-positioned interrenal tissue
juxtaposed between two branches of
PCV (Fig. 3Ab,d). The intensity of
ff1b expression did not appear to be
reduced upon the disruption of its
adjacent arterial vasculature. Our

Fig. 3. Effects of the hey2 antisense morpholino injection on the interrenal tissue and its neigh-
boring vasculature. A: Ventral flat-mount views showing the effects of hey2MO on the expres-
sions of eph-B2a and flt4 in the peri-interrenal region. Uninjected control (a,c) and injected
embryos (b,d) were fixed at 35 hpf, and two-color ISH were carried out to detect the expression
of ff1b together with either eph-B2a (a,b) or flt4 (c,d). a–d: Oriented with anterior to the top. B:
Confocal images display the interrenal tissue as detected by 3 b-Hsd activity staining (left pan-
els, a–f), and the neighboring endothelium as labeled by green fluorescence (middle panels, a0–
f0), of 34-hpf (a,b) and 54-hpf (c–f) Tg(kdrl:EGFP)s843 embryos uninjected (a–d) or injected with
hey2 antisense morpholino (e,f). The merged images of 3 b-Hsd activity staining and GFP are
shown in the right panels (a00–f00). Each fluorescent image depicting the vascular morphology
represents a projection of a consecutive z-stack encompassing the depth of the interrenal tis-
sue. a–a00, c–c00, e–e00 are dorsal views with anterior oriented to the top, while b–b00, d–d00, f–f00

are dorsolateral views with anterior to the right. Relocalization and right-sided laterality of the
interrenal tissue is perturbed upon the disruption of axial artery in the hey2 morphant. Black
and orange arrows indicate the ff1b-expressing and steroidogenic interrenal tissues, respec-
tively. Red and blue arrowheads denote the arterial and venous vasculature, respectively. Yel-
low and blue dotted lines, boundaries of arterial and venous structures, respectively; white
dotted lines, position of the midline; DA, dorsal aorta; ISV, intersegmental vessel; PCV, poste-
rior cardinal vein; DC, duct of Cuvier; G, glomerulus; IR, interrenal tissue. Scale bar ¼ 50 mM.

Fig. 2. Effects of the ets1b antisense morpholino injection on the interrenal tissue and its
neighboring vasculature. Confocal sections showing the interrenal tissue as detected by 3 b-
Hsd activity staining (A–E), and the neighboring endothelium as labeled by green fluorescence
(A0–E0), of 2-dpf Tg(fli1:EGFP)Y1 embryos uninjected (A), injected with ets1bMO (B–D), or with
tnnt2MO (E), respectively. A00–E00: The merged images of 3 b-Hsd activity staining and GFP. A–E
are dorsal views with anterior oriented to the top. F: The merged image of 3 b-Hsd staining and
GFP of the same embryo as in E–E00, a lateral view with anterior to the left. B–B00, C–C00, D–D00:
Classes I to III of interrenal phenotypes in the ets1b morphant, where the trunk endothelium was
reduced and the axial vascular formation inhibited. Vascular ECs, but not the blood flow, are
required for the convergence and laterality of the interrenal tissue. Yellow dotted lines indicate
the position of the midline. Orange arrows, interrenal tissues; yellow arrowheads, angiogenic
glomerulus; DA, dorsal aorta; PCV, posterior cardinal vein; ISV, intersegmental vessel. Scale bar
¼ 50 mM.
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ISH results thus revealed that while
the artery formation was inhibited in
the hey2 morphant, lateral relocali-
zation of the ff1b-expressing interre-
nal cells was perturbed, culminating
in a single interrenal tissue posi-
tioned at the central midline.

To examine how the inhibition of
arterial fate decision would affect
morphology of the functionally-differ-
entiated steroidogenic interrenal tis-
sue, as well as the three-dimensional
vascular pattern in the peri-interre-
nal area, hey2 morpholino was
injected into Tg(kdrl:EGFP)s843

where the EGFP fluorescence is
driven by the zebrafish kinase insert
domain receptor like (kdrl) promoter
(Jin et al., 2005). In the control
embryo at 34 hr post-fertilization
(hpf), part of the fused and lateralized
interrenal tissue lies immediately
ventral to the DA and caudal to the
pronephric glomerulus (Fig. 3Ba–a00,
b–b00). At 54 hpf, the entire interrenal
tissue relocated slightly rightwards
as viewed dorsally, and was posi-
tioned immediately lateral to the DA
and tightly associated with the right
branch of the PCV (Fig. 3Bc–c00, d–d00).
In the dorsolateral view of wild-type
embryos at 34 and 54 hpf, the interre-
nal tissue was situated ventral to the
DA and dorsal to the PCV (Fig.
3Bb00,d00). Consistent with the ISH
results in Figure 3A, assembly of the
DA was disrupted in the hey2 mor-
phant, which lacks circulation, and
the ISV was absent (Fig. 3Be0,f0). As
compared with the control embryo,
the DA structure dorsal to the inter-
renal tissue was severely disrupted
(Fig. 3Bf00). In contrast with the
severe disruption of the DA, the pres-
ence of the PCV and the duct of Cuv-
ier was still evident in the hey2 mor-

phant (Fig. 3Be00). The interrenal
tissue in the hey2 morphant remained
tightly associated with the PCV (Fig.
3Be00,f00), and was shown as a single
cluster lying at the central midline
(Fig. 3Be00) in more than 95% of the
hey2 morphants which displayed dis-
rupted vasculature and loss of blood
flow (n ¼ 63; Table 2). The interrenal
morphology of the hey2 morphant
suggested that formation of the DA
might be essential for lateral relocali-
zation of the interrenal tissue after
the medial fusion.

Inhibition of Vein Formation

Led to Defective Interrenal

Morphogenetic Movements

With a Range of

Expressivities

In order to examine the role of venous
vessels for morphogenetic movements
of the interrenal tissue, the overex-
pression of hey2 mRNA was utilized
to inhibit venous vessel formation
(Zhong et al., 2001). At the dosage of
approximately 200 pg per embryo, the
injection of hey2-capped mRNA into
the wild type embryo led to a com-
plete absence of blood circulation
(43.3%, n ¼ 157). To assess whether
the hey2 mRNA injection could effi-
ciently and specifically inhibit the for-
mation of venous vasculature in the
peri-interrenal region, we examined
the expression pattern of eph-B2a
(Fig. 4Aa–f) and flt4 (Fig. 4Ag–l)
genes, respectively, with ISH. Each
was assayed simultaneously with that
of ff1b to mark the location of interre-
nal cells. Ventral flat-mount views
showed that while the flt4 expression
was absent in the hey2-injected
embryo at 35 hpf (n ¼ 29; phenotypic

classes shown in Fig. 4Ab–f), the eph-
B2a expression could be clearly
detected in the peri-interrenal region
(n ¼ 39; phenotypic classes shown in
Fig. 4Ah–l). The eph-B2a expression
in the hey2-injected embryo suggested
a malformed arterial structure with
variable expressivities, which, how-
ever, remained tightly associated with
the ff1b-expressing interrenal cells
(Fig. 4Ah–l). We classified hey2 domi-
nant-positive phenotypes into classes
I to V, based on different locations of
the interrenal tissue with respect to
the midline. In classes I and II of the
injected embryos, various degrees of
interrenal migration defects were
shown (Fig. 4Ab,c,h,i), while interre-
nal phenotypes in classes III and IV
might have resulted from a disrupted
laterality (Fig. 4Ad,e,j,k). Although
the interrenal tissue in class-V
embryos displayed normal laterality,
its adjacent arterial vasculature was
malformed (Fig. 4Al).
To evaluate the penetrance and

expressivity of the interrenal pheno-
type upon the inhibition of venous
formation, in the context of three-
dimensional vascular architecture
surrounding the interrenal tissue,
the hey2 mRNA was injected into
Tg(kdrl:EGFP)s843 embryos for the
subsequent 3bHsd activity staining.
Consistent with the ISH results in
Figure 4A, specific inhibition of ve-
nous formation was observed in all
the injected embryos where the blood
flow was absent (Fig. 4Bc0–l0). Con-
comitant with a severe disruption of
the PCV structure at the peri-inter-
renal area, unsuccessful central as-
sembly of the DA structure was
detected in classes I, II, IV, and V
(Fig. 4Bc0–f0,i0–l0). It was speculated
that assembly defects of the DA in

TABLE 2. Phenotypic Statistics of 34-hpf Tg(kdrl:EGFP)s843 Embryos Injected by Either hey2 Antisense Morpholino

Oligonucleotide or hey2 mRNA

Phenotype

Control hey2MO hey2 mRNA

No. (%) No. (%) No. (%)

Bilateral clusters widely across the midline 0 0 76 (30.2)
Bilateral clusters immediately across the midline 2 (1.4) 2 (3.2) 45 (17.9)
Single cluster at the central midline 0 60 (95.2) 74 (29.4)
Single cluster to the left of the midline 7 (5.0) 0 38 (15.1)
Single cluster to the right of the midline 131 (93.6) 1 (1.6) 19 (7.5)

Total 140 63 252
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classes I, II, IV, and V could be due to
an ectopic early effect of the hey2
mRNA overexpression on the general
convergence movement, which did
not affect functional differentiation
of the steroidogenic interrenal cells.
Although assembly of the DA

appeared to be normal in the class-
III embryo (Fig. 4Bg0,h0), the amount
of the arterial endothelium seemed to
be less than that in the control
embryo (Fig. 4Ba0,b0). In classes I and
II, the severity of the DA assembly
defect was correlated with that of the

interrenal medial migration (Fig.
4Bc00,e00). In classes IV and V, a single
interrenal tissue was associated with
either the left (class IV) or the right
(class V) of bilateral DA structures
that failed to assemble centrally (Fig.
4Bi00,j00,k00,l00). It remains unclear
whether the left-sided interrenal lat-
erality in class IV was due to a defec-
tive fusion position of bilateral inter-
renal primordia, or to a randomized
relocalization after midline fusion, or
to a defective differentiation of the
right interrenal cluster that did not
migrate centrally. In class III, assem-
bly of the DA as well as midline
fusion of bilateral interrenal tissues
were both successful, while lateral
relocalization of the converged inter-
renal tissue was defective, culminat-
ing in a single interrenal tissue em-
bedded within the DA at a level
slightly posterior to the bifurcation
point (Fig. 4Bg–g00,h–h00). The statis-
tics for class I to V interrenal pheno-
types in the experiment described
above is summarized in Table 2. Our
results thus suggest that the simul-
taneous presence of the DA and PCV
branches is essential for developmen-
tal relocalization and laterality of the
interrenal tissue.
Examination of the interrenal mor-

phology, in a scenario where arterial
versus venous formation was manipu-
lated, led us to conclude that the exis-
tence of both the DA and the PCV was
required for defining laterality of the
interrenal tissue after the initial
interrenal convergence and fusion.
While the interrenal tissue in the ar-
tery-deficient embryo failed to relocate
laterally, that in the vein-deficient
embryo demonstrated a wide range of
expressivities in terms of morphoge-
netic movements. It is interesting to
note that the location of the interrenal
tissue relative to the midline appeared
to be correlated with the severity of
arterial assembly defects, in all pheno-
typic classes of vein-deficient embryos
(Fig. 4B). Phenotypic differences of
the interrenal phenotype between ar-
tery-deficient and vein-deficient
embryos might be in part explained by
the fact that although the axial ve-
nous vasculature in the hey2 mor-
phant was hypomorphic, central as-
sembly of the PCV was less perturbed
(Fig. 3Ad, Be0,f0). As interrenal cells
demonstrated affinities for both

Fig. 4. Effects of hey2 mRNA injections on the interrenal tissue and its neighboring artery and
vein. A: Effects of hey2 mRNA on the expressions of flt4 and eph-B2a in the peri-interrenal
region. Uninjected control (a, g) and injected embryos (b–f, h–l) were fixed at 35 hpf and subject
to two-color ISH for detecting the expression of ff1b together with that of either flt4 (a–f) or eph-
B2a (g–l). All panels in A are ventral views with anterior oriented to the top. The flt4 expression
at the peri-interrenal area is absent in all phenotypic classes of injected embryos (classes I–V).
B: Sets of confocal images display the interrenal tissues as detected by 3 b-Hsd activity staining
(left panels of each set, a–l), and the neighboring endothelium as labeled by green fluorescence
(middle panels of each set, a0–l0), of 34-hpf Tg(kdrl:EGFP)s843 embryos uninjected (a, b) or
injected with hey2 mRNA (c–l, classes I–V). The merged images of 3 b-Hsd activity staining and
GFP are shown in the right panels of each set (a00–l00). Each fluorescent image depicting the vas-
cular morphology represents a projection of a consecutive z-stack encompassing the depth of
the interrenal tissue. a, c, e, g, i, k are dorsal views with anterior oriented to the top, while b, d,
f, h, j, l are dorsolateral views with anterior to the right. The venous endothelium at the peri-inter-
renal area is severely reduced in all classes of hey2 mRNA-injected embryos, which is accom-
panied by various expressivities of the interrenal morphogenetic defect. White and orange
arrows, ff1b-expressing and steroidogenic interrenal tissues; red and blue arrowheads, artery
and vein, respectively; blue and yellow dotted lines, boundaries of venous and arterial struc-
tures, respectively; white dotted lines, position of the midline; DA, dorsal aorta; PCV, posterior
cardinal vein; G, glomerulus. Scale bar ¼ 50 mM.
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arterial and venous ECs, in wild-type
as well as manipulated embryos, it
remains unclear whether relocaliza-
tion and laterality of the interrenal
tissue requires a simultaneous close
association with both arterial and ve-
nous ECs. It is tempting to speculate
that the presence of the DA and the
PCV near the interrenal tissue might
serve as vessel coordinates to define
interrenal laterality. In this regard,
the arterial versus venous fate specifi-
cation might not be essential for guid-
ing the interrenal morhogenetic move-
ment. However, the results of our
study could not explicitly address this
question, as manipulation of the arte-
rial versus venous fate by altering
expression levels of hey2 also led to a
disruption of the vascular architecture
at the midtrunk. Specifically for the
midtrunk area, it remains to be
explored whether and how the arterial
versus venous fate decision could be
manipulated without altering the vas-
cular architecture.

In summary, we dissected in this
study early morphogenetic steps of
the interrenal primordial cells. Histo-
logical analysis upon various fashions
of vascular disruption revealed an
intimate interaction between interre-
nal cells and its adjacent endothe-
lium, at each step of the interrenal
morphogenetic movements. Further-
more, shaping of the embryonic inter-
renal morphology was secondary to
and directed by ECs during the pro-
cess of vascular assembly, while the
architecture of both arterial and ve-
nous vessels at the midtrunk was
essential for defining laterality of the
interrenal tissue.

The Relationship Between

Blood Vessels and a General

Asymmetry Program in

Patterning Laterality of the

Interrenal Tissue

While our results indicate the impor-
tance of vascular topology at the mid-
trunk to pattern the interrenal later-
ality, our experiments did not answer
the question of why the interrenal tis-
sue was relocalized toward the right,
rather than the left, of the midline. It
remains to be explored whether the
intimate interaction between the
interrenal tissue and its adjacent ar-

tery and vein has to function, in con-
junction with a general asymmetry
molecular program, to determine the
interrenal laterality. In our previous
studies, it was found that central
migration of bilateral interrenal tis-
sues was defective in Nodal mutants
one-eyed pinhead (oep) and squint
(sqt) (Chai et al., 2003; Liu et al.,
2003). However, multiple levels of de-
velopmental defects other than a loss
of asymmetry are caused by the muta-
tion of either oep or sqt, which include
disruption of the endoderm and the
axial vasculature (Alexander and
Stainier, 1999; Brown et al., 2000).
Therefore, a more comprehensive
study of those gene that govern the
general asymmetry program should
be performed, in order to understand
the specific influence of left-right axis
formation on the interrenal tissue
and its nascent vasculature. Our pre-
liminary results showed that a ran-
domization of interrenal laterality
was observed in polycystin-2 (pkd2)
morphants, where the specification of
left-right asymmetry was perturbed
without obviously disrupting the mid-
trunk vasculature (data not shown).
pkd2 is expressed at the zebrafish
brain, pronephros, and Kupffer’s vesi-
cle to regulate cilia-driven fluid flow,
and whose function in the Kupffer’s
vesicle is required for establishing the
organ situs (Kramer-Zucker et al.,
2005). While pkd2 is also important
for the pronephric fluid flow, it awaits
further clarification as to whether its
specific function at Kupffer’s vesicle
regulates the interrenal laterality.
Furthermore, it is to be examined
how other members of the asymmetry
program, such as nodal-related gene
southpaw (Long et al., 2003), lefty-
related genes lefty1 and lefty2 (Bis-
grove et al., 1999; Wang and Yost,
2008), would function in patterning
laterality of the interrenal tissue, and
whether the interrenal laterality
could be due to a possible asymmetry
of the midtrunk vasculature.

As our results indicate that embry-
onic vessels might be involved in pat-
terning interrenal laterality, it would
be interesting to explore whether the
same mechanism might participate in
other aspects of organogenesis. While
the budding of embryonic liver and
pancreas from the developing gut
occurs at the level posterior to the

interrenal tissue at the midtrunk, the
direction of outgrowth as well as later-
ality for these two digestive organs are
unaffected in the endothelium-free clo
mutant (Field et al., 2003a,b). The ini-
tial medial movement of cardiomyo-
cytes was not affected in clo, yet the
absence of endocardium leads to a later
defect in the assembly and elongation
of the heart tube (Holtzman et al.,
2007). Nevertheless, laterality of the
heart tube during its assembly is not
aberrant in clo. Therefore, it remains
unclear why laterality of the interrenal
tissue, among other organs, could be
particularly influenced by the vascular
morphology. Unlike its mammalian
counterpart, the interrenal tissue is
formed not as a discrete organ in tele-
osts, with no formation of distinct ster-
oidogenic zones during its development
(Grassi Milano et al., 1997). While the
outer cortex and inner medulla of the
mammalian adrenal gland are well
separated with clear boundaries
formed in between, interrenal and
chromaffin cells integrate to form the
interrenal organ through intermin-
gling of two cell populations (Grassi
Milano et al., 1997; Chai et al., 2003;
To et al., 2006). Extracellular matrix
proteins Laminin, Collagen IV, and Fi-
bronectin, as well as their Integrin
receptors, are differentially expressed
in various domains within the human
fetal adrenal gland to coordinate spe-
cific steroidogenic pathways and cell
turnover during development (Cha-
moux et al., 2001, 2002). The formation
of basement membrane is evident,
along with the distribution of laminin
isoforms, in the fetal as well as the
adult human adrenal gland (Virtanen
et al., 2003). In contrast, the interrenal
tissue in teleosts demonstrated high
morphological plasticity during devel-
opment, which might be correlated
with a lack of stabilized basement
membrane on its own. Hypothetically,
peri-interrenal vessels might modulate
the interrenal morphology through
providing the basement membrane.
Therefore, it remains to be investi-
gated whether the basement mem-
brane with its extracellular matrix
(ECM) components is formed within
the interrenal organ, or at the junction
between the interrenal cell and its ad-
jacent endothelium. Prospectively, eluci-
dation of the pattern of ECM deposition
at the interrenal and peri-interrenal
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regions might shed some light on how
vessels shape the interrenal tissue in
the early zebrafish embryo.

EXPERIMENTAL

PROCEDURES

Zebrafish Strains and

Growth Conditions

Zebrafish (Danio rerio) were raised
according to standard protocols (West-
erfield, 2000). Embryos were obtained
by natural spawning and cultured in
embryo medium at 28.5�C. Staging of
the embryos was carried out as previ-
ously described (Kimmel et al., 1995).
Embryos to be subject to histological
analysis were treated with 0.03% phe-
nylthiourea (Sigma, St. Louis, MO)
from 12 hpf onwards to inhibit pig-
ment formation. Tg(ff1bEx2:GFP),
where a GFP cassette was inserted
into exon2 of the ff1b locus, was devel-
oped through a BAC transgenesis
strategy (Quek, 2009). A study
describing the technical details and
characterization of this line is cur-
rently underway. The Tg(fli1:EGFP)Y1

line was from the Zebrafish Interna-
tional Resource Center (Eugene, OR).
The Tg(kdrl:EGFP)s843 line was a
kind gift 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 eph-B2a and flt4. eph-B2a
plasmid was linearized with SalI and
transcribed with SP6 RNA polymer-
ase. flt4 plasmid was linearized with
EcoRI and transcribed with T7 RNA
polymerase. Fluorescein-labeled ribop-
robes were synthesized from SalI line-
arized ff1b plasmids and transcribed
with T7 RNA polymerase. DIG-labeled
riboprobes were detected with alkaline
phosphatase conjugated anti-DIG anti-
body (Roche, Nutley, NJ) while Fluo-
rescein-labeled probes were detected
by alkaline phosphatase conjugated
anti-Fluorescein antibody (Roche). For
one-color ISH, visualization of ff1b
expression was performed with BCIP/
TNBT (Chemicon, Temecula, CA). For

two-color ISH, visualization of either
eph-B2a or flt4 expression was per-
formed with BCIP/TNBT (Chemicon),
and ff1b expression was stained with
Fast Red (Roche) subsequently. The
inactivation of the first antibody in
two-color ISH was performed by heat-
ing 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 Tween20 (PBST). This was
followed by tissue clarification in 50%
glycerol in PBS. Specimens were
mounted on glass slides and photo-
graphed under Nomaski optics on an
Olympus BX51 microscope system.

Microinjection of Morpholino

Oligonucleotide and mRNA

To analyze how various types of endo-
thelial defects affect the interrenal
morphology, morpholino oligonucleo-
tides (MO) were synthesized at Gene-
tools LLC and diluted in 1 � Danieau
solution before microinjections. The
nucleotide sequences of the ets1bMO1,
ets1bMO2, tnnt2MO, and hey2MO are
50 – TTG GTA CAT TTC CAT ATC
TTA AAG T - 30 (Sumanas and Lin,
2006), 50 – CAC TGA GTC CTT ATT
TCA CTA TAT C - 30 (Sumanas and
Lin, 2006), 50-CAT GTT TGC TCT
GAT CTG ACA CGC A-30 (Sehnert
et al., 2002), and 50-CGC GCA GGT
ACA GAC ACC AAA AAC T-30 (Zhong
et al., 2001), respectively. Zebrafish
hey2 full-length cDNA clone
(MGC:136746) was obtained from
Open Biosystems and the ORF was
subcloned into pCS2þ. Capped mRNA
of hey2 was in vitro transcribed from
the linearized plasmid by using Mes-
sage Machine (Ambion, Austin, TX).
MO- or mRNA-containing solutions
(�2.3 nL) were injected into one- to
two-cell-stage embryos by using a
Nanoject (Drummond, Broomall, PA).

Histology and Microscopy

For monitoring dynamic morphoge-
netic movements of the interrenal tis-
sue in the live embryo, time-lapse
confocal imaging was performed to
collect fluorescent images from
Tg(ff1bEx2:GFP) embryos anesthe-
tized by tricane, using a Zeiss Axio-
plan II microscope equipped with
LSM 510 META and an objective lens

(�10 N.A. 0.3) (Carl Zeiss Inc., Thorn-
wood, NY). Images were acquired as a
z stack (8-mM slices) and assembled
as a 3D projection. To delineate the
morphology of the steroidogenic inter-
renal tissue, histochemical staining
for 3b-Hydroxysteroid dehydrogen-
ase/D5-D4-isomerase (3b-Hsd) was
performed on whole embryos as previ-
ously described (Grassi Milano et al.,
1997). For simultaneous analysis of
interrenal steroidogenic activity and
endothelial GFP fluorescence, 3b-Hsd
staining signals were captured using
transmitted light, while the fluores-
cent signals were captured with an
Argon 488-nm laser connected to the
confocal microscope. Image processing
and analysis were performed using
the LSM 510 version 3.5 software.
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