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ABSTRACT 

Human congenital cardiovascular malformations are the most frequently observed 

birth defects with a large number stemming from malformation of the aortic arches.  The 

etiologies of many of these malformations are unknown.  The zebrafish kurzschluss 

mutant offers a model to study aortic arch malformation, as a mutation within the gene 

encoding Unc45a, a putative chaperone implicated in ovarian cancer, creates an 

arteriovenous malformation (AVM) between the posterior aortic arches 5 and 6 and a 

primitive head vein.  This AVM shunts blood directly back to the heart, confining almost 

all blood to a small anterior circulation loop.  In this work we sought to describe the 

mechanism of aortic arch formation in wild type zebrafish embryos; identify factors that 

contribute to AVM development in kurzschluss mutants; confirm the role of unc45a 

mutation in the kurzschluss phenotype; and determine the cell autonomy of the 

kurzschluss/unc45a mutation. 

To clarify the mechanism of aortic arch formation, we documented the 

development of these vessels in a dynamic manner in live zebrafish embryos, revealing 

for the first time a combined vasculogenic and angiogenic origin of the aortic arches.  In 

comparing aortic arch development in kurzschluss embryos to wild type embryos, we 

found that general patterning is normal, but lumenization of aortic arches 5 and 6 is 

delayed, and connections of these vessels to the ventral and dorsal aortae are abnormal.  
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These defects generate transiently blind-ended aortic arches that fill with blood, distend, 

and contact and fuse with and adjacent vein.  Additional defects were noted in ventral 

aorta and branchial cartilage patterning in the fifth and sixth pharyngeal arches.  Rescue 

and phenocopy experiments confirmed the role of unc45a in kurzschluss vessel and 

cartilage phenotypes, and reconstitution of unc45a expression specifically within the 

endothelium suggested that unc45a is required within aortic arch endothelium to prevent 

AVM formation.  In summary, this work is the first to provide a detailed description of 

the formation of the aortic arches in any vertebrate system, and the first to implicate 

unc45a in vascular development.  This knowledge will hopefully lead to a better 

understanding of the mechanisms leading to congenital aortic arch malformations and 

arteriovenous shunts. 
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1.1 THE VERTEBRATE VASCULAR SYSTEM 

All living organisms need to take up nutrients and remove waste products, and 

exchange gases [1].  The complexity of the system that facilitates these processes is 

directly influenced by the size and sophistication of the organism.  Single cell organisms 

rely on their environment to facilitate nutrient and gas exchange through waste product 

removal [1]; invertebrates rely on diffusion of gases directly from the environment to the 

requisite tissues and in some cases have a system of blind-ended tubes facilitating 

atmospheric gas exchange to less superficial tissues [1-3].  The larger and more complex 

vertebrates have evolved an intricate vascular system to fulfill these needs of gas and 

nutrient exchange [1, 4].   

 

1.1.1 Vasculogenesis and angiogenesis 

The mechanisms that guide formation of the vascular system are as equally 

complex as the tissues they feed.  Vascular formation begins in the embryo with the 

induction of mesoderm upon exposure to TGF-β and FGF signals [5].  These mesodermal 

cells are then patterned in part by Wnt and Bmp signaling cascades [5].  From these 

mesodermal cells, angioblasts differentiate and form vessels through a process termed 

vasculogenesis.  Vasculogenesis is the de novo formation of blood vessels [6].  This 

differentiation of angioblasts from mesoderm is reliant upon exposure to a number of 

factors including vascular endothelial growth factor, or vegf [6, 7].  These early 

angioblasts express the vegf receptor, Flk1 [6, 8].  Loss of Flk-1 results in the failure of 

vascular and haematopoietic formation in mice, underscoring the importance of early 

vegf signaling [9].  Following differentiation, the angioblasts aggregate to form cords, 
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which then lumenize to form the first primitive vascular network [10, 11].  These vessels 

include the dorsal aorta (DA) and posterior cardinal vein (PCV) [10].   The formation of a 

lumen involves several important processes; including tight junction formation [10, 12], 

and formation and coalescence of vacuoles [13].   

This primitive network is then expanded upon via the process of angiogenesis, 

forming many of the smaller diameter vessels and capillary beds [7].  During the first 

phase of angiogenesis, the activation phase, the extracellular matrix (ECM) around an 

existing vessel is degraded, stimulating the sprouting of a new vessel [7].  The leading 

cell of the sprout, termed a tip cell, is responsible for path finding [14, 15].  The tip cell 

does so by projecting many filopodia to sense chemoattractive and repulsive cues, then 

quickly rearranges its actin cytoskeleton in order to form a lamellipodium, which moves 

the cell in the appropriate direction [15, 16].  The lagging endothelial cells that compose 

the remainder of the angiogenic vessels are stalk cells [15].  Unlike tip cells, the stalk 

cells are proliferative [15].  This organization of angiogenic sprouting is maintained in 

part by notch signaling [17].  Increased notch signaling decreases tip cell number and 

subsequent angiogenic sprouts [17].  This is due to establishing exclusive tip cell 

expression of the Vegf receptor flt4 and decreased protrusive activity of stalk cells 

through localized notch ligand delta-like 4 expression [17]. These new vessels form 

connections between arteries and veins in the form of large and small caliber vessels, 

including the capillary beds that feed all tissues.  In the final phase of vessel formation, 

the vascular network is stabilized by reconstitution of the basement membrane and 

recruitment of pericytes and vascular smooth muscle, mediated in part by TGF-β and 

PDGF-B [7]. 
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1.1.2 Arteriovenous specification and maintenance  

The mature vasculature is composed of two main vessel types: arteries, which 

carry blood away from the heart; and veins, which carry blood towards the heart. 

Maintenance of arteriovenous organization is dependent on the proper expression of 

molecular markers that identify a vessel as an artery or vein.  For example, arterial 

endothelial cells express the cell membrane-bound ephrin-B2 ligand, whereas venous 

endothelial cells express the conjugate cell membrane-bound ephB4 receptor [18, 19]. 

Interaction of ephrin-B2 and ephB4 generates a repulsive signal, guiding arteries and 

veins to make proper connections to each other only at designated places, so as to not 

create shunts between large diameter vessels [18, 19].   

Arteries and veins are composed of three layers of tissue, the intima, media, and 

externa [20].  The innermost layer, the intima, is composed of vascular endothelium.  A 

basement membrane surrounds the intima, and is composed mainly of Type IV collagen, 

fibronectin, and laminin.  The mechanical properties of the artery are contributed by the 

media, which is composed of smooth muscle, elastin, Types I, III, and V collagen, and 

proteoglycans, providing elasticity and mechanical control of vessel dilation.  The 

outermost layer, the externa, is composed of Type I collagen, nerves, fibroblasts, and 

elastin fibers, and tethers the vessel to the surrounding connective tissue [20].  The 

relative amounts of each of these layers in a given vessel depend on the relative distance 

from the outflow tract of the heart.  Large arteries that need to withstand high blood 

pressure, such as the dorsal aorta, have large amounts of smooth muscle and elastin in 

their media [20].  Large veins, such as the cardinal vein, have very little smooth muscle 
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or elastin [20].  As blood is forced from the heart it exerts a large amount of force on the 

vessel wall.  As these vessels branch and become more numerous, the force is spread out 

over a greater area.  When the blood reaches the single cell thick capillary beds, the 

pressure is very low.  The veins then complete the circuit, returning blood to the heart 

under low pressure, and therefore do not require large amounts of elastin and smooth 

muscle.  Occasionally an artery will connect directly to a vein in the absence of a 

capillary bed, forming an arteriovenous malformation (AVM). 

 

1.1.3 Aortic arches and related disease 

The aorta and related arteries feel the strongest force of each heart contraction and 

thus require a large amount of elastic and mechanical strength.  These vessels are derived 

from the embryonic aortic arches [21, 22].  The embryonic aortic arches connect the 

ventral aorta to the dorsal aorta, prior to formation and need for the lungs.  Only a subset 

of the aortic arches remodel to become the major trunk and head vessels, while the others 

completely regress [21, 22].  Specifically, the first and second aortic arches regress 

completely.  The left and right third aortic arch remodel to become the left and right 

carotid arteries, respectively.  The left and right fourth aortic arches become portions of 

the ascending aorta and right subclavian artery, respectively, and the left and right sixth 

aortic arches become the proximal portions of the pulmonary arteries.  The left sixth 

aortic arch also forms the initial connection between the pulmonary system and the heart, 

the ductus arteriosus [23, 24].  The ductus arteriosus must close neonatally so that all 

deoxygenated blood flows through the lungs before being recirculated to the body [24].  

The fifth aortic arch arguably does not exist in mammals [23] or exists extremely 
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transiently [25].  The dorsal aorta also remodels, with the right side completely regressing 

and the left dorsal aorta becoming the descending aorta [24]. 

Frequently, the human aortic arches and associated dorsal aorta fail to remodel 

correctly leading to numerous congenital cardiovascular defects.  These defects include 

the presence of a double arch, occurring when the right dorsal aorta fails to regress; a 

right-sided aortic arch, occurring when the left side dorsal aorta involutes leaving the 

right side intact; a cervical arch, occurring when the right third aortic arch fails to 

remodel and the upper portion the right dorsal aorta persists, creating a large aneurysm; 

an aberrant right subclavian artery, occurring when the right fourth aortic arch regresses 

completely and the right subclavian artery originates anomalously from the descending 

aorta, resulting in the improper looping of the artery around the esophagus and possible 

aneurysm; as well as a patent ductus arteriosus, which results from the failure of the 

ductus arteriosus to regress, causing a mixing of oxygenated and deoxygenated blood 

[24].  The genetic causes of these malformations are largely unknown and the 

consequences can be fatal if not detected early.   

 

1.2 THE ZEBRAFISH MODEL SYSTEM 

1.2.1 Introduction 

The zebrafish, Danio rerio, has been used for over 25 years to model vertebrate 

development. The small size of adults allows for relatively dense storage of animals.  

Their fast development, progressing from a one-cell embryo to adult patterned larvae in 

24 hours, reduces the amount of time necessary for generating results.  The external 

fertilization of the zebrafish embryo allows for noninvasive observation of embryonic 
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development and experimental manipulation, such as injection of mRNA or cDNA into a 

one-cell embryo.  Overexpression studies performed in zebrafish allows for the study of 

gene function throughout early development [26].  Conversely, using morpholino-

modified antisense oligonucleotides, gene knockdown can also be quickly studied [27].   

Zebrafish are also amenable to forward genetic approaches such as large-scale 

mutagenesis screens [28-30].  The alkylating agent N-ethyl-N-nitrosourea (ENU) is used 

to cause mutations in germ-line cells of adult male fish [29-31], which are then crossed 

with wild-type female fish, creating a myriad of mutants in the F1 generation.  The F1 

generation can then be in-crossed to generate F2 families in which 50% of the fish are 

heterozygous for a single ENU-induced mutation.  Random sibling incrosses then 

generate F3 offspring that can then be screened for phenotypic defects. Via this method, 

mutant zebrafish lines have been created with phenotypes in numerous organ systems, 

including the central nervous system [32], renal system [33], digestive system [34], and 

cardiovascular system [35].  The affected gene responsible for each phenotype can then 

be determined via positional cloning [36, 37].  This forward genetic approach allows for 

determination of genes relevant to development of the affected organ or system, leading 

to a better understanding of the steps involved in proper formation. 

 

1.2.2 Models of pharyngeal arch development 

The aortic arches form within the context of the pharyngeal arches, which 

surround the pharynx.  The pharyngeal arches contain cells derived from endoderm, 

ectoderm, neural crest, and mesoderm, which give rise to endodermal pouches, gill slits, 

cartilage, muscle, and blood vessels [38].  The coordinated development of these tissues 
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can be completely disrupted by aberrant formation of a single tissue [38, 39].  Because 

the pharyngeal and aortic arches develop in utero, animal models have been developed to 

gain insights into the interactions and mechanisms that guide development of each.  The 

zebrafish model has been particularly useful for this purpose with several zebrafish 

mutants identified for disruptions in neural crest cell migration or endodermal pouch 

formation that disrupt the development of the aortic arches [40-42].  For example, in the 

van gogh mutant, tbx1 is lost, disrupting mesendoderm patterning of the neural crest and 

causing ear, thymus, cartilage, and aortic arch malformations [43].  The sucker mutant is 

another example in which endothelin 1 is lost in the superficial endoderm, disrupting 

patterning and joint formation of the neural crest derived jaw cartilages [44]. 

 

1.2.3 Zebrafish models of vascular development  

The zebrafish model system is particularly useful for the study of vascular 

development.   The small size of the embryo allows for survival of complete vascular 

failure because diffusion of oxygen is able to meet the animals oxygen demand [45].  

Similar vascular insults in larger animals would result in early embryonic death during 

gestation. Additionally, many tools have been developed, such as numerous tissue-

specific transgenic zebrafish lines, which make studying vascular development in the 

system easier and more powerful.  These transgenic zebrafish lines when combined with 

the clear tissues of the zebrafish, allow for dynamic noninvasive visualization of the 

blood and blood vessels.  The relevant transgenics use either vessel specific promoters 

such as the fli1 [46] or flk1 [8] promoter to drive fluorescent protein expression in 

vascular endothelial cells.  For visualization of blood, the gata1 promoter is used to drive 
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fluorescent protein expression [47].  Combining such transgenic models allows for the 

non-invasive linear study of vessel formation and blood flow as has never been possible 

before.  

 

1.2.4 Zebrafish blood vessel development 

Blood vessel development in the zebrafish has been documented using a 

combination of in situ hybridization, transgenics and angiography [46, 48].  The first 

angioblasts, as identified by flk1 expression, arise from the lateral plate mesoderm at the 

10-somite stage, or 14 hours post fertilization (hpf) [49].  Like in human and mouse, 

these angioblasts multiply and coalesce, forming vessels that connect to form the major 

trunk vessels.  Blood flow begins between 24 and 26 hpf, with the first contractions of the 

heart, at which time the vascular system is primitive with blood flowing through a basic 

loop: beginning at the heart, blood flows through the first aortic arch (AA1), lateral dorsal 

aorta (LDA), dorsal aorta (DA), caudal artery (CA), caudal vein (CV), posterior cardinal 

vein (PCV), finally collecting into the common cardinal vein (CCV) which returns blood 

to the heart (Fig. 1A) [48].  Over the next 24 hours, this network is expanded by 

angiogenesis with the formation of intersegmental vessels, numerous head vessels, and 

numerous other small caliber vessels [48].  During this period, several major new vessels 

are formed as well, increasing the complexity of blood flow.  The branchial aortic arches, 

which essentially connect the heart to the dorsal aorta, are first observed to be carrying 

blood flow by early 2 days post fertilization (dpf) [48].  Blood leaving the heart will now 

flow through either aortic arch 1, which directs blood rostrally, or through the branchial 

aortic arches, aortic arches 3, 4, 5, and 6 (AA3, AA4, AA5, AA6), which direct blood 
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caudally (Fig. 1A and B). Blood originating from AA1 perfuses the head and returns to 

the heart via the primordial hindbrain channel (2 dpf) or the primary head sinus (PHS; 3 

dpf).  Caudally destined blood returns via the PCV.   
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Figure 1.  3 dpf zebrafish vascular system and initial blood flow circuit.  Upon onset 

of heart contractile function around 24 hpf, the first vessel loop directs blood away from 

the heart through the first aortic arches (AA1; A) into the lateral dorsal aortae (LDA; C) 

which merge to become the single midline dorsal aorta (DA; A,C), then into the caudal 

artery (CA; A).  Blood returns to the heart via the caudal vein (CV; not pictured), 

posterior cardinal vein (PCV; A), then finally into the common cardinal vein (CCV; A).  

Anterior destined blood returns to the heart via the primordial hindbrain channel before 2 

dpf, and via the primary head sinus (PHS; A-C) 2.5 dpf and beyond.  The branchial aortic 

arches, aortic arches 3, 4, 5, and 6 (AA3, AA4, AA5, AA6; B) and ventral aorta (VA; B) 

arise between 2-2.5 dpf forming a connection between the heart and radix of the LDA 

(B,C); AA3 and AA4 connect directly to the LDA, whereas AA5 and AA6 share a 

connection to the DA termed the aortic arch 5 extension (AA5x; C).  A,B: lateral views of 

angiogram and TG(flk1:GFPla116 ; gata1:dsRed) traces, anterior to left; C: dorsal view of 

TG(flk1:GFPla116 ; gata1:dsRed) trace, anterior to left. Dark black traced vessels denote 

arteries, gray denotes veins; red arrows denote direction of blood flowing away from 

heart, blue arrows denote direction of blood returning to heart. 



 13 

The validity of using zebrafish to study vertebrate vascular development is 

bolstered by the fact that development of their stereotypical vertebrate vasculature is 

governed by the same signals that guide vascular development in other vertebrates. These 

pathways include but are not limited to, the vegf/vegfR [8], ephrinB2/EphB4 [50], and 

TGF-β family signaling [51] pathways. Additionally, through the use of zebrafish, the 

delta/notch signaling pathway was first implicated in vascular development [52].   

The patterning of zebrafish and mammalian embryonic aortic arches is strikingly 

similar.  Each consists of six bilaterally paired aortic arches connected ventrally to the 

ventral aorta and dorsally to the dorsal aorta (Fig. 2). Zebrafish aortic arches elaborate to 

become the vasculature of the gills, with afferent and efferent vessels sprouting around 3 

dpf [48].  The zebrafish aortic arches do not need to remodel as extensively as 

mammalian aortic arches as the mammalian vascular system must remodel to carry blood 

to the lungs ex utero.  
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Figure 2.  Human and zebrafish embryonic aortic arches are similarly patterned.  

Both human and zebrafish aortic arches are composed of 6 bilaterally paired aortic arches 

that connect the ventral aorta to the dorsal aorta.  Aortic arches 3-6 are termed the 

branchial aortic arches and are the last arches to form.  Human aortic arches remodel 

extensively to become the major neck vessels of the adult, whereas zebrafish aortic 

arches elaborate to become the gill vasculature.
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1.3 UNC45A AND THE UCS-DOMAIN CONTAINING FAMILY OF 

CHAPERONES 

1.3.1 The kurzschluss mutant 

The zebrafish kurzschluss mutant (kustr12) is a homozygous lethal, ENU-induced 

mutant that exhibits an abnormal circulation pattern due to malformation of the aortic 

arches: by 72 hpf, blood flows primarily in a short loop from the heart, through AA5 and 

AA6, then through a shunt between these aortic arches and the PHS.  This loop shunts 

blood away from the trunk, tail, and head vessels.  Positional cloning (B. Roman, V. 

Pham, A. Vogel) revealed that the genetic basis of the kustr12 phenotype is a T-to-A 

transversion in the gene encoding Unc45a (Fig 3A).  This point mutation [53] changes a 

leucine codon to a stop codon at amino acid position 655, deleting the final 280 C-

terminal amino acids (Fig. 3B).   



 16 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Unc45a is mutated in kustr12.  The single UNC-45 of C. elegans has diverged 

into an “a” and “b” isoform in vertebrates (A).  The Unc45a and Unc45b isoforms found 

in different species share a higher degree of amino acid homology than found between 

the isoforms of the same organsism (A).  The zebrafish Unc45a protein contains an N-

terminal tetratricopeptide repeat domain (TPR), central domain, and C-terminal UNC-

45/She4p/Cro1 domain (UCS) which are encoded by 20 exons, with the translational start 

in exon 2, and stop in exon 19 (B).  There are a set of 3 armadillo repeats within the UCS 

domain of the zebrafish Unc45a (B).  A point mutation occurs in exon 14, at nucleic acid 

1964, changing a T to an A (B).  This mutation changes a leucine to a stop, truncating the 

Unc45a protein in kustr12.  Danio rerio (Dr); Fugo r; Homo sapiens; Canerabis elegans. 
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1.3.2 The UCS domain-containing family of proteins 

Unc45a is a member of the UCS domain-containing family of proteins, named for 

the founding members, Unc-45 of Caenorhabditis elegans, Cro1 in Podospora anserina, 

and She4p in Saccharomyces cervisiae. Unc-45 was first identified in C. elegans, as the 

name suggests, in a mutant displaying an uncoordinated movement phenotype due to 

improper sarcomere formation in the body wall muscles [54]. Unc-45 has three domains: 

an N-terminal tetratricopeptide repeat (TPR) domain, a central domain, and the C-

terminal UCS domain [55, 56].  It is through this UCS domain that UNC-45 and other 

UCS proteins interact with the myosin heads [55, 57-59].   

UNC-45 interacts with a number of myosins, functioning as a chaperone for the 

globular heads [55, 56, 60, 61].  Myosins are composed of a filamentous tail and globular 

head.  The tails of conventional myosins interact to form the thick filaments of muscle 

[62]; unconventional myosins do not have tails and therefore do not form filaments, but 

play a role in cytokinesis, endocytosis, and membrane trafficking [63].  The filamentous 

tails of conventional class II myosins fold properly autonomously, however the globular 

heads are not functional unless acted upon by a number of chaperone and cochaperone 

proteins [64].  The myosin head or motor domain is the functional portion of the protein 

that interacts with actin and is responsible for conversion of ATP to ADP, which results 

in movement of the myosin and interacting partners.   

UNC-45 interacts with a number of different myosins including class II muscle 

and nonmuscle myosins, and class V myosins [60, 61, 65, 66].  She4p of budding yeast 

has been shown to bind to and are implicated in the folding of class I, II, and V myosins 

[58, 59].  The uncoordinated phenotype observed in C. elegans seen with loss of zygotic 
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Unc-45, is due to improperly folded muscle myosins [55, 56, 60, 61].  UNC-45 is 

normally associated with non-muscle myosin 2 (nmy-2) at the cleavage furrow during 

cytokinesis [65].  A loss of maternal unc-45 causes a failure in cytokinesis, leading to 

polyploidy and growth arrest at the two-cell stage [56, 58, 65, 66]. 

 

1.3.3 Vertebrate Unc45a and Unc45b proteins 

The functions of the single UNC-45 protein in C. elegans appear to be 

accomplished by two proteins, Unc45a and Unc45b, in vertebrates [62] (Fig. 3B).  The 

expression pattern of these proteins in mice and zebrafish suggest that the Unc45b 

isoform, which is expressed in cardiac and striated muscle [62, 67-69], may be implicated 

in sarcomere formation, whereas the Unc45a isoform, which has been shown to be 

dynamically expressed in many tissues including the branchial arches [62, 69], may be 

responsible for cytokinesis and intercellular trafficking.  These different functions are 

highlighted in experiments knocking down the function of each.  Loss of Unc45b in 

zebrafish leads to disorganized thick filaments resulting in paralysis as well as cardiac 

arrest [67, 69].  Similarly, knockdown of Unc45b in cultured human and mouse myocytes 

disrupts sarcomere formation [62].  Knockdown of Unc45a, on the other hand, decreased 

proliferation by nearly 75% in myocytes [62].  Furthermore, multiple tumor types, 

including ovarian and lung have increased amounts of Unc45a expression, and 

knockdown reduces tumor cell proliferation as well as motility [70].   Recent in vitro 

work using mouse and human cells has also revealed a new set of Unc45a clients, 

including progesterone receptor (PR) and glucocorticoid receptor (GR) [71].  Outside of 

this limited work, very little is known about the cellular role of Unc45a in vertebrates, or 
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its role in development. The kustr12 mutant therefore provides a valid model for studying 

the role of Unc45a in vertebrate development and specifically, in aortic arch 

development.   

Study of the kustr12 mutant has yielded a novel role for endothelial unc45a 

expression in aortic arch development, as well as a need for expression in an undefined 

separate tissue for proper jaw cartilage formation.  The apparent mechanism of AVM 

formation in the kustr12 mutant is also novel, depicting AVM formation stemming from a 

genetically and physiologically precipitated intravascular insult leading to the enlarged 

vessel coming into contact with a vein with which a connection is eventually formed.  

The formation of this congenital defect in zebrafish may be paralleled in human 

pathologies and contribute to the understanding of how and why these abnormalities 

arise.   

1.4 STATEMENT OF PURPOSE 

Aortic arch malformations are a frequently observed congenital defect that for the 

most part are of unknown etiology.  In fact the formation of the aortic arches is poorly 

understood.  The purpose of this work is to examine the formation of the aortic arches 

using the zebrafish model system.  To gain insight into the mechanisms that guide aortic 

arch development, we studied the kurzschluss mutant, a zebrafish mutant that presents 

with aortic arch malformations stemming from mutation of unc45a.  This mutant 

additionally offers the opportunity to examine the effects of loss of unc45a on vertebrate 

embryo development. 
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2.1 ZEBRAFISH LINES AND MAINTENANCE 

Adult zebrafish (Danio rerio) were maintained as described [72, 73].  The kustr12 

mutant was isolated from an ethylnitrosourea (ENU) mutagenesis screen on a Tübingen 

AB background [74, 75]. Embryos were raised and staged as described [72, 73].  In order 

to block melanin formation, embryo medium was supplemented with 0.003% 

phenylthiourea (Sigma) prior to 24 hpf [72]. 

 

2.2 MICROANGIOGRAPHY AND CONFOCAL IMAGING 

Microangiography was performed as described [76]. For confocal microscopy, 

embryos were anesthetized using 0.016% Tricaine (Sigma), mounted in specially-made 

chamber slides using 2% Low Melt Agarose (SeaKem), and Z-series of frame-averaged 

optical sections were generated using a FluoView 500, or 1000 (Olympus) or Radiance 

2000 (Bio-Rad) laser scanning confocal microscope. Two-dimensional and three-

dimensional projections were generated using FluoView, MetaMorph, or NIH ImageJ 

software (Universal Imaging).  Time lapse confocal microscopy was performed as 

described [77], and movies generated using Metamorph or NIH ImageJ. 

 

2.3 GENOTYPING 

To asses genotype, the T-to-A transversion found in unc45a in kustr12 mutants was 

assayed by dCAPS analysis [78] using the forward: 5’-

CTTTTTTCCTCCTCTTCACAGGGTGACTT-3’ and reverse: 5’ –

TCAGATTTGAGTTTGAGCAGTTGATC-3’ primers. The forward primer contains a 
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single mismatch (underlined) creating a DdeI restriction enzyme recognition/cut site in 

the kustr12 but not the wild type allele. 

 

2.4 2,3-BUTANEDIONE MONOXIME TREATMENT 

Embryos were treated with 40 mM 2,3-butanedione monoxime (BDM; Sigma) in 

30% Danieu’s (17.4 mM NaCl, 0.2 mM KCl, 0.12 mM MgSO4, 0.18 mM Ca(NO3)2, 1.5 

mM HEPES, pH 7.5) for approximately five minutes or until cessation of heartbeat, then 

transferred to 20 mM BDM and incubated at 28.5°C [79] for no longer then 6 hours. 

After treatment, embryos where washed 3 x 5 minutes with 30% Danieu’s. 

 

2.5 CARTILAGE IMMUNOHISTOCHEMISTRY AND MEASUREMENTS 

To visualize cartilages, embryos were fixed overnight at 4°C with Carnoy’s 

fixative (ethanol:chloroform:acetic acid, 6:3:1), dehydrated through a series of 

methanol:PBS-0.1% Tween (PBT) washes, and stored at -20°C.  After a minimum of 

12hrs in 100% methanol, the embryos were rehydrated via a series of methanol-PBT 

washes, then were permeabilized with proteinase-K (10 mg/ml) for 30min, blocked in 2% 

BSA/5% normal goat serum/PBS-0.1% Tween (PBT) for a minimum of 1 hr, then 

incubated with anti-collagen type-II (II-116B3; DSHB) diluted 1:100 in block overnight 

at 4°C.  Primary antibody was detected using Alexa Fluor 568-conjugated goat anti-

mouse IgG (Invitrogen), diluted 1:200 in block and incubated for 2 hours RT.  For double 

staining, anti-GFP (Invitrogen) diluted 1:200 in block, was added simultaneously with the 

collagen antibody, and Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen), 

diluted 1:200 in block, was added simultaneously with the antimouse IgG.  Embryos 
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were cleared via a series of washes containing, 25% glycerol in PBT, then 50% glycerol, 

finally ending in and stored in 80% glycerol in PBT.  Images were acquired using an 

MVX10 MacroView and DP71 camera (Olympus) at a constant magnification of 126X. 

Relative measurements were made using the measure tool in Photoshop. 

 

2.6 EXPRESSION CONSTRUCTS AND MORPHOLINOS 

Full length unc45a was amplified using high fidelity platinum Pfx DNA 

polymerase (Invitrogen) from 24 hpf zebrafish cDNA using the following primers: 5’-

TTATCTAAACAGCGAATACAACG-3’(-35 to –13) and 5’-

ATTGCGGCCTCCATCAAACACTGC-3’ (5 to 28 in 3’UTR).  The 3056 nucleotide 

product was cloned into pCR-BluntII-TOPO vector (Invitrogen) and sequenced 

bidirectionally.  To generate a native expression construct, the unc45a-TOPO insert was 

excised with EcoRI and ligated into EcoRI-digested pCS2+ [80]. To generate a C-

terminally myc-tagged expression construct, the unc45a-TOPO clone was used as 

template in a PCR reaction using PfuUltra (Stratagene) with the following primers: 5’-

TATAGGATCCTTATCTAAACAGCGAATACAACG-3’ (BamHI site underlined; -35 

to -13) and 5 ’TATAATCGATTAATGGAATTACCATTAACTCCGC-3’ (ClaI site 

underlined; 2783 to 2805). The 2986 bp PCR product was cloned into pCRBluntII- 

TOPO, excised with BamHI/ClaI and cloned into BamHI/ClaI-digested pCS2+myc 

vector [80]. Fidelity of the PCR reaction and confirmation of in-frame tagging was 

verified by bidirectional sequencing. A myc-tagged unc45akus construct was generated 

using the forward primer above and the ClaI-containing reverse primer, 5’-

TATAATCGATTAATCACCCTGGCGATGCACTCTC-3’. This primer is 



 24 

complementary to coding nucleotides 1940 to 1962 and encodes a 654 amino acid, C-

terminally truncated protein corresponding to the kustr12 allele of unc45a. Capped mRNA 

was synthesized from NotI-digested constructs using mMessage mMachine with SP6 

RNA polymerase (Ambion). Morpholino-modified antisense oligonucleotides 

(GeneTools) used were as follows: cardiac troponin T2 (tnnt2), 

CATGTTTCGTCTGATCTGACACGCA, targeting –22 to +3 [81]; unc45a ATG, 

ACATCTTTCTCTGTAGCGTTGTATT, targeting –21 to +4; and unc45asplice, 

agctttatagaCCTGGCGATGCACT, targeting the exon13/intron 13 boundary. Capped 

mRNAs and morpholinos were injected into 1 to 4-cell embryos as described previously 

[72]. 

 

2.7 IN SITU HYBRIDIZATION 

Whole mount in situ hybridization using digoxigenin-labeled riboprobes and 

alkaline phosphatase-conjugated anti-digoxigenin (Roche) was performed as described 

[82]. For unc45a detection, a riboprobe was transcribed from the full-length clone 

(unc45a-TOPO, described above). Embryos were examined as whole mounts or 

embedded in JB4 and sectioned at 5 micrometer. 

 

2.8 ACRIDINE ORANGE AND TUNEL ASSAYS 

Live embryos were incubated in 5 µg/mL acridine orange (Sigma) in 0.001% 

DMSO (Sigma) 30% Danieus for 2 minutes at RT.  Embryos were then washed 3x 5 

minutes with 30% Danieus.  TUNEL assay performed as described previously [83].  

Briefly, 4% paraformaldehyde fixed, methanol dehydrated embryos were rehydrated then 
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incubated overnight at  37°C with terminal-deoxynucleotide-transferase enzyme labeling 

the nicked ends of apoptotic DNA, and  then stopped via washing in “Stop Wash” buffer 

as provided in the Apoptaq kit (Chemicon).  Labeled embryos were then blocked in 5% 

sheep serum in PBT for an hour before immunodetection with an anti-dig alkaline 

phosphatase conjugated antibody (Roche).  Colorimetric staining was achieved via 

incubation in a NBT/BCIP solution as described [82].  Embryos were post fixed and 

stored in 4% PF.      

 

2.9 PHARYNGEAL ENDODERM SPECIFIC MRNA EXPRESSION 

unc45a-GFP mRNA was expressed specifically in the pharynx of kustr12 embryos 

as described [84].  Briefly, 100ng of sox32 mRNA and 150ng of unc45a-GFP mRNA 

were injected into one of four central cells of the eight lateral cells of a 32-cell embryo.  

At 48hpf, embryos were screened for GFP expression in the pharynx, and then at 76hpf 

embryos were phenotyped, then genotyped. 

 

2.10 TRANSPLANTATION 

Transplantation was performed as described [72, 85].  Briefly, donor TG(b-

actin:egfp) (courtesy of Chi-Bin Chien) and host kustr12; TG(fli1:mCherry) embryos were 

collected in glass dishes and dechorionated via treatment with 2 mg/mL proteinase-K 

(Roche) in 30 % Danieus, followed by 3X 5’ washes with 30 % Danieus.  Embryos were 

finally placed in 30% Danieus supplemented with 1x Penicillin/Streptomycin (10 U/mL 

and 10 µg/mL respectively).  1k- to 2k-cell embryos were then transferred to an injection 

mold in which cells were removed from donor embryos with a pulled capillary using a 
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micro-syringe filled with mineral oil.  10 to 15 cells were injected into the age-matched 

host embryos at various positions within the embryo.  Up to ~100 cells were obtained 

from each donor for transplantation into multiple hosts.  Hosts were incubated at 28.5°C 

and moved into 30% Danieus supplemented with 1x Pen/Strep and 0.00015% PTU at 24 

hpf. 

 

2.11 STATISTICAL ANALYSIS 

 The statistical significance of differences in cartilage measurements was 

determined using two-tailed students t-test assuming equal variances.  Signifance was set 

at p < 0.05.
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CHAPTER 3.  DYNAMIC EVALUATION OF AORTIC ARCH DEVELOPMENT 

IN WILD TYPE ZEBRAFISH EMBRYOS 
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3.1  INTRODUCTION   

While the anatomy of the embryonic aortic arches has been studied for well over 

one hundred years, the cellular and molecular mechanisms that guide their development 

are not clear [21, 22].  Studies in mouse and chick models have suggested either a 

vasculogenic [22, 86] or angiogenic [11, 25, 87] mechanism for aortic arch development 

depending on the methodology of experimentation employed.  Immunohistochemical 

analyses showed that non-lumenized cords of vascular endothelial cells were present in 

the pharyngeal arches and were not connected to the existing vasculature, suggesting that 

the aortic arches arise via vasculogenesis [22, 86].  In contrast, intravascular injection of 

angiogenic beads or polymers and subsequent radiographic imaging or corrosion casting, 

respectively, showed the presence of small lumenized “sprouts” coming off both the 

ventral and dorsal aortae, suggesting that the aortic arches arise via angiogenesis [11, 25, 

87].  Each of these methodologies has limitations.  Immunohistochemistry allows only 

two dimensional, static observations in fixed tissues.  Angiography and corrosion casting 

are also limited to static observations, and allow visualization of only lumenized patent 

vessels, and not developing cords.  In this work, we sought to end the controversy 

regarding the nature of aortic arch development by studying development in a 

noninvasive, dynamic manner in the live, actively developing zebrafish embryo. 

Combining these data with those from whole mount in situ hybridization utilizing vessel 

specific markers yields the first complete dynamic description of aortic arch formation. 

3.2 ZEBRAFISH BRANCHIAL AORTIC ARCHES FORM VIA 

VASCULOGENIC DIFFERENTIATION AND ANGIOGENIC SPROUTING 
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To first obtain a basic time line of vessel formation and progression, whole mount 

in situ hybridization was performed using the vessel-specific riboprobes, vascular 

endothelial cadherin (vecad; not shown) and tie1 (Fig. 4A-D) on wild type embryos 

between 28 and 54 hpf.  Results show that the branchial aortic arches form in a cranial-

to-caudal sequence.  On both left and right sides, AA3 and AA4 are first visible at 30 hpf 

as two islands of angioblasts in the lateral pharyngeal mesoderm that are not connected to 

any vessel (data not shown).  By 34 hpf, these angioblast islands have extended dorsally 

and appear as nonlumenized cords (Fig. 4A).  By 36 hpf, staining extends ventromedially 

and the precursors of AA5 are now visible (Fig. 4B).  At 40 hpf, AA3 and AA4 span the 

entire lateral portion of the pharyngeal arches; AA5 extends to the level of the PHS; and 

the angioblast precursors of AA6 are visible (Fig. 4C).  By 54 hpf, all four branchial 

aortic arches are full formed (Fig. 4D).  Taken together, these results suggest that the 

branchial aortic arches arise via vasculogenesis, and extend via angiogenic sprouting. 

Dynamic observation of aortic arch development through time-lapse confocal 

imaging confirmed the vasculogenic origin and angiogenic elaboration of these vessels. 

Following vasculogenic differentiation of angioblasts, the aortic arches extend through 

angiogenic sprouting, complete with filopodia resembling structures emerging from the 

tip cell of the angiogenic sprout (tip of AA4 in Fig. 4F, and tip of AA5 in Fig. 4G). These 

sprouts progress to form the dorsal connection to the LDA and ventral connection to the 

heart.  AA5 and AA6 sprout then fuse behind the PHS and share a long extension of 

AA5, the aortic arch 5 extension (AA5X), through which blood flows to the LDA.  By 54 

hpf, all vessels have formed and are carrying blood (Fig. 4H). 
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Figure 4. The vasculogenic and angiogenic formation of the branchial aortic arches.  

The branchial aortic arches, aortic arches 3 through 6, arise via vasculogenic 

differentiation of lateral pharyngeal mesoderm.  Angiogenic sprouting of these angioblast 

islands forms the connections to the existing ventral and dorsal vasculature, the outflow 

tract of the heart and the lateral dorsal aorta, respectively.   In situ hybridization of tie1 

riboprobe and confocal images of TG(flk1:GFPla116 ; gata1:dsRed)  embryos with 

corresponding traces of vessels at (A, E, I) 34 hpf, (B, F, J) 36 hpf, (C, G, K) 40 hpf, and 

(D, H, L) 54 hpf.  Lateral views, anterior to the left.    
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3.3 BRANCHIAL AORTIC ARCHES FORM DE NOVO CONNECTIONS TO 

THE EXISITING VENTRAL AND DORSAL VASCULATURE 

3.3.1 The zebrafish ventral aorta is derived from angiogenic sprouting of the 

branchial aortic arches 

Blood first enters the aortic aches from their ventral aspect, suggesting that the 

aortic arch/VA connection is made prior to the aortic arch/LDA connection.  The 

formation of the VA is not easily observed in the zebrafish embryo due to the position of 

this vessel deep within the embryo, and the position of the embryo over the yolk at early 

2 dpf.  Physical dissection of the yolk of TG(flk1:gfpla116) embryos allows for static 

observation of these vessels at different stages of development.  Interestingly, our data 

suggest that the VA is formed de novo from fusion of ventrally-directed aortic arch 

sprouts.   At 44 hpf the ventral sprouts of the aortic arches have reached the dorsoventral 

level of the outflow tract of the heart, and turn anteriorly towards it; there is no VA 

present at this time (Fig. 5A).  By 46 hpf, AA3 and AA4 have fused ventrally to form the 

anteriormost portions of the bilateral ventral aortae (Fig. 5B); AA5 and AA6 form similar 

but more lateral connections by 48 hpf (Fig. 5C).  Thus by 48 hpf, all four branchial 

aortic arches are connected to bilateral ventral vessels, the paired ventral aortae that fuse 

anteriorly and connect to the outflow tract of the heart (Fig. 5C). At 72 hpf the yolk is no 

longer obscuring the ventral portions of the aortic arches and unobstructed confocal 

imaging of TG(flk1:gfpla116) embryos shows that the initially bilateral ventral aortae have 

fused between AA3 and AA5 to form a single midline VA (Fig. 5D).   AA6, however, 

connects to a portion of AA5 lateral to its midline connection to the VA (Fig. 5D).  The 
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patterning and timing of VA formation is therefore directly dependent on the formation 

of the ventral portions of the aortic arches.   
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Figure 5.  The ventral aorta forms via fusion of ventral sprouts of the branchial 

aortic arches.  The formation of the ventral aorta occurs during a period when the 

embryo is rolled over the yolk, burying these vessels deep within.  Only through careful 

surgical removal of the yolk can these vessels be seen.  None of the aortic arches has 

fused at 44 hpf (A), nor is there any sign of a ventral aorta.  Two hours later (B; 46 hpf) 

the aortic arches begin to serially connect forming bilateral ventral aortae.  By 48 hpf (C), 

all aortic arches have connected forming the bilateral ventral aortae.  By 72 hpf (D), a 

single midline aorta has formed via fusion of the bilateral ventral aortae.  2D confocal 

projections of TG(flk1:GFPla116) embryos, labeling endothelial cells green.  Ventral 

views, anterior to the left.
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3.3.2 Aortic arch 5 and 6 connect to the lateral dorsal aorta via the aortic arch 5 

extension: the dorsal angiogenic sprout of aortic arch 5 

Upon blood entering AA5 and AA6, a very short period of pulsation of blood 

within the lateral portions of these vessels is occasionally observed.  This observation 

suggests that a fully lumenized connection to the LDA is not always made prior to 

connection of the aortic arches to the ventral vasculature.  To visualize this dorsal 

connection of the AA5X to the LDA, time-lapse confocal microscopy was again 

employed in combination with TG(flk1:gfpla116) embryos (Fig. 6).  The AA5X is visible 

sprouting to meet the LDA at 47 hpf (Fig. 6A), then meets and fuses with the LDA by 49 

hpf (Fig. 6B,C).  Angiography confirmed that AA5X is lumenized shortly before fusing 

(data not shown), and that shortly after fusing to the LDA, ~50 hpf, a lumenized 

connection is formed, allowing blood to flow from AA5 and AA6 to the LDA (Fig. 6D).  

The rarely observed pulsation ceases concomitant with LDA connection.   
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Figure 6. The branchial aortic arches fuse with the lateral dorsal aorta.  Aortic 

arches 5 and 6 connect to the lateral dorsal aorta (LDA) through a shared connection, the 

aortic arch 5 (AA5x) (arrowheads A-C; D).  This extension migrates (arrowheads A, B) 

and connects to the dorsal aorta around 49 hpf (arrowheads C).  The diameter of this 

connection increases by 72 hpf (D).  Aortic arches 3 and 4 connect to the lateral dorsal 

aorta (LDA) directly (D). A-D, 2D confocal projections of TG(flk1:GFPla116) embryos 

labeling endothelial cells. A-C: individual frames of a time-lapse movie.  A-D, dorsal 

views, anterior to the left.  
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3.4 BRANCHIAL AORTIC ARCHES LUMENIZE DURING SPROUTING 

This dynamic documentation of aortic arch formation also captured another step 

in vessel formation, the process of lumenization.  Following the completion of lateral 

aortic arch migration, there is a period of visual inactivity in which the arches are 

presumably sprouting to form the ventral and dorsal connections to vasculature beyond 

the field of view (Fig. 7A,B).  This period of apparent lateral idleness concludes with the 

rapid expansion and visual lumenization of the aortic arches (Fig. 7C), occurring within a 

10-minute time frame, followed by blood entering aortic arch 5 (Fig. 7D) and shortly 

after into aortic arch 6 over the next hour and a half (Fig. 7E). 
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Figure 7.  Aortic arches 5 and 6 lumenize prior to onset of blood flow.  Aortic arches 

5 and 6 sprout and fuse after which they appear as non-lumenized cords (A; 48 hpf) and 

remain so for an extended period of time (B; 48.7 hpf).  Within a short period of time, 

under 10 minutes, they visually lumenize (C; 48.8 hpf). Within an hour aortic arch 5 is 

carrying blood (arrowhead D; 49.7 hpf), then quickly followed by blood entering aortic 

arch 6 (arrowhead E; 50.2 hpf). The aortic arches of tnnt2 morphants, which lack a 

contractile heart and therefore have no blood pressure, are formed by 74hpf, however do 

not appear lumenized (F).  2D confocal projections of TG(flk1:GFPla116 ; gata1:dsRed) 

(A-E) or TG(flk1:GFPla116) (F) embryos respectively, labeling endothelial and blood cells 

green and red, respectively.  Lateral views, anterior to left. 
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3.5 SUMMARY 

The zebrafish aortic arches form over a 20-hour period, beginning at 30 hpf with 

the vasculogenic differentiation of the anterior AA3 and AA4 and ending with the final 

angiogenic sprouting and connection of the posterior AA5 and AA6 to the systemic 

vasculature.  During the process of aortic arch formation, a connection to the outflow 

tract of the heart is made via serial connections of ventral aortic arch sprouts, forming the 

early VA.  Dorsally, the aortic arches sprout and fuse to connect to the LDA; with the 

exception of AA6, which fuses with AA5 and shares the AA5X connection to the LDA.  

The aortic arches rapidly visually lumenize, strongly suggesting lumenization during the 

process of sprouting. This work therefore clarifies the origin of aortic arch formation and 

provides an experimental base-line for determination of developmental abnormalities in 

kustr12 mutant aortic arch formation.       

 

3.6 DISCUSSION 

 Previously published studies of aortic arch development have suggested that the 

aortic arches arise via either vasculogenesis [22, 86] or angiogenesis [11, 25, 87]; our 

current work provides strong evidence for a combined vasculogenic  and angiogenic  

formation of the branchial aortic arches.  The use of transgenic zebrafish embryos 

allowed for dynamic visualization of this formation for the first time in a living embryo.   

Each aortic arch begins as an island of angioblasts that originates through 

vasculogenic differentiation in an anterior to posterior order of differentiation.  This order 

of development is not unique to aortic arch formation as most structures of a developing 

embryo form in this order including the intersegmental vessels [46] and somites [88].  
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The aortic arch angioblasts expand through angiogenic sprouting as noted by filopodia 

formation and the fluid progression of the sprout during formation. 

One unique quality of aortic arch formation is their late stage coordinated 

vasculogenic origin and nature of their angiogenic expansion.  The initial vasculature 

within the developing embryo is formed around 18 hpf via vasculogenesis, involving 

differentiation of angioblasts from lateral plate mesoderm that then migrate to the midline 

where they coalesce to form lumenized vessels [4].  The individual islands of angioblasts 

that become each arch undergo this process a full 12 hours later.  The initial vascular 

system is elaborated upon by angiogenic sprouting.  Much of this expansion occurs after 

the heart has begun to beat and is therefore achieved in the presence of blood flow and 

pressure [4].  The branchial aortic arches however, are not sprouting from an existing 

organized vessel carrying blood, and must connect to the systemic vasculature proximally 

and distally, then quickly adapt to the forces of blood pressure.  The window during 

which the vessel must adapt to these forces is apparently small, as the lateral portion of 

the vessel visually lumenizes within a 10-minute period.  The process of vessel 

lumenization in the intersegmental veins, which involves alignment and connection of 

vacuoles, occurs over a period of hours, with a single vacuole fusion event taking more 

then an hour [13].  This therefore implies that the aortic arches lumenize prior to this 

sudden detectable lumenization.  Formation of the lumen likely occurs within the stalk of 

the vessel during sprouting.  Upon completion of sprouting, the single tip cell must 

relinquish its job as such and form the last link of lumenized vessel to the existing 

vasculature.  The vessel is therefore collapsed until acted upon by the rapid onset of 

blood pressure.  The sudden increase in overall vessel diameter strongly suggests that 
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formation of a detectable lumen is due to the sudden onset of an outside force, and not 

due to rapid vacuolization, as this process has not been shown to change external vessel 

diameter within the context of vessel lumenization [13].  The delay in erythrocyte 

entrance into the aortic arches suggests a gradual increase in the size of the lumen 

provided by the final cell of the aortic arch sprout; permitting only plasma at first, then 

upon completion of a sufficiently large lumen, erythrocytes.  

This idea of a need for blood pressure in lumenization of the aortic arches is 

supported by observation of the aortic arches of 3 dpf embryos injected with the tnnt2 

morpholino.  Knock down of a cardiac troponin with the tnnt2 morpholino phenocopies 

the silent heart phenotype in which the heart is never contractile therefore completely 

lacking blood pressure [81, 89].  The aortic arches of these embryos at 74 hpf, well after 

normal aortic arch lumenization, appear as non-lumenized cords (Fig. 7F) resembling the 

non-lumenized arches of an early 2 dpf embryo (Fig. 7A).  

The formation of the branchial aortic arches requires a number of processes 

including vasculogenic differentiation, angiogenic sprouting, lumenization, and vascular 

fusion that are necessary for the formation of a number of vessels within the embryo.  

The unique aspects of aortic arch development outlined above however require 

mechanisms yet to be described.  Only with this new knowledge of how aortic arches 

form can we understand what must take place for this to occur properly, and in this better 

understand what may be responsible when these vessels do not form properly. 
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CHAPTER 4.  ABERRANT AORTIC ARCH FORMATION AND PHARYNGEAL 

ARCH DEVELOPMENT IN THE KURZSCHLUSS MUTANT 
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4.1 INTRODUCTION 

The kustr12 mutant phenotype is characterized by a massive amount of blood flow 

through the aortic arch region at 3 dpf.  Closer examination of this region revealed an 

arteriovenous malformation (AVM) between the posterior aortic arches and the primary 

head sinus (PHS), which shunts blood directly back to the heart.  The kustr12 mutant also 

exhibits hemorrhage in the region of the aortic arches and in the dorsal head post-74 hpf.  

By 4 dpf, a majority of mutant embryos no longer have any blood in circulation as all of 

the blood has hemorrhaged out of circulation and into these areas.  By 5-8 dpf all kustr12 

mutant embryos die.   

The aortic arches of zebrafish, like all other vertebrates, form within the context 

of the pharyngeal arches.  Disruption of pharyngeal arch organization has been shown to 

secondarily affect vessel formation.  It is therefore possible that a defect in the patterning 

of the pharyngeal arches may be eliciting the aortic arch abnormality observed in the 

kustr12 mutant.   

Malformations arising from patterning or remodeling defects of the embryonic 

aortic and pharyngeal arches result in a variety of vascular anomalies involving the arch 

of the aorta and associated great vessels within humans.  The etiology of a majority of 

these abnormalities is as of yet unknown.   The kustr12 mutant thus provides an 

opportunity to study the mechanisms that guide aortic arch development as well as a 

model in which to study human aortic arch malformation.   

The AVM of the kustr12 mutant stems from an inability of AA5 and AA6 to form a 

dorsal connection to the LDA in a timely manner and maintain vessel diameter in 

response to blood flow.  Pulsation of blood ensues within AA5 and AA6 further 
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increasing vessel dilation until contact is made between AA5 and AA6 and the PHS.  An 

arteriovenous connection is then formed between at this point of contact, precipitating the 

phenotypic kustr12 shunt.   

 

4.2 KURZSCHLUSS AVM IS CAUSED BY A COMBINATION OF AORTIC 

ARCH 5 AND 6 DISRUPTION AND BLOOD FLOW 

4.2.1 Kurzschluss aortic arches 5 and 6 delay in lumenization then distend  

The branchial aortic arches form by the process of vasculogenesis, beginning 

around 30 hpf, followed by angiogenic sprouting, which is completed by 48 hpf.  

Branchial aortic arch differentiation is apparently unaffected in the kustr12 mutant, as four 

bilateral sets of aortic arches form from the same number of angioblast islands.  The 

lateral formation of the aortic arches was documented using time-lapse confocal 

microscopy. The formation of lateral portions of AA3 and AA4 is unaffected in the 

kustr12 mutant.  AA5 and AA6 however, exhibit delayed lumenization (Fig. 8B) as 

compared to wild type siblings (Fig. 8A).  AA5 and AA6 sprout and meet at the 

dorsoventral level of the PHS by 50 hpf, yet neither visually lumenize for another two to 

four hours, between 52 and 54 hpf (compare kustr12:Fig. 8D, to wild type: Fig. 8C).  

Similar to what is seen in wild type siblings, visual lumenization takes place within a 

period of 10 minutes; however the lumen of AA5 is comparatively larger in the kustr12 

mutant.  Shortly after visual lumenization, blood cells enter AA5 and AA6 and pulsate.  

In contrast to wild type siblings, this pulsation lasts for several hours, sometimes never 

resolving prior to terminal hemorrhage of the vessel.  The blood cells are also not 
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confined to a single organized column of erythrocytes as seen in wild type siblings, but 

instead collect within the large lumen amassing several cells thick (Fig. 8D).  

 

4.2.2 Kurzschluss AVM forms following blood pulsation in aortic arches 5 and 6 

due to failure of AA5X to make a lumenized connection to the LDA 

Time-lapse confocal imaging confirmed that the AA5X correctly sprouts and 

fuses with the LDA in kustr12 mutants.  Angiography of this connection however, shows 

variability in the timing of sprout fusion to the LDA and lumenization of this connection.  

AA5X connects to the LDA, however the tip of the sprout has not yet formed a lumen, 

creating a blind-ended tube, into which blood enters and pulsates (compare wild type: 

Fig. 8E, to kustr12: Fig. 8F).  A lumenized connection is sometimes formed between the 

AA5X and LDA however this connection is narrow and carries a comparatively small 

amount of blood.  At 60 hpf, AA5 and AA6 are very large and smooth (Fig. 9D), as 

opposed to those in wild-type embryos (Fig. 9A), which are starting to branch out to form 

the afferent and efferent vessels of the gill arches.  Importantly, the diameter of AA5 and 

AA6, at the dorsoventral level of the PHS, is increased and has come in contact with the 

PHS.  Around this time a small connection forms between AA5 and AA6 and the PHS 

(Fig. 9E) through which blood is shunted directly back to the heart.  Once this AVM 

forms, the AA5X connection atrophies and the size of AA5 and AA6 continue to increase 

(compare wild type: Fig. 9C, to kustr12: Fig. 9F).  By 72 hpf nearly all blood flow is 

diverted through the AVM (compare wild type: Fig. 10A, to kustr12: Fig. 10C) and no 

blood flows through the AA5X.  The laterality of this AVM is random, occurring with 

equal frequency on either side of the embryo and occasionally occurring on both sides (L: 
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38%; R: 36%; both: 26%; n=42).
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Figure 8.  Aortic arches 5 and 6 exhibit delayed lumenization and fail to properly 

connect to the lateral dorsal aortae in kustr12 mutants.  Aortic arches 5 and 6 are 

lumenized by 50 hpf in wild type embryos (A) and exhibit strong blood flow by 52 hpf 

(C).  In kustr12 (B,D), lumenization is delayed by 2-3 hours and blood cells accumulate in 

distal portions of aortic arch 5 (arrow). This accumulation of blood cells is accompanied 

by failure of the AA5X to make a patent connection to the LDA [compare E (WT) to F 

(kustr12)]. A-F, 2D confocal projections of TG(flk1:GFPla116; gata1:dsRed) embryos at 50 

hpf (A,B) or 52 hpf (C-F), labeling endothelial and blood cells green and red, 

respectively. A-D: lateral views, anterior to the left. E-F: dorsal views, anterior to the left. 
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Figure 9.  An arteriovenous malformation forms around 60 hpf in kustr12 mutants 

between aortic arches 5 and 6 and the primary head sinus. In wild type embryos, 

aortic arches 5 and 6 fuse just behind the primary head sinus (PHS) and connect to the 

lateral dorsal aorta via an extension of aortic arch 5 (AA5X); clear demarcation can be 

seen between the aortic arch 5/6 connection and the PHS (A-C). In contrast, in kustr12 

mutants, AA5X is poorly formed, and the enlarged aortic arch 5/6 connection fuses to the 

adjacent PHS, creating an AVM (arrowhead E) that shunts blood directly back to the 

heart (D-F).  2D confocal projections of TG(flk1:GFPla116;gata1:dsRed) embryos (A,D); 

TG(flk1:GFPla116) embryos (C,F).  B, E and insets in C,F are single planes from confocal 

Z-stacks represented by A,D,C, and F, respectively. A-F: 62 hpf; A,B,D, and E lateral 

views, anterior to the left. C,F: dorsolateral views, anterior to the left.  
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Figure 10.  The kustr12 mutant arteriovenous malformation shunts all blood directly 

back to the heart and is associated with ventral aorta malformation at 72 hpf.  By 74 

hpf, the AVM formed between the PHS and AA5 and AA6 carries the majority of blood 

flow and is typically associated with localized hemorrhage (arrowheads; compare wild 

type: A, to  kustr12: C). In wild type embryos, the bilateral ventral aortae fuse by 72 hpf 

forming a single midline vessel (B). In contrast, kustr12 bilateral ventral aortae fail to fuse 

properly and remain paired at 72 hpf (D). A,C: Microangiograms; B,D: 2D confocal 

projections of TG(flk1:GFPla116;gata1:dsRed) embryos.  A,C: lateral views, anterior to 

the left. B,D: ventral views, anterior to the left.  
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4.2.3 Kurzschluss posterior bilateral ventral aortae fail to fuse at the midline 

The patterning of the VA is also affected in 3 dpf kustr12 mutants.  The ventral 

portions of the posterior fifth and sixth aortic arches are laterally displaced from the 

midline, and as such fail to fuse (compare wild type: Fig. 10B, to kustr12: Fig. 10C).  They 

instead fuse at the midline at the anterior-posterior level of AA4 (Fig. 10C), forming 

bilateral ventral aortae, similar to the pattern of the wild type VA at 48 hpf (see Fig. 5D). 

 

4.2.4 Kurzschluss AVM and VA malformation are influenced by blood flow and 

not by circulating erythroid cells 

 AA5 and AA6 connect ventral to the PHS, then make a ninety-degree turn before 

forming a connection to the LDA.  The distance between the aortic arches and the PHS in 

wild type embryos is great enough so that a clear space can be visualized between the two 

at all times.  This distance in kustr12 mutants is small upon initial visual lumenization of 

AA5 and AA6 at 52 hpf, then decreases over the next 24 hours until it is nonexistent and 

the vessels have come in contact.  This decrease in distance occurs concomitantly with 

the observed pulsation of blood within these vessels.  This led us to hypothesize that a 

prolonged exposure to the high-pressure pulsation event created in the kustr12 mutant may 

physiologically explain the increase in vessel diameter and subsequent decrease in space 

between the aortic arches and PHS.  A first attempt to address this question with the tnnt2 

morpholino, led to the interesting observation that the branchial aortic arches do not 

appear to lumenize in the total absence of blood flow (see Fig. 7F).  The collapsed aortic 

arches of the kustr12 mutant did not appear to be in contact with the PHS, nor was an 

AVM apparent (data not shown).  However, copious pericardial edema hindered imaging, 
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and the inability to assay for the presence of a shunt forced us to take a different approach 

to this question.  2,3-butane-dionemonoxime (BDM), is a reversible myosin ATPase 

inhibitor that is effective in stopping the hearts of zebrafish [79, 89, 90].  The hearts of 

kustr12;TG(flk1:gfpla116) embryos were stopped at different stages in aortic arch 

development for no more then 6-hours with this inhibitor; treatment for longer then 6-

hours caused irreversible coagulation of the blood in the sinus venous.  AVM formation 

was unaffected in kustr12 mutants when heartbeat, and therefore blood flow, was stopped 

between 26 and 32 hpf, well before aortic arch development, or between 54 and 60 hpf, 

well after kustr12 aortic arch lumenization and the onset of pulsation (0/8 and 0/23 mutants 

rescued respectively).  However, when blood flow was stopped between 47 and 53 hpf, 

the time frame in which the posterior aortic arches initially accept blood and pulsation 

initiates in kustr12, 65% (19/29) of mutants appeared phenotypically WT at 74 hpf with no 

AVM (compare wild type: Fig. 11A, to kustr12: Fig. 11B).  Failure of bilateral ventral 

aortae fusion in BDM rescued kustr12 mutants was not as severe as untreated mutants, 

however the distance between the ventral roots of AA6, the point at where the sprout of 

AA6 turns anteriorly, is still wider as compared to wild type (compare wild type: Fig. 

11C, to kustr12: Fig. 11D).  

BDM-induced rescue could be the result of loss of blood pressure however to 

determine if this rescue was due to a lack of circulating blood cells or the loss other 

circulating factor, as opposed to the lack of mechanical forces imparted by blood flow, 

kustr12;vlad tepes (vltm651) embryos were analyzed [91].  vltm651 mutants have a mutation in 

the gata1 gene and thus have a normal heartbeat and vascular system, but lack erythroid 

cells and thrombocytes [91, 92].  Angiography was performed on kustr12; vltm651 embryos 
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at 74 hpf, and AVM formation was unaffected in all mutants (3/3 kustr12 mutants with 

AVM: Fig. 12B; 0/7 wild type embryos with AVM: Fig. 12A), suggesting that 

erythrocytes play no role in AVM formation.  

To determine what role blood pressure plays in kustr12 VA malformation, the tnnt2 

morpholino was again employed.  The ventral portions of AA5 and AA6 in kustr12 tnnt2 

morphants are displaced from the midline, forming a wide gap (white bar; compare tnnt2 

morphants: 0/13, Fig. 13A, to kustr12 tnnt2 morphants: 5/5, Fig. 13B).  The bilateral 

ventral aortae of kustr12 mutants however, become a single midline VA slightly more 

posterior to AA4 (Fig. 13B).  This suggests that blood pressure exacerbates the failure of 

midline fusion, however is not responsible for the increase in distance between the 

ventral portions of the aortic arches. Taken together, these results show that development 

of the kustr12 VA malformation is not influenced by blood flow, however AVM, is 

genetically programmed and influenced by the mechanical force of blood flow. 
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Figure 11.  Blood flow alters formation of kustr12 arteriovenous malformation. 

Ninety-eight percent (n = 117) of wild type or heterozygous embryos treated with 2,3-

butanedione monoxime (BDM; stops heart beat) between 47 and 53 hpf exhibited normal 

aortic arches (A) and ventral aorta (C). This treatment fully rescued AVM formation (B) 

and rescued the failure of midline fusion of the ventral aortae (D) in 67% of kustr12 

mutants (n = 29), A-D: 2D confocal projections of 74 hpf TG(flk1:GFPla116;gata1:dsRed) 

embryos, labeling endothelial and blood cells green and red, respectively. A,B: lateral 

views, anterior the left. C,D: ventral views, anterior to the left. PHS, primary head sinus. 

VA, ventral aorta.
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Figure 12.  kustr12 arteriovenous malformation is not affected by absence of 

erythroid cells. Homozygous vltm651 mutant embryos, lack erythroid cells and 

thrombocytes due to a mutation in the gata1 gene, yet have overtly normal vasculature 

and aortic arches (A). Loss of erythroid cells and thrombocytes in the kustr12;vltm651 

double mutant, does not affect kustr12 aortic arch malformation as an AVM between the 

posterior aortic arches and PHS forms (B).  A,B: Macro images of fluorescent 

angiograms; lateral views, anterior to the left. 
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Figure 13.  Blood flow does not alter kustr12 ventral aorta malformation.  The ventral 

aorta of 74 hpf wild type embryos forms properly in the absence of blood flow in tnnt2 

morphants (13/13; A).  The ventral aorta of kustr12 mutants persists to malform in the 

absence of blood flow (5/5; B) with increased distance between the ventral portions of 

AA5 and AA6 (compare white bar of A to B). Failure of bilateral ventral aortae fusion in 

kustr12 tnnt2 morphants is however rescued in absence of bloodflow (white arrows 

denoting midline fusion).  A,B: Macro images of 3 dpf TG(flk1:GFPla116) embryos, 

labeling endothelial cells green; ventral views, anterior to the left. 
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4.3 PHARYNGEAL ARCH TRANSPARENCY IS LOST AND BRANCHIAL 

CARTILAGES ARE ABERRANTLY PATTERNED IN KURZSCHLUSS   

4.3.1 Pharyngeal arch transparency is affected in kurzschluss 

To explore the possibility that kustr12 mutants exhibit changes in pharyngeal arch 

architecture that may be associated with the aortic arch defect, in situ hybridization and 

immunohistochemistry were performed on 48 and 72 hpf embryos using probes for dlx-2 

(Fig. 14A,B), a marker of neural crest; vmhc, a marker of pharyngeal muscle; ZN8, an 

antibody that stains pharyngeal endodermal pouches; vecad, a vascular endothelial 

marker; and pdgfrB, a marker for putative vascular smooth muscle (Fig. 14C,D).  With 

the exception of vecad, no discernable differences in the level of expression or expression 

pattern were observed between WT and kustr12 embryos (Fig. 14; compare wild type: A,C, 

to kustr12: B,D).  The vecad in situs did show a slightly wider staining patt ern in AA5 and 

AA6 in 72 hpf kustr12 mutants (data not shown), which is most likely explained by the 

increase in aortic arch diameter observed in these mutants. 
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Figure 14.  Pharyngeal arch architecture is unaffected in kustr12.  Staining of the 

neural crest, dlx2 (A,B), and vessels, pdgfrB (C,D), of 3 dpf wild type (A,C) and kustr12 

(B,D), do not show any overt changes in the patterning of the pharyngeal arches.  The 

levels of expression are likewise equal, with the possible exception of the amount of 

pdgfrB staining in the fifth aortic arch, which is likely indicative of the increase in vessel 

size.  A-D:  Macro lateral images, anterior to the left.  
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The tissue clarity of the developing zebrafish embryo is one of the features that 

makes this organism such an attractive model in which to study development. The 

pharyngeal arch region is likewise transparent, allowing visualization through the 

pharynx (Fig. 15A).  In contrast, the pharyngeal arches of the kustr12 mutant are opaque at 

72 hpf, making visualization of even very lateral pharyngeal arch tissue, including the 

aortic arches, quite difficult (Fig. 15D).  This change in tissue transparency not only 

hinders imaging of the vessels but may be indicative of a more important change in tissue 

architecture that is affecting the development of the pharyngeal arches. The properties 

that make a biological tissue transparent are poorly understood.  However, thickness, 

cellular, and subcellular organization are important in determining light refraction [93].  

This change in transparency is subtle yet noticeable beginning around 52 hpf.  

Observation of the pharyngeal arches using differential interference contrast (DIC) 

microscopy shows that the tissue immediately surrounding the aortic arches in kustr12 is 

rough in comparison to the normally smooth tissues of wild type embryos (data not 

shown).  Apoptosis and cell death have previously been shown to negatively affect 

pharyngeal arch transparency in the zebrafish [94] and likewise may be involved in loss 

of kustr12 pharyngeal arch transparency.  To first investigate whether there is an increase 

in cell death within the pharyngeal arches, 48 and 74 hpf kustr12 and wild type embryos 

were subjected to acridine orange staining, to look for generalized cell death.  There was 

no observable difference in the amount of staining in the pharyngeal arch region between 

wild type and kustr12 embryos (compare wild type: Fig. 15B, to kustr12: Fig. 15E).  There 

was, however, an increased amount of staining in the eyes of 74 hpf kustr12 mutants (Fig. 

15E).   
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To more specifically determine if there is an increase in apoptosis, TUNEL 

staining was performed on 48, 56, and 74 hpf fixed embryos.  The amount of TUNEL 

staining within the pharyngeal arches of kustr12 mutants is comparable to that of wild type 

embryos at 48 and 56 hpf (data not shown); however at 74 hpf there is qualitatively less 

staining in the pharyngeal arches of the kustr12 mutant (compare wild type: Fig. 15C, to 

kustr12: Fig. 15F).  TUNEL staining was increased in the retina of kustr12 mutants at 74 

hpf (Fig. 15F) confirming the cell death in this region to be apoptotic. These data suggest 

that the aortic arch anomaly in kustr12 is not the result of an overt lateral pharyngeal arch 

patterning defect.  Pharyngeal arch opacity is however, increased in the kustr12 mutant and 

is not due to increase in apoptosis or necrosis, yet may still indicate a deleterious change 

that may affect aortic arch development. 
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Figure 15. Loss of pharyngeal arch transparency in kustr12 is not due to increased 

apoptosis.  The pharyngeal arch tissues are normally transparent at 72 hpf (A), permitting 

visualization through the pharynx (asterisk).  In kustr12 however, this transparency is lost 

(D, asterisk).  Apoptosis and cell death do not appear to be the cause of this loss of 

transparency as acridine orange (B,E) and TUNEL staining (C,F) did not reveal an 

increase in apoptotic or necrotic cells in the pharyngeal arches of kustr12 (E,F) as 

compared to wild type embryos (B,C).  Interestingly there does appear to be an increased 

amount of cell death in the eyes of the kustr12 embryos (E,F).  The amount of staining can 

be normalized by the normal process of cell death seen to cavitate the nose (arrows B,E).  

A,D: macro images of 72 hpf live embryos.  B,E: macro images of acridine orange 

staining (punctate green) in live 72 hpf embryos.  C,F: macro images of fixed 72 hpf 

TUNEL stained embryos.  Lateral views; anterior to left. 
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4.3.2 Kurzschluss branchial cartilages are aberrantly patterned  

 The mesodermally derived aortic arches form within close proximity to the neural 

crest derived jaw cartilages.  The patterning of each is strikingly similar (Fig. 16).  The 

spatial relationship of these tissues was, however, previously unknown.  To determine 

how pharyngeal arch cartilages and aortic arches relate anatomically, 3, 4, and 5 dpf 

TG(flk1:gfpla116) embryos were stained with a collagen type II antibody, which labels 

cartilage, and a GFP antibody, labeling the vessels (Fig. 16).  Ventrally, each vessel runs 

ventral and slightly posterior to the ceratobranchial cartilage corresponding to the same 

pharyngeal arch (Fig. 16A).  Ventrolaterally, the aortic arches are lateral to the cartilages; 

as these vessels progress dorsally, they proceed medially with respect to the cartilages 

(Fig. 16B).  The ventral aorta is ventral to the basibranchial or midline cartilages (Fig. 

16A,B). 
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Figure 16.  The branchial aortic arches are closely associated with the ventral jaw 

cartilages.  The ventral aorta (VA; A,B) is ventral to the basibranchial cartilages (BB; B).  

The aortic arches (AA, 3, 4, 5, 6) are posterior to the ceratobranchial cartilages (CB1, 2, 

3, 4) in each corresponding pharyngeal arch (A,B).  The posterior-most pharyngeal arch 

and ceratobranchial cartilage do not have a corresponding aortic arch (A,B).  A,B: 2D-

reconstructions of confocal images of ventral-lateral and ventral views, respectively, of 

anti-collagen type-II stained (red) and anti-gfp stained (green) 4 dpf embryos.  

Palatoquadrate (PQ), hyoid (H), pharyngeal arch (PA), basihyal (BH), hypobranchial 

(HB). 
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Comparison of the cartilages of wild type versus kustr12 yielded several major 

phenotypic differences (compare wild type: Fig. 17A,B, to kustr12: Fig. 17D,E).  Firstly, 

the overall length of the basibranchial, measured from anterior to posterior, is shortened 

in kustr12 and the ceratohyal and ceratobranchial cartilages do not exhibit their 

characteristic chevron shapes (compare wild type: Fig. 17A,B, to kustr12: Fig. 17D,E; 

Table 1).  Secondly, the palatoquadrate cartilages of kustr12 embryos are severely 

shortened (compare wild type: Fig. 17A,B, to kustr12: Fig. 17D,E).  Lastly, the posterior 

ceratobranchial cartilages, those corresponding to pharyngeal arches 5 and 6, are laterally 

displaced as compared to wild type (compare wild type: Fig. 17A,B, to kustr12: Fig. 

17D,E; Table 1).  Because the kustr12 mutant develops pericardial edema beginning at 3 

dpf, it is possible that these cartilage defects might be secondary to fluid accumulation 

ventral to the cartilages.  To determine if edema affects cartilage development, two 

additional mutants/morphants with pericardial edema were examined: violet beauregarde 

(vbgy6) mutants [95] and the tnnt2 morphants [89].  Neither of these embryos exhibit 

aortic arch or pharyngeal arch abnormalities.  However, vbgy6 mutants (Fig. 17C) and 

tnnt2 morphants (Fig. 17F) both exhibited a shortening of the overall length of the 

basibranchial cartilages, abnormally angled ceratohyal and ceratobranchial cartilages, and 

shortened palatoquadrates (compare wild type: Fig. 17B, to vbgy6: Fig. 17C and to tnnt2 

morphants: Fig. 17F; Table 1).  These phenotypes therefore appear to be caused by 

edema and are not likely to be kustr12-specific phenotypes.  The third kustr12 cartilage 

phenotype, lateral displacement of the posterior ceratobrancial cartilages was not 

observed in either vbgy6 or tnnt2 morphants (compare kustr12: Fig. 17E, to vbgy6: Fig. 17C 

and to tnnt2 morphants: Fig. 17F).  Interestingly, this phenotype appears to be 
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independent of AVM formation as it was observed in BDM-treated kustr12 mutants in 

which the lack of blood flow rescued the AVM formation (Fig. 18).   
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Figure 17. Increased distance between lateral posterior ceratobranchial cartilages is 

a specific kustr12 phenotype. Aortic arches (bright green; darker green staining is 

background and represents pharyngeal muscle) develop in close association with 

pharyngeal cartilages (red) in wild type (WT; A) and kustr12 (D). Note the malformed 

ventral aorta (VA) in kustr12.  Defects in jaw and pharyngeal cartilages in kustr12 include 

shortening of the palatoquadrates (PQ); compression of the basibranchial cartilages 

(horizontal white line); improper angling of the ceratobranchial (asterisks) and ceratohyal 

cartilages; and decreased lateral distance (vertical white lines) between left and right 

ceratobranchial cartilages in pharyngeal arches 5 and 6 [compare B (WT) to E (kustr12 )]. 

Like kustr12 , vbgy6 mutants (C) and tnnt2 morphants (F) develop edema and exhibit all 

described cartilage defects except increased lateral distance between posterior 

ceratobranchials. Thus, only the latter defect is likely a direct effect of the kustr12 

mutation. A,D: 2D confocal projections of TG(flk1:GFPla116; gata1:dsRed) embryos 

stained with anti-collagen II (red) and anti-GFP (green). B,C,E,F: Macro images of 

embryos stained with anti-collagen II; 4 dpf; ventral views, anterior to the left. 
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Table 1.  Pharyngeal cartilage measurementsa, 4 dpf 

aMeasurements were made using “measure” tool in Photoshop on images 

captured at 126x using an Olympus MVX10; measurements are arbitrary units ± 

SE.  Data were analyzed using two-tailed Student’s t test.  * = significantly 

different from wild type, p < 0.05.  ** = significantly different from wild type, p 

< 0.005.  

Ceratobranchial Gap 
   Arch 5 Arch 6 Basibranchial Length 

Wild Type      
n=7 

62.7 ± 2.8 61.7 ± 2.4 272.6 ± 5.2 

kustr12                                   

n=7 
  70.0 ± 2.6 *      85.8 ± 5.7 **      217.6 ± 6.9 ** 

vbgy6                                  

n=10 60.3 ± 1.2 59.5 ± 1.6      240.3 ± 4.9 ** 

tnnt2 MO        
n=10 

60.7 ± 1.1 60.4 ± 2.3      218.2 ± 5.0 ** 
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Figure 18. Blood flow does not alter cartilage malformation in kustr12.  Temporary 

stoppage of blood flow via BDM treatment does not alter jaw cartilage patterning in the 

wild type embryos (A).  BDM treatment of kustr12 embryos rescues AVM formation in a 

large percentage of embryos however does not rescue the increased distance between 

posterior ceratobranchial cartilages (white bars, B).  4dpf collagen type-II stained 

embryos; anterior to the left. 
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4.4 SUMMARY 

 The primary defect that first generated interest in the kustr12 mutant was the AVM 

that causes shunting of blood at 3 dpf.  We have found a number of tissues and structures 

to be affected in the kustr12 mutant including the aortic arches and associated VA, the jaw 

and branchial cartilages, and the transparency of the pharyngeal arches.  All defects are 

limited to the posterior aortic arches, AA5 and AA6, and associated pharyngeal arch 

cartilages. 

 

4.5 DISCUSSION   

The earliest defect in the kustr12 mutant AA5 and AA6 development is a 2-hour 

delay in visible arch lumenization.  As discussed in the previous chapter, visible aortic 

arch lumenization is likely an indication of formation of a lumenized connection to the 

ventral vasculature.  This delay in AA5 and AA6 lumenization is therefore likely caused 

by either a failure of the aortic arch to sprout and meet the forming VA, or a failure of the 

tip of that sprout to form a lumen, both ultimately affecting the formation of a patent 

connection to the systemic vasculature.  The connection implicated in this delay is one of 

several that form the VA.  The VA of the kustr12 embryo is noticeably aberrantly 

patterned at 72 hpf, with an increased distance between the ventral portions of AA5 and 

AA6.  This observation would imply that migration is perturbed by physical blockage or 

abnormal guidance, which may then delay fusion of the sprout to the VA and 

subsequently also delay visible lumenization of the aortic arch; it should be noted that 

dynamic imaging of VA formation could not be achieved.   
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AA5 and AA6 eventually lumenize but immediately thereafter appear abnormal 

with a large amount of distention of the vessel at the fusion point between these arches, 

ventral to the PHS.  This initial abnormality worsens upon the entrance of erythrocytes, 

which amass at the point of distension and pulsate for a prolonged period of time.  This 

pulsation occurs until a lumenized connection is made to the LDA.  One of the unique 

features of the aortic arches as stated previously, is their quick transition from a state of 

virtually no intraluminal pressure to a state of high pressure in a very short period of 

time.  It is therefore possible that the cause of distention of the posterior aortic arches is a 

failure of the vessels to respond to this quick transition.  Relieving the aortic arches of 

blood flow during this time of lumenization via temporary stoppage of the heart rescues 

AVM formation in kustr12.  Alleviation of blood pressure on these arches between 47 and 

53hpf may allow additional time for AA5X to form a lumenized connection to the LDA 

therefore avoiding pulsation altogether.  On the other hand, BDM treatment may rescue 

AVM formation by circumventing the need for a quick transition from a low to high-

pressure state.  After removal of media containing BDM, heart contraction slowly and 

gradually resumes, never subjecting the arches to a sudden burst of pressure.  

The cause of prolonged pulsation can readily be attributed to failure of AA5X to 

form a lumenized connection to the dorsal aorta.  This prolongation of pulsation in the 

arches would then secondarily increase distention of the already weakened and stressed 

vessel.  It is plausible that the cause of the failure of both the distal tip of AA5x and the 

proximal tip of the ventral sprout of AA5 is one and the same as both phenotypes are 

delays and not complete failures.   
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Eventually AA5 and AA6 distend and enlarge to such a great extent that they 

come in contact with the PHS.  Aberrant connections of vessels are normally prevented 

by a number of signaling pathways such as the ephrin-B2/EphB4 pathway (reviewed in 

introduction), however something goes awry in the kustr12 mutant which allows a 

connection to be made.  It is possible that the stressed AA5 and AA6 is no longer able to 

detect or respond to vessel identity markers, and the stretched junctions between the 

endothelial cells make the aberrant connection to the PHS.  A clinical example of this 

occurrence of an artery making a direct improper connection to a vein is the arterio-

venous or AV fistula.  Most often, fistulas occur as a consequence of vessel damage or 

trauma, such as gunshot or aneurysm [96]; however, very rarely, an AV fistula will 

originate congenitally [97-99].  The kustr12 mutant may therefore represent an example of 

formation of a congenital AV fistula, in which intraembryonic vessel damage leads to the 

formation of the clinical disease.  Additionally, the AVM of the kustr12 mutant is similar 

to AV fistulas of humans, in the amount of blood flowing through the AV fistula of the 

kustr12 mutant increases over time eventually shunting all blood away from other tissues, 

frequently resulting in mortality through terminal hemorrhage of the fistula [98].  The 

kustr12 mutant may therefore provide a novel model in which to study the formation of a 

congenital AV fistula, as well as the genetic and physiological factors that play a role in 

its etiology. 

The laterality of the kustr12 AVM is random, sometimes on the left, right, or both 

sides.  The variability in AVM laterality is likely due to the distribution of blood flow 

across the aortic arch network.  Once an AVM forms on one side of the embryo, all 

pressure is relieved on the contralateral side, and development can proceed in a nearly 
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normal manner.  The formation of the VA may also play a role in laterality of AVM 

formation.  The failure of the ventral sprout to form a lumenized connection to the 

existing vasculature would likely severely desynchronize the timing of contralateral 

lumenization, subjecting one side of the arches to blood flow first, predisposing that side 

to AVM formation.  

Prior to this work, the spatial relationship of the branchial cartilage and aortic arch 

networks was not very clear.  Most diagrams depicted either a series of concentric circles 

with neural crest and cartilage encircling the vessels or the vessels more medial then the 

cartilages.  It is now evident that the VA is ventral to the midline basibranchial cartilages.  

The lateral portions of the aortic arches sprout and form along the posterior edge of the 

corresponding ceratobranchial cartilage and are first lateral, then medial to the cartilages.  

A number of cartilage defects were observed in the kustr12 mutant, however some of these 

defects were due to edema within the intimately positioned pericardium.  The effect of 

pericardial edema on jaw cartilage patterning was not only very important for 

determination of the specific defects in the kustr12 mutant, but is also a very important 

caveat to be aware of in future research.  Pericardial edema is a common non-specific 

phenotype that occurs in unhealthy fish.   A shortening of the individual cartilage 

components as well as the entire anterior/posterior axis could be mistaken for a specific 

phenotype.   

The kustr12 specific cartilage defect, the widening of the ceratobranchial gap, is very 

intriguing, as the ventral aorta of the kustr12 mutant shows a similar defect in the spacing 

of the ventral portions of the corresponding aortic arches.  The aberrant patterning of the 

ceratobranchials could affect the ability of the ventral portions of the aortic arches to 
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form properly.  However, it is also possible that a third tissue is affecting both vessel and 

cartilage patterning.  Pharyngeal arch patterning depends on the crosstalk between 

component tissues.  As probed by in situ hybridization, the overall tissue architecture of 

kustr12 pharyngeal arches is not lost; however, there is a noticeable loss of transparency of 

pharyngeal arches of the kustr12 mutant.  This loss of transparency may indicate a change 

in intracellular or extracellular organization, which besides affecting transparency is also 

affecting vascular and cartilage patterning. 

For the most part the patterning and connections of the kustr12 aortic arches are 

normal.  The correct number of vessels sprout ventrally and dorsally, connecting to the 

outflow tract of the heart and the dorsal aorta.  The difference in kustr12 is the timing of 

these connections and response to blood flow. kustr12 AVM formation is not completely 

genetically determined as the physiological force of blood flow plays an important role.  

Other extravascular forces, such as changes in closely related pharyngeal arch tissues, 

may also play a role in disrupting aortic arch formation. The end result of these changes 

generates an AV fistula that may offer unique insight into the etiology of congenital 

vessel malformation.  
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CHAPTER 5.  LOSS OF UNC45A DISRUPTS AORTIC ARCH AND JAW 

CARTILAGE FORMATION IN THE KURZSCHLUSS MUTANT 
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5.1 INTRODUCTION 

 The vascular and pharyngeal arch phenotypes of the kustr12 mutant segregate with 

a single point mutation in the gene encoding Unc45a.  This protein contains a UCS 

domain, which, in worms and yeast have been shown to function as a chaperone for 

conventional and unconventional myosins [60, 61, 65, 66]. However, very little is known 

about Unc45a function in vertebrates.  Recent in vitro work using cultured mammalian 

cells has implicated Unc45a in chaperoning an entirely different class of proteins, the 

nuclear hormone receptors for progesterone and glucocorticoid ligands [71].  

Additionally, we have identified a series of armadillo repeats in the C-terminus (see Fig. 

3B) that may also interact with a number of non-myosin proteins.  These diverse 

interactions open up a large realm of possible mechanisms explaining kustr12 aortic and 

pharyngeal arch malformation.  Through study of the kustr12 mutant, we hope to gain 

better understanding of the role this protein plays in vertebrate development, specifically 

how and if loss of unc45a impacts branchial aortic arch development.  Our results show 

that unc45a expression is required for proper jaw cartilage, VA, and branchial aortic arch 

patterning.  However, unc45a expression in the endothelium of the aortic arches is 

sufficient for rescue of AVM but does not rescue the other kustr12 phenotypes.   

 

5.2 UBIQUITOUS OVEREXPRESSION OF UNC45A RESCUES 

KURZSCHLUSS ARTERIOVENOUS MALFORMATION AND ABERRENT 

VENTRAL AORTA AND CARTILAGE PATTERNING 

 To confirm the role of unc45a mutation in the kustr12 mutant phenotype, rescue 

and phenocopy experiments were performed.  Full-length, C-terminally tagged (-myc or 
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–GFP) unc45a mRNA was microinjected into 1- to 8-cell embryos from a kustr12/+ cross, 

and embryos were scored for the presence or absence of an AVM at 74 hpf.  Injection of 

full-length unc45a mRNA rescued the AVM in about 66% of mutant embryos [60/90 

kustr12 mutants; compare rescued kustr12 (Fig. 19B) to uninjected kustr12 (Fig. 19A)].  

Injection of a C-terminally tagged truncated unc45a, which contains the first 654 amino 

acids of the gene (the kustr12 mutation creates a stop codon at amino acid 655), did not 

rescue AVM formation [0/13 kustr12 mutants; compare unc45a-kus injected kustr12 (Fig. 

19C) to uninjected kustr12 (Fig. 19A)].  Both full-length and truncated forms of 

overexpressed, C-terminally tagged Unc45a were detectable by whole mount 

immunohistochemistry at 3 dpf (data not shown), suggesting that mRNA or protein 

instability could not explain the ineffectiveness of the truncated allele.  In the converse 

experiment, phenocopy of the kustr12 mutant was achieved in 20% of wild type embryos 

by injection of a translation-blocking morpholino (ATG-MO) [29/144; compare ATG-

MO injected (Fig. 19E) to uninjected wild type (Fig. 19D)] or in 23% of wild type 

embryos by injection of a splice-blocking morpholino [14/60( Fig. 19F)].  
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Figure 19. Rescue and phenocopy experiments confirm the role of unc45a in kustr12 

vascular phenotype. Injection of full length (B; n = 90) but not C-terminally truncated 

(C; n = 13) unc45a mRNA (unc45a-kustr12, corresponding to the kustr12 allele) restored a 

wild type vascular phenotype to 66% of kustr12 mutants (compare to uninjected kustr12, A).  

Conversely, injection of morpholinos (MO) directed against the start codon (15ng ATG 

MO, E; n = 144) or exon 13/14 splice donor site (20ng splice MO, F; n = 60) of unc45a 

produced a kustr12 -like AVM phenotype in 20% and 23%, respectively, of wild type 

embryos (compare to uninjected wild type, D). A-C: 2D confocal projections of 74 hpf 

TG(flk1:GFPla116;gata1:dsRed) embryos, labeling endothelial cells green and blood cells 

red. D,E: 2D confocal projections of angiograms of 74 hpf embryos.  F: 2D confocal 

projection of 74 hpf TG(gata1:dsRed) embryo.  Lateral views, anterior to the left; 

primary head sinus (PHS). 
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The cartilage defect in kustr12 is also attributable to loss of unc45a.  Injection of 

the splice-blocking morpholino is capable of producing an increased distance between the 

posterior ceratobranchials in wild type embryos [n=4; compare splice-blocking 

morpholino injected wild type (Fig. 20C) to uninjected wild type (Fig. 20A)].  Similarly, 

injection of unc45a mRNA is capable of rescuing this defect in 50% of kustr12 embryos 

[22/45 kustr12; compare unc45a injected kustr12 (Fig. 20D) to uninjected kustr12 (Fig. 

20B)].  

To determine the correlation between AVM, VA defects, and cartilage defects, a 

separate rescue experiment was performed in which all three phenotypes were recorded 

for individual embryos.  In this experiment, the AVM and cartilage phenotypes could be 

uncoupled [2/17 rescued AVM in absence of cartilage rescue and 6/17 rescued cartilages 

in absence of AVM rescue (Fig. 21)].  In contrast, AVM rescue was never observed in 

the absence of VA rescue [0/17 (Fig. 21)].  These data strongly suggest a mechanism of 

AVM formation involving multiple steps with unc45a required in multiple tissues.     
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Figure 20. Rescue and phenocopy experiments confirm the role of unc45a in the 

kustr12 cartilage phenotype.  Injection of the unc45a splice-blocking morpholino 

phenocopies the widening of the posterior certobranchials similarly to those of kustr12 

mutants (compare C, to wild type: A, and kustr12: B).  Injection of full-length C-terminally 

6xMyc tagged unc45a mRNA rescues the kustr12 cartilage defects (compare D, to wild 

type: A, and kustr12:B). A-D: Macro images of 4 dpf embryos stained with collagen Type-

II antibody (DSHB).  A-D: ventral images; anterior to left. 
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Figure 21.  kustr12 vessel and cartilage phenotypes can be uncoupled.  The correlation 

of rescue following injection of unc45a mRNA shows a separation of phenotypes, with 

the AVM always being rescued in concert with ventral aorta (VA) rescue (8/8 kustr12 

mutants with rescued AVM had rescue of VA) and cartilage (Ctlg) being rescued most 

often with VA rescue (11/12 kustr12 mutants with Ctlg rescue had rescue of VA).  

Phenotypes were observed at 74 hpf, then rescue was confirmed by genotyping.   
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5.3 UNC45A IS DYNAMICALLY EXPRESSED DURING EMBRYONIC 

DEVELOPMENT BUT IS NEVER SPECIFICALLY EXPRESSED IN VESSELS  

For insight into cell autonomy of the kustr12 mutation, the spatiotemporal 

expression pattern of unc45a was determined by in situ hybridization.  Digoxigenin-

labeled anti-sense riboprobes specific to the 5’ region, 3’region, and full-length zebrafish 

unc45a were tested for specificity as compared to a full-length digoxigenin-labeled sense 

riboprobe.  All antisense probes showed the same expression pattern, with the full-length 

probe developing most rapidly and with the lowest amount of background.  The full-

length probe was therefore used to determine the expression pattern of unc45a between 

the 64-cell stage (pre-midblastula transition) and 5 dpf.  The sense probe did not yield a 

specific expression pattern (data not shown).   

unc45a is expressed ubiquitously between the 64-cell stage (Fig. 22A) and  shield 

stage (Fig. 22B).  Expression is no longer ubiquitous by the 3-somite stage when the 

polster (P; Fig. 22C), a “U” shaped region of the prechordal plate from which the 

hatching gland is derived, is specifically stained.  By 24 hpf, unc45a expression has 

expanded into the retina, midbrain, hindbrain, and the primitive gut endoderm (Fig. 22D).  

Expression at 48 hpf continues in the brain and retina, and the pharyngeal arches, 

pharynx, gut, and liver are now clearly staining (Fig. 22E; inset: liver).  Sectioning 

confirms strong unc45a expression in the endodermally-derived epithelial cells lining the 

pharynx (Fig. 22F), and displays a mosaic expression pattern in the pharyngeal arches.  

However, there is no obvious staining in the endothelium of the branchial aortic arches 

(Fig. 22G).  unc45a expression within the pharyngeal arches becomes noticeably 

segmented by 96 hpf, suggesting some spatial restriction of expression (Fig. 22H).  
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Interestingly, kustr12 mutants show a decrease in unc45a staining intensity, apparent at 48 

hpf, likely due to nonsense-mediated degradation of the mRNA [100] caused by the 

premature stop codon (data not shown).   

The expression pattern of unc45a in zebrafish is very dynamic and more spatially 

restricted then has been described in mouse. Although these data show unambiguous 

expression of unc45a in the pharyngeal arches during the time that the kustr12 aortic arch 

anomaly arises, the pharyngeal tissue(s) expressing this gene could not be discerned, and 

may or may not include the aortic arch endothelium.  Therefore, unc45a expression 

pattern does little to focus our search for the tissue in which unc45a is required for 

normal development of the posterior pharyngeal and aortic arches. 
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Figure 22. unc45a transcript is dynamically expressed in the developing zebrafish 

embryo.  In situ hybridization reveals diffuse, ubiquitous unc45a expression at 64-cell 

(A) and shield stage (B). By the three-somite stage (C), there is specific expression in the 

polster (P). At 24 hpf (D), additional expression domains arise, including retina (r), 

midbrain (m), and hindbrain (h).  By 46 hpf (E-G), expression continues in retina and 

brain, and is also strong in the liver (L, E and inset), pharynx (ph), gut (not shown), and 

pharyngeal arches (pa). The mosaic expression pattern in the pharyngeal arches is 

illustrated in G. This general pattern continues up to 5 dpf (H), with expression becoming 

more laterally restricted and segmented in the pharyngeal arches. A-B: animal pole at top. 

C-E,H: lateral views, anterior to the left. Inset in E: dorsal view, anterior to the left. F: 

transverse section. G: coronal section. 
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5.3  DEFINING CELL AUTONOMY OF THE KURZSCHLUSS MUTANT  

Much effort has been put into determining cell autonomy in the kustr12 mutant, 

including a number of unbiased transplantation and tissue specific overexpression 

experiments.  In the transplantation experiments, cells were taken from 1k-cell stage 

wild-type embryos expressing b-actin:egfp, and transplanted into a mixed population of 

kustr12 embryos.  The resultant chimeras were then examined for AVM rescue at 3 dpf.  

After examining over one thousand embryos, with detailed confocal analysis of 60 

embryos, no rescue was observed (data not shown).  The candidate tissue specific 

overexpression approach was more successful in defining cell autonomy, as endothelial 

but not endodermal expression of unc45a rescued AVM formation. 

 

5.3.1 Overexpression of unc45a in pharyngeal endodoerm does not rescue 

kurzschluss arteriovenous malformation 

The pharynx is surrounded ventrally, laterally, and dorsally by the VA, aortic 

arches, and LDA respectively.  Therefore, we reasoned that loss of unc45a expression in 

the pharynx could disrupt the formation of the aortic arches, leading to formation of the 

kustr12 AVM.  To qualitatively assess tissue morphology and overall pharynx shape, 48, 

56, and 72 hpf WT and kustr12 embryos were transversely sectioned and stained with 

hemotoxylin and eosin (data not shown).  There were no obvious differences in pharynx 

shape or morphology between WT and kustr12 mutants.  However, accurate quantitative 

analysis of the width of the pharynx of sectioned embryos was not possible due to 

variable deformation of the sample during sectioning.  
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To definitively determine if pharynx expression of unc45a is required for normal 

development of aortic arches 5 and 6, unc45a-GFP and sox32 mRNA were co-injected 

into one cell of a 32-cell embryo.   Injection of sox32 mRNA at this stage is very 

effective at fating cells to become pharyngeal endoderm and does not affect the overall 

development of the embryo [84].  Overexpressing unc45a in the pharyngeal (Fig. 23) did 

not rescue the kustr12 AVM in nearly all mutants (20/21 kustr12); one embryo did 

apparently rescue, however this is likely due to ectopic expression in closely positioned 

but non-endodermal tissues.  Similarly, unc45a morpholinos targeted to the pharynx were 

also unsuccessful in phenocopying the kustr12 mutant AVM (n >30 embryos, data not 

shown).  It can therefore be concluded that formation of the AVM in the kustr12 mutant is 

not dependent solely on loss of pharyngeal endoderm expression of unc45a.   
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Figure 23.  sox32 mRNA injection directs Unc45a-gfp expression specifically to the 

pharyngeal endoderm.  Tetramethyl-rhodamine (TMR) was coninjected with unc45a-

gfp and sox32 mRNA into 1-cell of a 32-cell stage embryo.  After a single division, TMR 

was exclusively contained within 2-cells of a 64-cell embryo (A,B).  By shield stage (6 

hpf) a subset of cells were expressing Unc45a as noted by GFP expression (C).  At 24 

hpf, Unc45a-gfp was expressed only in the endoderm of the pharynx and gut (D).  Macro 

fluorescent (A,C,D) and merged brightfield images (B). A-C: view of animal-pole; D: 

lateral view, anterior to left.  
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5.4.2 Vascular endothelial specific expression of unc45a rescues kurzschluss 

arteriovenous malformation and associated shunt however does not rescue ventral 

aorta malformation  

 The AVM and associated shunt were the first identified phenotypes in the kustr12 

mutant, as they are the most obvious defects.  Based on this phenotype, the most obvious 

candidate for cell autonomy might be the aortic arch endothelium.  However, the lack of 

detectable unc45a expression in these vessels made this scenario unlikely.  To target 

unc45a to the endothelium, unc45a was first cloned in frame with a C-terminal mcherry 

[101] tag, then placed behind the vascular endothelial-specific fli1 promoter.  The 

fli1:unc45a-mcherry construct was flanked by Tol2 sites, which increase frequency of 

genomic integration when injected with transposase mRNA [102].  This construct was 

injected into kustr12;TG(flk1:gfpla116) embryos which were then analyzed for rescue 

without success.  Transgenics were then created to stablely express unc45a-mCherry 

within the vessels.  Upon incrossing these fish, three  kustr12;TG(flk1:gfpla116;fli1:unc45a-

mCherry) founders were identified [founder transgenesis varied between 2% (1/60) and 

25% (20/80)].  Endothelial specific unc45a-mCherry expression rescued the AVM in all 

kustr12 embryos examined [5/5 mutants rescued; compare (Fig. 24J,K) to (Fig. 24G,H) to 

(Fig. 24A,B)].  The ventral aorta, however, was not rescued in these animals [0/5 mutants 

rescued; compare (Fig. 24L) to (Fig. 24I) to (Fig. 24C)].  In a subset of wild type 

embryos expressing high levels of unc45a-mcherry, AA5 and AA6 had abnormally small 

vessel diameters, and blood pulsation that was observed in these vessels, though an 

arteriovenous shunt never formed [2/11 wild type embryos; compare (Fig. 24D,E) to 

(Fig. 24A,B)].  No other vessels appeared adversely affected by endothelial-specific 
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overexpression of unc45a.  Wild type embryos expressing qualitatively less unc45a-

mCherry had normal aortic arches and blood flow [9/11 wild type embryos (Fig. 24A,B)].  

These data suggest that loss or overexpression of endothelial unc45a is specifically 

detrimental to only AA5 and AA6.    
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Figure 24. Vascular over-expression of unc45a affects aortic arch diameter rescuing 

AVM but not ventral aorta.  Using transposon/tol2 mediated gene integration, stable 

transgenic zebrafish were generated, which over-express an mCherry C-terminally fused 

unc45a construct in the vascular endothelium of the entire embryo TG(fli1:unc45a-

mCherry).  Low levels of expression of unc45a-mCherry in the vessels of unc45a +/+ or 

unc45a -/+ embryos had no effect on the aortic arch formation (A,B).  Higher levels of 

expression of unc45a-mCherry in the vessels of unc45a +/+ or unc45a -/+ embryos 

produced embryos with pulsation in the posterior 5th and 6th aortic arches.  The pulsation 

was caused by a decrease in the diameter of these arches, and only these aortic arches 

(D,E); no other vessels were affected.  Vascular unc45a-mCherry expression in kustr12 

embryos rescued the lateral aortic arch phenotypes at 76 hpf (J,K).  The VA however was 

still malformed (L). A-L: 2D confocal reconstructions of  TG(fli1:unc45a-mCherry; 

flk1:GFPla116) embryos, vessels expressing unc45a: red and all other vessels: green. 

A,B,D,E,G,H,J,K: lateral views, anterior to left.  C,F,I,L: ventral views, anterior to left.
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5.5 SUMMARY 

Loss of unc45a is responsible for the vascular and cartilage defects observed in 

the kustr12 mutant.  These defects, however, are not completely interdependent.  Although 

VA malformation is necessary for AVM formation, it is not affected by loss of vascular 

endothelial expression of unc45a.  AVM formation and lateral aortic arch distension are 

rescued by endothelial unc45a expression.  The mechanism of AVM formation in the 

kustr12 mutant is therefore genetically influenced by loss of unc45a in more then one 

tissue, which affects the ability of the vessels to properly form in the presence of blood 

flow, however vascular endotheleial expression is superseding. 

  

5.6 DISCUSSION 

The jaw and vascular malformations of the kustr12 mutant are a result of loss of 

unc45a.  The proposed role of unc45a as a widely expressed chaperone with a variety of 

clientele, might suggest a phenotype more severe then that observed in the kustr12 mutant.  

It is therefore likely that redundant mechanisms are in place in most unc45a expressing 

tissues, which are able to compensate for unc45a upon loss (zebrafish contain only one 

copy of unc45a).  By this line of reasoning, the tissues that are affecting vessel and 

cartilage development are unique in the requirement of unc45a and would therefore either 

not possess a redundant mechanism to replace its function or express an additional 

protein or proteins that require unc45a.  Furthermore, the physiological forces and the 

developmental timing unique to the aortic arches, may also factor into specificity of the 

kustr12 phenotype.  A limited number of phenotypic changes following loss of unc45a is 
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possible, however it is also possible that loss of unc45a could precipitate phenotypes in 

other tissues that are non-anatomical or at later time points in development.    

The ubiquitous expression pattern of unc45a in early stage zebrafish is similar to that 

previously described in mice [62] and in C. elegans  [61, 65, 66].  At later stages of 

worm, mouse and zebrafish development, unc-45 and unc45a expression become more 

spatially restricted.  This change in expression likely speaks to a change in the role unc-

45 and unc45a are playing.  Maternal UNC-45 expression is important in cytokinesis as 

its chaperone function is necessary for the folding of the non-muscle myosins involved in 

this process [61, 65, 66].  Maternally contributed unc45a in zebrafish may likewise be 

important in cytokinesis.  However, the ATG-morpholino, which should knock down 

maternal as well as zygotic unc45a translation, results in a phenotype identical to the 

zygotic mutant.  Cell proliferation dominates the early stages of zebrafish embryogenesis 

with all of the machinery used during this period encoded by maternally derived 

transcripts [103].  Embryonic transcription does not begin until the midblastula transition 

stage [103].  By 2 dpf, all transcripts are most likely zygotic [103].  The embryo 

continues to actively grow at this stage; however, not every cell is dividing.  The 

expression pattern of unc45a within the pharyngeal arches at this time is mosaic, with 

unc45a being more boldly expressed in a subset of cells throughout these tissues.  It is 

possible that this mosaic expression pattern is caused by upregulation of unc45a in 

dividing cells.  It is also plausible that Unc45a is interacting with a number of client 

proteins in different cell types, including different classes of myosins responsible for a 

number of different processes.  Aortic arch development might require a number of 

different myosins in sprouting, lumenization, intracellular trafficking, as well as 
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cytokinesis.  Loss of any one or a combination of these abilities could in part explain the 

observed disruption in aortic arch development.  

unc45a is not exclusively expressed within the endothelial cells of the aortic arches, 

though it is possible that there is a low level of expression, which is required for proper 

aortic arch development.  The need for endothelial expression of unc45a became evident 

in the fli1:unc45a-mcherry expression studies.  These experiments prove a direct 

requirement for unc45a in the vascular endothelium.  Separation of phenotypes was also 

achieved proving requirement of unc45a in multiple pharyngeal arch tissues. The 

malformation of the ventral aorta is however very important in the steps leading up to 

AVM formation as AVM formation was never rescued without VA rescue.  VA 

formation may be affected by loss of unc45a in the jaw cartilages or tissues affecting the 

patterning of the jaw cartilages, as these phenotypes are spatially close and rescued 

similarly. 

The fli1:unc45a-mcherry rescue also gives the first real insight into the molecular 

function and mechanism of unc45a in aortic arch development.  AA5 and AA6 were of 

normal size when unc45a expression was restored to the vessels in kustr12 embryos, which 

lack endogenous unc45a expression.  High levels of vascular expression of unc45a 

caused an intriguing overexpression phenotype in a subset of wild type embryos; the 

diameters of AA5 and AA6 were reduced.  Vascular unc45a thus appears to affect vessel 

diameter: loss of unc45a causes larger vessels, while too much unc45a expression may 

cause smaller diameter vessels.  

Unfortunately a concrete conclusion cannot be made based on these limited 

experiments.  The overexpression phenotype at first look appears to be the result of gain 
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of function.  This however may not be the case, or at least not so simply.  unc45a has 

been shown to function as part of a complex of proteins that chaperones several types of 

proteins.  It’s function as a chaperone is therefore part of an intracellular balance of 

proteins that act together to fold a client protein.  On the organismal level, overexpression 

of UCS proteins has proven to have a negative effect due to disruption of this balance. In 

C. elegans and yeast, over-expression of UNC-45 and She4p lead to phenotypes similar 

to mutants lacking these proteins, including muscle degradation and failures in 

cytokinesis [58, 104-106].  The delicate balance of chaperone and client must be 

maintained.  Too much of one chaperone causes stabilization of intermediate complexes 

halting the maturation of the client protein; not enough chaperone protein, and the client 

will not fold.  This is evidenced in the folding of the progesterone receptor requiring 

Unc45a and Hsp90 [71] as well as a number of other accessory proteins including 

FKBP52.  FKBP52 is vital to this process as it displaces Unc45a from the complex, 

allowing Hsp90 to bind ATP [104].  Lack of FKBP52 or too much Unc45a inhibits PR 

function by stabilizing an intermediate complex, disallowing release and maturation of 

the receptor [71, 104].  

In the zebrafish, low levels of unc45a mRNA over-expression, has no discernable 

negative impact on AA5 and AA6 formation.  As the TG(fli1:unc45a-mCherry) 

experiments suggest, higher levels of mRNA over-expression may however have 

negative consequences.  Within the vascular endothelial cells, Unc45a may be playing 

multiple roles.  Loss of Unc45a function may directly result in the inability of the 

vascular endothelial cells to respond to blood pressure, or migrate correctly, or possibly 

both, leading to AVM formation.  Restoration of these functions in mutants therefore 
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rescues AVM formation.  Overexpression, may then inhibit a subset of these processes 

resulting in a new but related loss of function phenotype.   
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CHAPTER 6.  GENERAL DISCUSSION AND FUTURE DIRECTIONS 
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6.1 GENERAL DISCUSSION 

Past attempts at determining the origin and development of the aortic arches were 

limited by the methods and model systems used.  Through use of the zebrafish model 

system, we have described a novel mechanism of aortic arch formation, by which aortic 

arches form via vasculogenesis and subsequent angiogenesis.  The universality and 

human applicability of this discovery is evident in the similar embryonic patterning of the 

aortic arches as well as the ability of a mutation in a single gene in either species to cause 

similar malformations.   

The formation of the aortic arches occurs normally or without ill effect in most 

cases and is therefore taken for granted.  Only when something goes awry is the 

importance of their complex formation noted.  The biggest impact of this knowledge is 

therefore in understanding how and where things may go wrong.  The kustr12 mutant is an 

example of this process going awry and implicates not only the vessels in malformation 

but neighboring tissues and physiological factors as well.        

The kustr12 mutant also implicates Unc45a in aortic arch formation.  This protein 

has been previously shown to be involved in a number of normal and abnormal processes 

including muscle formation and cancer, but never in vessel development.  Mutations in 

unc45a have not been implicated in any congenital defects to date.  This is most likely 

due to the importance of unc45a in the overall process of embryonic development, 

especially in aortic arch development, which upon loss may result in early embryonic 

lethality.  It is also possible that unc45a may play a role in any of the numerous 

congenital aortic arch malformations and AV-fistulas that have been identified yet whose 

etiology is unknown.  
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The importance of unc45a in disease is evident as its expression has been shown 

to increase in ovarian cancer, resulting in an increase in tumorgenecity [70].  Current 

research into the role of unc45a in cancer implicates the important function of unc45a in 

cytokinesis and cell-motility as it applies to increased growth and metastasis [70].  These 

aspects of cancer biology are shared by many normal cell types, and are targeted in many 

chemo-therapeutics such as the vinca alkaloid derivatives [107].  Unfortunately, the 

processes involved in rapid proliferation and increased cell motility in cancer are shared 

with other cell types, and therefore have a multitude of adverse side effects when 

disrupted [107].  The lack of widespread phenotypes or any phenotype in the kustr12 

mutant embryo and adult unc45a heterozygote, respectively, combined with the implied 

role of unc45a in cancer, make unc45a an interesting target for future chemotherapies.  

These therapies might accomplish similar results to the microtubule targeted drugs, but 

with decreased adverse off-target affects.     

The zebrafish offers an experimentally accessible, simple, stereotypical vertebrate 

vasculature system to study the processes and mechanisms that guide vessel 

development.  These mechanisms ensure proper vessel formation, which occasionally 

does not occur properly and a pathologic condition ensues.  These pathologic conditions 

are the main driving force behind experimentation of these systems as cardiovascular 

disease is the leading cause of death in the United States [108].  Only in understanding 

the mechanisms that guide vessel development can we begin to understand the etiology 

of the pathologies associated with cardiovascular disease and in doing so take steps to 

reduce the associated morbidity and mortality.  
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6.2 FUTURE DIRECTIONS 

The future direction of this project could encompass the three main aspects of this 

thesis: normal aortic arch development, kustr12 aortic arch malformation, and the role of 

unc45a in vertebrate development and vessel formation.     

This work has provided a detailed description of aortic arch formation, however 

questions remain concerning specific aspects of their formation.  Although the existing 

work strongly implicates angiogenesis in the expansion of the aortic arches, it does not 

definitively rule out a sequential vasculogenic formation.  Identification of tip cells 

guiding each sprout using the tip cell marker dll4 would confirm an angiogenic 

mechanism of formation, as could time-lapse microscopy of nuclear-labeled endothelial 

cells showing the progressive movement of individual cells.  This work alone should 

warrant a reevaluation of branchial aortic arch formation in mammals, however 

confirmation of angiogenic branchial aortic arch formation in zebrafish would strengthen 

the argument.  Although dynamic evaluation of mouse vessel formation is becoming 

more realistic with advances in camera and quantum dot technologies, the limitations 

implicit in aortic arch formation, specifically their lack of connection to existing 

vasculature during formation, would make this near impossible.  A static 

immunohistochemical analysis would therefore have to suffice.  Identification of 

angiogenic tip cell markers in aortic arch sprouts of sectioned mouse embryos would be 

strongly suggestive of a process similar to that which is occurring in zebrafish.  

Confirming a conserved mechanism of aortic arch development across species would 

further increase the universality of this work. 



 100 

Another aspect of normal branchial aortic arch development that needs to be 

directly addressed is the nature and timing of sprout lumenization.  The rapid visual 

lumenization suggests that the stalk of the sprouting aortic arch lumenizes prior to visual 

lumenization, which only reflects the timing of tip cell lumen formation and expansion of 

the lumen upon influence of blood pressure.  This theory could be tested in several ways.  

First, if the vessels lumenize via fusion of vacuoles, the TG(fli1:EGFP-cdc42wt)y48 

transgenic, which labels the membranes of intracellular vacuoles and was used to 

describe lumenization through vacuolization [13], could be used similarly in observing 

aortic arch lumenization.  Secondly, injection of fluorescent quantum dots, which are 

much smaller then erythrocytes, into the heart, would determine if the aortic arches are in 

fact visually lumenizing due to plasma entering the vessel upon formation of a ventral 

connection to the systemic vasculature or are in fact lumenizing extremely rapidly.  If 

visual lumenization is taking place upon the onset of intralumenal pressure through the 

entrance of plasma, the quantum dots would enter this lumen concomitant with lumen 

formation.  If on the other hand the lumen existed in the absence of quantum dot 

entrance, it would strongly suggest a sudden lumenization event. 

Pertaining to kustr12 mutant, the kustr12;TG(fli1:unc45a-mcherry) line offers many 

avenues of future experimentation.  First, determining whether the early AA5 and AA6 

abnormalities, the delay in lumenization and subsequent delay in AA5X lumen formation 

persist in kustr12;TG(fli1:unc45a-mcherry) embryos would help zero in on the role 

Unc45a is playing in the zebrafish embryo.  For example, is loss of Unc45a affecting tip 

cell lumenization and subsequent visual lumenization and/or maintenance of vessel 

diameter?  Secondly, the kustr12;TG(fli1:unc45a-mcherry) rescues AVM formation and 
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might abrogate associated lethality, allowing for analysis of other phenotypes that exist in 

later development.  

The kustr12;TG(fli1:unc45a-mcherry) line could also be used to revisit the 

transplantation and pharyngeal endoderm rescue experiments, to identify the additional 

tissue(s) required to rescue the ventral aorta and cartilage phenotypes.  Prior attempts at 

rescue via these methodologies were performed at a point in the analysis of the kustr12 

mutant when the mispatterning of the ventral aorta was believed to be secondary to the 

AVM and was prior to identification of a defect in cartilage phenotypes in kustr12.  The 

analysis of rescue was therefore focused on AVM formation, not taking into account the 

cartilage and VA phenotypes.  Rescuing AVM formation with the kustr12;TG(fli1:unc45a-

mcherry) would remove this complicating factor and simplify analysis.  

The third major division of this work concerns the protein Unc45a.  Continuation 

of this aspect would focus on intracellular interactions and could further diverge into in 

vivo experiments using the zebrafish, and in vitro assays using cell culture and 

biochemical analysis; all in the hopes of determining a cellular and developmental role 

and mechanism of AVM formation in the kustr12 mutant.  The first set of proposed in vivo 

experiments would involve a series of deletion constructs that would be used in the 

creation of stable transgenics similar to the kustr12;TG(fli1:unc45a-mcherry) line.  These 

constructs would harbor deletions or mutations of known regions of interactions, which 

could subsequently be tested for rescue of AVM formation.  For example, Unc45a 

contains a TPR domain that has been shown to bind Hsp90 [62, 67, 71, 104, 109-112], 

and a series of armadillo repeats that are known sites protein-protein interactions [113].  

If mutation or specific deletion of the TPR domain causes a failure of rescue, then it can 
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be assumed that Hsp90 is involved in the endothelial function of Unc45a.  If on the other 

hand, mutation or specific deletion of the TPR domain does not cause a failure of rescue, 

it may eliminate a number of myosins that are known to require Hsp90 for folding; 

Hsp90 is not required for UCS protein function in the folding of all myosins [57, 58].  If 

mutation or specific deletion of the armadillo repeats causes failure of rescue then, loss of 

canonical UCS-domain interaction with myosins may not be responsible for the observed 

kustr12 defects.  Known armadillo interacting proteins could be then focused on instead.   

 Finally, an in vitro approach could be taken to identify Unc45a interactions, such 

as the approaches already underway in the Roman lab.  These current approaches include 

the mammalian-two-hybrid like LUMIER assay (see APENDIX B), or 

Immunoprecipitation (IP)/ Westerns looking for zebrafish Unc45a/myosin interactions.  

The unbiased, and therefore best approach, however, would be to perform mass 

spectrometry on purified samples following IP of Unc45a (IP/Mass-spec; technique 

reviewed [114]).   

 The future of this project is daunting as there are many potential avenues of 

experimentation to take.  Further experimentation will however undoubtedly uncover 

new and exciting aspects of both normal and abnormal aortic arch formation, as well as, a  

role for unc45a in vertebrate development. 
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APPENDIX B.  IDENTIFYING UNC45A INTERACTING PROTEINS VIA THE 

LUMIER ASSAY 

There are very little data concerning the cellular functions of Unc45a in higher 

organisms.  Nearly all known proteins that interact with the UCS-family of proteins have 

been identified and only observed in non-vertebrate organisms.  This therefore limits our 

ability to hypothesize about the potential cellular role Unc45a is playing in the 

development of the kustr12 phenotype.  We therefore decided to identify binding partners 

of Unc45a.  In order to identify interacting partners we are collaborating with Dr. Jeffrey 

Wrana’s group, at the University of Toronto.  They have developed the high-throughput 

LUMIER, luminescence-based mammalian interactome mapping, screening system 

[115], which is similar to a mammalian two-hybrid screening system.   

To generate the construct to test, I inserted unc45a into an expression plasmid that 

creates a C-terminal fusion protein, with a Renilla luciferase moiety.  This construct was 

then co-transfected into human embryonic kidney cells by our collaborators in the Wrana 

lab, HEK-293T cells, along with a library of flag-tagged constructs.  Lysates were made 

from these cells, which were then immunoprecipitated with an anti-flag antibody.  If the 

luciferase tagged bait protein interacted with the flag tagged protein, it was precipitated 

with the prey protein.  Luciferin and ATP were then added to the precipitated proteins, 

and interactions were identified by light production.  In order to verify that the folding 

and binding activity of the Unc45a-Renilla fusion protein has not been perturbed we also 

made a flag-tagged mouse hsp90ab1 construct, which has been shown to interact with 

Unc45a.  This control was able to interact with the Unc45a-luciferase fusion protein as 
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determined by this process, verifying proper folding and allowing for the screen to 

expand to the entire library. 

The proteins identified to interact with mouse Unc45a are, RAB13, WDR13, LHX9, 

SMU-1, CKIP-1, GMCL1, FLJ23356, AVEN, SNARK, AURKB, TSSK4, and AXIN1 (Table 

2).  These proteins were pulled out of a non-exhaustive library and are yet to be confirmed, and 

therefore are likely not the only proteins interacting with Unc45a and are not definitively 

interacting with Unc45a. Though the sum results of the lumier assay do not point to a single 

mechanism, several of the proteins found to interact with Unc45a are involved in common 

processes including apoptotic regulation and cell proliferation (highlighted rows Table 2).  

Confirmation of interaction followed by investigation of changes in these processes in the kustr12 

mutant could lead to a cellular mechanism explaining AVM formation in the kustr12 mutant. 
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Table 2.  LUMIER assay generated interactors with Unc45a 

 

 

 

 

 

 

 

Label Alias

NormLIR 

value Function

Sub-Cellular 

Localization

LHX9 43 TX Gonadal Devo Nucleus

FLJ23356 SugenK 15 Kinase Nucleus

AURKB 13 Mitotic Regulator Nucleus

WDR13 12.5 Gonad Devo Nucleus

SMU-1 12 Splice Assembly Cyto & Nuc

PLEKHO1 CKIP-1 12 Cyto-Skel, Morphol Cytoplasm

GMCL1 12 Spermatogenesis Nucleus

RAB13 10 GTPase Junction… Cell/Tight Junction

AVEN 10 Caspace inhibitor Membrane

NUAK2 SNARK 10 Cyto-Skel, detach ?

AXIN1 10 Wnt inhib, + Apop Cyto & Nuc

TSSK4 9 Spermatogenesis ?
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