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Importance of LR patterning in the vertebrate embryo 

Early embryonic patterning has been an intriguing topic of study for years. The 

pathways required for proper embryonic development have been studied in several 

model systems. Embryos must develop in a three dimensional environment requiring 

identification of three separate axes. These three axes are the dorsal-ventral (DV) axis 

(front to back), anterior-posterior (AP) axis (head to tail), and left-right (LR) axes. At the 

onset of embryogenesis, at the point of fertilization, this single cell must form the three 

axes to develop into a functional embryo (Lu et al., 2001). The DV and AP axis have 

been relatively well characterized and occur early in development. There has been much 

interest in the LR axis as it forms later in development, after the other two axes have 

already been identified and is not yet well understood (Levin, 2005; Schier, 2001; Schier 

and Talbot, 2005). 

 

LR axis formation is required for proper placement of organs during development 

(Fig. 1). Failure to properly identify the left and right sides of a developing embryo can 

lead to potentially catastrophic congenital birth defects (Brueckner, 2007; Peeters and 

Devriendt, 2006; Ramsdell, 2005; Sutherland and Ware, 2009). Asymmetric organs 

include the right-sided displacement of the liver, three lobes in the right lung of mammals 

versus two in the left lung, left-sided spleen, and the asymmetric looping of the heart. 

The “normal” localization of these organs is referred to situs solitus. Other situations can 

occur that can result in some of these organs being situated incorrectly and failing to 

function properly. This situation is referred to situs ambiguous or heterotaxia, which is 

often associated with congenital birth defects including malformations of the heart such 

as septal defects and failure of the arteries to align properly known as transposition of 

the great arteries (Ramsdell, 2005). In some situations, there can be a complete reversal 
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of the organs, which is referred to as situs inversis totalis and has been found in patients 

showing no abnormal symptoms (Peeters and Devriendt, 2006; Wolla et al., 2013). 

Laterality defects leading to clinically disruptive congenital defects occur in 

approximately 1 in 10,000 live births (Peeters and Devriendt, 2006). 

 

A ciliated organ of asymmetry 

The presence of organ laterality has been known, yet the mechanisms behind 

this phenomenon have remained elusive. A major breakthrough in the study of organ 

laterality occurred when asymmetric patterning was found at the molecular level (Levin 

et al., 1995). It was found in the developing chick embryo that mRNA of the gene Nodal 

was asymmetrically expressed on the left side of the embryo during early development 

before any visceral organs formed. Since the discovery of this asymmetric gene 

expression in chicks, homologous expression patterns have been identified in virtually 

every other vertebrate (Long et al., 2003; Lowe et al., 1996; Meno et al., 1996). How the 

asymmetric gene expression drives proper organ development remains a mystery. The 

organ precursor cells must interpret the asymmetric signal and this signal is often 

translated into other asymmetrically expressed genes. Disruption of this nodal 

asymmetric gene expression leads to failure of proper organ placement and heart 

looping (Bakkers et al., 2009). The driving force behind the asymmetric gene expression 

is not well understood. A potential connection had been made several years earlier, 

when Kartagener’s syndrome patients, who often present with situs inversus, also 

presented with cilia motility defects (Afzelius, 1976). This correlation led to the 

postulation that motile cilia in the early embryo play a role in establishing the LR axis 

(Afzelius, 1976; Brueckner, 2007). 
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A transient organ that contains motile cilia was identified in the mouse embryo 

that forms prior to the formation of the heart, which is the first organ that requires an 

established LR axis (Nonaka et al., 1998). This organ, referred to as the node, has a 

cup-like shape and contains between 200-300 monociliated epithelial cells. Node cilia 

are motile and when this organ was disrupted, it was found that left-right defects 

occurred (Nonaka et al., 1998). Further work showing that genes affecting cilia motility 

and ciliogenesis also disrupt LR patterning (Alten et al., 2012; Botilde et al., 2013). It was 

also found that, in cilia motility mutants, creation of an artificial node flow was sufficient 

to break symmetry in the developing mouse (Nonaka et al., 2002). This in conjunction 

with data showing that there are two types of cilia in the node – motile cilia containing 

left-right dynein (lrd) for cilia motility and the cation channel polycistin-2 potentially for 

sensing calcium – and non-motile cilia only containing polycistin-2  – led to the formation 

of the nodal flow model, which states that motile cilia producing a unidirectional fluid flow 

in the node driving a left sided morphogen gradient is required to break symmetry 

(McGrath et al., 2003).  

 

Calcium is believed to be the ion responsible for the propagation of signal 

released by the mechanosensory cilia of the two cilia model (Yoshiba et al., 2012; Yuan 

et al., 2015). Inhibition of calcium signaling during stages of organ of asymmetry function 

has lead to disrupted nodal signaling in the mouse embryo. Calcium signals have been 

identified in the node using calcium sensitive dyes, and these signals appear to be 

aymmetrically present, with an enrichment of calcium on the left of the node. These 

results give evidence that the signal transmitted by the fluid flow of the organ of 

asymmetry to direct LR patterning may be calcium.  
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 After further study it was found that homologous ciliated organs exist in other 

mammals including rabbits where it is also referred to as the node, as well as in non-

mammal vertebrates such as the frog where it is referred to as the gastrocoel-roof plate 

or GRP and in fish, both medaka and zebrafish, where the organ is referred to as 

Kupffer’s Vesicle (Essner et al., 2005; Okada et al., 2005; Schweickert et al., 2007). 

Collectively we refer to these organs as the ciliated ‘organ of asymmetry’ (Fig. 2).  

Interestingly the chick lacks a ciliated organ of asymmetry yet still has conserved 

asymmetric gene expression (Levin and Mercola, 1998b). Work in the pig has thus far 

not identified a ciliated organ of laterality as well (Gros et al., 2009). Work in the xenopus 

and chick has identified a potentially early asymmetrically expressed serotonin and 

proton gradients that may drive LR axis formation prior to cilia formation (Adams et al., 

2006; Fukumoto et al., 2005b; Vandenberg et al., 2013). It is likely, due to the high 

conservation of the organ of laterality, that this is the ancestral trait, and the formation of 

the LR axis using asymmetric localization of ions in the chick may be a divergent method 

of breaking laterality (Blum et al., 2014). 

 

Zebrafish provide a useful model system to study development 

The zebrafish has emerged as an excellent model organism for investigating 

mechanisms of left-right development. The zebrafish has several factors that make it 

useful in studying early development. These factors include relatively large clutches of 

embryos, external fertilization of embryos, the optical transparency of the embryo and 

powerful genetic approaches. The ability to use mutagenesis and transgenesis has been 

heavily utilized in recent years to make powerful tools and reagents. In addition, 

morpholino antisense technology has been used to inhibit gene expression via mRNA 

translation blocking or splice site inhibition (Nasevicius and Ekker, 2000). Morpholinos 
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are designed to specifically target a gene of interest, and when used with proper controls, 

are powerful tools that can be used to inhibit the expression of both zygotic and maternal 

protein. However, it has been shown that morpholinos can also give rise to off target 

effects in the embryo that can be misleading. Therefore careful controls are necessary 

when using morpholinos such as use of western blots and immunohistochemistry to 

validate protein knockdown, use of a second morpholino to verify phenotypes, as well as 

rescue experiments co-injecting modified full length mRNA with the morpholino to correct 

phenotypes and validate morpholino specificity. One of the most valuable features of the 

zebrafish is that the embryos are transparent allowing for high resolution imaging in both 

fixed and live embryos. The zebrafish also develops very quickly, again lending to the 

appeal of the fish as a model (Fig. 3A) (Kimmel et al., 1995).  

 

The zebrafish has proven to be an excellent model for several fields of study. By 

2-3 days post fertilization (dpf) the zebrafish lateral line- a component of the neuronal 

system derived from neural crest cells- forms along the AP axis of the embryo. The 

lateral line connects neuromasts along the embryo. Neuromasts are made up of hair 

cells and support cells. Hair cells are ciliated and create cilia bundles, these cilia bundles 

protrude into the environment and provide information to the embryo such as fluid flow. 

The neuromasts provide a tool to study neural crest cell migration as well as cilia 

formation and maintenance (Ghysen and Dambly-Chaudiere, 2007). The zebrafish has 

other organs that prove useful in the study of cilia including the kinocilia of the otic 

vesicle that gives rise to the zebrafish inner ear (Gao et al., 2010; Yu et al., 2008), 

pronephric duct cilia (Kramer-Zucker et al., 2005), as well as the cilia of the Kupffer’s 

vesicle (Neugebauer et al., 2009; Tay et al., 2013). 
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Kupffer’s vesicle formation and function 

The organ of asymmetry in zebrafish is referred to Kupffer’s vesicle or KV 

(Essner et al., 2005). The KV is homologous to the node in mouse, and consists of 

approximately 50 monociliated cells that beat to create a counter clockwise fluid flow 

(Kramer-Zucker et al., 2005). It has been shown that this counter-clockwise fluid flow is 

vital for the left sided expression of the nodal related gene southpaw (spaw) (Long et al., 

2003). This asymmetrically expressed gene has been identified as a driving force of 

proper asymmetric organ placement including heart looping. Heart looping is used as a 

convenient readout of left-right patterning in the zebrafish because looping occurs at 2 

dpf, the earliest organ affected by LR patterning, and can be easily analyzed using a 

light microscope (Bakkers et al., 2009).  

 

One of the great advantages of the zebrafish model system in studying left-right 

embryonic patterning is, unlike the other model systems available, the precursor cells of 

the organ of asymmetry are known (Fig. 3B) (Cooper and D'Amico, 1996). The precursor 

cells of the KV, known as the Dorsal Forerunner Cells, or DFCs, were identified as a 

group of non-involuting cells with high endocytic activity. This high endocytic activity was 

used to label and track these cells and perform fate mapping which identified these cells 

as precursors of the KV (Cooper and D'Amico, 1996). These DFCs differentiate at 

approximately 5-6 hours post-fertilization (hpf) and migrate throughout epiboly. While 

migrating, the DFCs undergo a mesenchymal to epithelial transition (MET). During this 

time, the DFCs proliferate from the initial cell number of approximately 20 cells to the 

final number of around 50 cells. Exactly when DFCs proliferate during epiboly and how 

DFC proliferation is regulated remains unknown. Throughout the end stages of epiboly, 

as the DFCs proliferate, they also must migrate to the posterior of the embryo. Failure of 
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the DFCs to migrate or cluster properly at the end of epiboly, as in the case of knocking 

down Canopy1, can disrupt KV formation. Canopy1 is a positive regulator of FGF 

signaling. Canopy1, through FGF, controls cell-cell adhesions in the DFCs via the 

regulation of cadherins (Matsui et al., 2011).   

 

By 10 hpf, referred to as the bud stage of development, the DFCs are fully 

epithelialized and form a tight rosette like cell cluster and at this time the cells are now 

KV cells (Oteiza et al., 2008). There are several factors involved in KV development 

essential for its function. The major factor of KV function is the fluid flow created by the 

cilia (Essner et al., 2005). Inhibition of this fluid flow leads to randomization of spaw and 

organ laterality.  One key factor in this is the cilia length, as shown by morpholino 

knockdown of genes affecting ciliogenesis such as the orphan G protein-coupled 

receptor Gpr22 (Verleyen et al., 2014) and the inhibition of the Wnt/β-catenin pathway 

that resulted in reduced cilia length and randomized spaw expression (Caron et al., 

2012). Genes involved directly in cilia elongation have been implicated in LR patterning 

such as members of the intraflagellar transport family of genes. Knockdown of IFTs, 

such as Ift88, result in reduced KV cilia length and LR patterning defects in the zebrafish 

(Bisgrove et al., 2005). Another factor is the number of cilia in the KV. Modeling 

suggests at least 30 cilia are needed to maintain fluid flow to establish the LR axis 

(Sampaio et al., 2014). Modifications leading to reduced cilia have frequently led to 

disrupted LR development, such as in the morpholino knockdown of the septin Sept6 

(Zhai et al., 2014). By 11 hpf, the KV cilia become motile to drive the unidirectional fluid 

flow necessary for left sided spaw signaling. Therefore genes required for cilia motility 

are also vital to KV function as shown in disruption of cilia motility, such as knockdown of 
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the zebrafish outer dynein arm oda16 homolog wdr69, which disrupts dynein arm 

assembly and prevents cilia motility, causing LR defects (Gao et al., 2010).  

 

During KV stages, from 10hpf when the rosette forms to 13 hpf, after cilia motility 

begins, the KV lumen must expand to allow fluid flow. Evidence for this expansion to be 

necessary has recently come to light. In CFTR, the gene responsible for Cystic Fibrosis 

that encodes an ion channel, mutations result in a significantly reduced KV size, while 

maintaining cilia length, number, and motility. This reduced KV lumen size results in 

randomized organ laterality indicating that KV size alone may be a significant 

contributing factor to Left-Right patterning, however there is a possibility of this being 

due to CFTR playing potential roles in other pathways necessary for LR patterning. 

(Navis et al., 2013). 

 

While ciliogenesis and lumen expansion is occurring, from 11-12 hpf the KV is 

undergoing remodeling of the cells. KV organ cell shape changes are necessary for cilia 

organization within the KV to establish functional KV fluid flow. In a normal KV, the cilia 

have a greater population in the anterior of the KV with approximately 60% of the cilia in 

the anterior and 40% in the posterior. This KV restructuring has recently been implicated 

in LR development by inhibiting cellular remodeling of the KV by disrupting Rho Kinase b 

(Rock2b) and non muscle myosin ii, proteins that are necessary for cytoskeletal 

remodeling. When these proteins are disrupted the cilia become equally located in the 

anterior and posterior of the KV, which alters fluid flow and LR patterning (Wang et al., 

2012).  
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KV fluid flow is necessary to drive left sided expression of spaw. The connection 

between fluid flow and spaw expression is not well understood. Evidence has come to 

light, in the zebrafish, that calcium may play a role in connecting fluid flow and spaw 

expression. Imaging of a genetically encoded calcium sensor in cilia and a calcium 

sensitive dye in the tissue surrounding the KV, showed that intraciliary calcium signals in 

the KV led to left sided calcium signal of the KV. Alteration of these calcium signals via 

the use of a calcium sink resulted in disrupted LR axis formation (Yuan et al., 2015). 

 

There are several aspects of KV development. The DFCs must migrate, undergo 

MET, and proliferate. Then the DFCs have to cluster into a rosette structure by 10 hpf 

forming the KV. The KV then must form motile cilia of the proper length, while the KV 

lumen expands and the KV cells undergo cell shape changes. Once unidirectional fluid 

flow is established, this leftward flow drives the left sided expression of spaw, which then 

directs formation of the LR axis. Any disruption in these steps can lead to randomization 

of spaw expression and the LR axis, leading to congenital birth defects (Amack, 2014).  

 

Models of establishing Left-Right Patterning 

How the asymmetric fluid flow drives the proper expression of nodal, and therein 

proper placement of organs is still a point of contestation in the study of embryonic 

patterning. There are two potential mechanisms currently in play as to how the left sided 

gene expression is established, which may vary depending on organism or may feed 

into each other.  

 

One mechanism relies on evidence from the frog, mouse, and fish, where the 

fluid flow established by the organ of asymmetry monocilia create an unknown 
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morphogen gradient – likely involving calcium - that is greater on the left side of the 

organ of laterality releasing a cascade resulting in left sided nodal expression. This 

mechanism is referred to as the nodal flow or two cilia model (Blum et al., 2014; Tabin 

and Vogan, 2003). The second mechanism, mostly derived from evidence in frog and 

chick, may play a role upstream of the cilia model or act independently in certain 

organisms lacking an organ of laterality. This mechanism, referred to as the ion flux 

model, states that an inherent chirality is present in the cytoskeleton during the first 

cleavages of embryogenesis, which leads to a left-right axis based in differential 

placement of ion channels (Fig. 4) (Vandenberg and Levin, 2010). 

 

In the cilia model, two aspects of the node result in this asymmetric fluid flow. 

One aspect is the tilt of the cilia, which allows some directionality (Okabe et al., 2008; 

Okada et al., 2005). Another key factor is the differential placement of cilia in the node. 

In the zebrafish, the KV undergoes remodeling, where regional cell shape changes in the 

anterior and posterior of the KV result in an accumulation of KV cilia being in the anterior 

half of the KV (Wang et al., 2012). This creates a greater fluid flow in the anterior of the 

KV resulting in an overall leftward flow. The cilia model has essentially two different 

potential mechanisms to transmit the left sided signal in the embryo. One theory is that 

the fluid flow actually moves vesicular packages containing a morphogen, and the 

asymmetric fluid flow results in an accumulation of this signal on the left side (Okada et 

al., 2005). These vesicles then release the morphogen into the cells on the left side of 

the node creating a propagated left sided signal (Nonaka et al., 1998; Okada et al., 

1999). The second potential mechanism is that there are two sub-populations of cilia in 

the organ of asymmetry (McGrath et al., 2003). One of these sub-populations consists of 

motile cilia that create the fluid flow with a leftward bias. The second population of cilia 
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are mechanosensory cilia that react to the fluid flow that is stronger on the left side of the 

organ and release a signaling cascade on the left side of the embryo. Evidence for this 

has been shown in mouse that it appears that all cilia may not be motile (McGrath et al., 

2003; Tabin and Vogan, 2003). Various mutants resulting in a failure of motility of the 

cilia result in left-right defects, suggesting this fluid flow is vital (Gao et al., 2010). Other 

genes have been identified that also result in left-right defects including genes involved 

in ciliogenesis, showing that a certain cilia length is required to generate enough fluid 

flow (Neugebauer et al., 2013; Walentek et al., 2012). Interestingly there is some 

confusion as to how many cilia are needed to generate this fluid flow. In the mouse 

recent work has shown that although there are usually 200-300 cilia in the node, as few 

as 2 are necessary to allow for proper axis formation (Shinohara et al., 2012). This 

appears similar in the zebrafish in a normal embryo typically has around 50 cilia, 

whereas recent modeling has shown that potentially as few as 30 are sufficient 

(Sampaio et al., 2014). 

 

Evidence primarily from the frog has indicated that there are mechanisms prior to 

cilia formation that are important for LR axis determination. This mechanism, referred to 

as the ion flux model, states that there is an inherent chirality to the developing embryo 

that is present in the cytoskeleton shortly after fertilization (Levin and Mercola, 1998a; 

Vandenberg and Levin, 2013). The cytoskeleton places ion channels with a left right bias 

as early as the first few cleavages of embryogenesis. These asymmetrically expressed 

channels include the H+/K+ - ATPase (Levin et al., 2002), the H+ V-ATPase (Adams et al., 

2006), and the presence of asymmetrically localized serotonin transporters SERT and 

VMAT in the chick and frog (Fukumoto et al., 2005a; Fukumoto et al., 2005b; 

Vandenberg et al., 2013). This left-right bias of ion channels creates an asymmetric 
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membrane potential and pH in the embryo. This bias in membrane potential and pH is 

propagated during development through gap junctions that are also asymmetrically 

localized (Levin and Mercola, 1998c). These gap junctions maintain and propagate the 

presence of the left-right axis during development (Adams et al., 2006; Levin and 

Mercola, 1998c; Levin et al., 2002). One of the key pieces of evidence of this was the 

presence of asymmetrically expressed serotonin transporters in frog and chick embryos. 

Injection of dominant-negative forms of these transporters disrupted organ laterality 

(Fukumoto et al., 2005a; Fukumoto et al., 2005b; Vandenberg et al., 2013). Another 

piece of importance was the finding that drug screens inhibiting voltage potential or pH - 

conducted in very early stages of development in zebrafish, chick, and frog – inhibited 

proper LR axis formation (Adams et al., 2006; Rutenberg et al., 2002). Another one of 

these ion flux components, the Vacuolar ATPase (V-ATPase) has been widely studied 

but only recently has been implicated in LR patterning. LR defects were identified using 

pharmacological inhibitors specific to the V-ATPase in embryos treated at the 1-4 cell 

stages that resulted in KV defects in the zebrafish and LR patterning defects in the frog, 

chick, and zebrafish. In the chick, a pH gradient was identified in the primitive streak, 

which was disrupted in the V-ATPase inhibited embryos. In the frog, membrane potential 

was found to be disrupted, in the pharmacologically inhibited embryos when stained with 

the fluorescent membrane potential sensing dye DiBac (Adams et al., 2006; Chen et al., 

2011). It is unclear if these early asymmetrically expressed ions relay into the later ciliary 

pathway. 

 

The Vacuolar ATPase  

Although ion flux and pH have been implicated in LR patterning, the mechanisms 

remain unclear. Therefore, a major focus of this thesis has been on understanding the 
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functions of the V-ATPase and one of its accessory proteins during LR development. 

The V-ATPase is a multi-subunit protein complex (Fig. 5). The primary function of the V-

ATPase is in regulation of pH in various tissues and is highly conserved from yeast to 

humans. The V-ATPase is also enriched in tissues where pH regulation is vital such as 

in the kidney. The V-ATPase has been shown to be vital for proper endosomal trafficking 

required by many pathways to function, as well as in acidification of lysosomes to 

maintain lysosomal degradation (Forgac, 2007).  

 

The Vacuolar ATPase is made up of two separate domains. The V1 domain is 

located on the cytoplasm side of membranes including endosomal membranes, golgi 

membranes, as well as the plasma membrane. The V1 domain is responsible for the 

hydrolysis of ATP to drive the rotary pump system that translocates H+ across the 

membrane (Oot and Wilkens, 2010; Toei et al., 2007). The Vo domain of the V-ATPase 

is an integral membrane component. The Vo domain consist of several subunits that 

create the pathway via H+ are transported across the membrane (Breton and Brown, 

2013). One of the Vo domain subunits, the a subunit, has been identified as having 

several tissue specific isoforms that may be responsible for the different localizations of 

the V-ATPase. Many of the other subunits also have isoforms found throughout different 

species (Toyomura et al., 2000; Williamson et al., 2010). V-ATPase activity is regulated 

by association and dissociation of the complex in yeast cells in response to cellular 

stresses (Kane and Smardon, 2003). Beyond these V-ATPase subunits, there is also V-

ATPase accessory proteins that function in conjunction with the V-ATPase and may also 

play roles independent of the V-ATPase.  
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 One of the V-ATPase accessory proteins, originally identified in the fly as 

VhaPRR, and known as Atp6ap2 in the fish, is referred to as the Prorenin Receptor. This 

protein regulates endosomal trafficking as well as interacting with the frizzled receptor of 

the Planar Cell Polarity/Wnt pathways in the fly (Hermle et al., 2013; Hermle et al., 2010). 

Another V-ATPase accessory protein is the Ac45.  

 

The Atp6ap1 

The Ac45, a protein that is approximately 45 KD in size, is referred to as Atp6ap1 

in fish, mouse and human. The protein was originally identified in pull down experiments 

with the V0 domain in Bovine chromaffin granules and consists of 468 amino acids. The 

Atp6ap1 has a predicted transmembrane region in the C-terminus of the protein and also 

contains 7 potential glycosylation sites. (Supek et al., 1994). Atp6ap1 is translated into 

an approximately 60KD protein, and is then cleaved into the aforementioned active 

45KD protein as well as a shorter 22KD protein that is degraded (Schoonderwoert et al., 

2002). The overall Atp6ap1 protein sequence shows poor conservation between 

mammals and other organisms, however the C-terminus of the protein shows higher 

conservation (Schoonderwoert and Martens, 2002a). Similar to mutations in other V-

ATPase subunits, knockout mutations of Atp6ap1 are embryonic lethal in mice 

(Schoonderwoert and Martens, 2002b). The Atp6ap1 has only been identified in specific 

tissues and interacts predominantly with the V-ATPase a3 subunit in such melanosomes 

and osteoclasts (Feng et al., 2008; Tabata et al., 2008; Toyomura et al., 2000). Tissue-

specific disruption of the Atp6ap1 in mouse has identified roles for the protein in 

osteoclast differentiation and maturation of melanosomes (Tabata et al., 2008; Yang et 

al., 2012). Mutations in zebrafish Atp6ap1 disrupt retinoblasts proliferation and 

pigmentation (Nuckels et al., 2009). Interestingly, the Atp6ap1 mutants have displayed 
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similar phenotypes as the V-ATPase subunit mutants in tissues that the Atp6ap1 is 

expressed. Characterization of Atp6ap1 has identified a role in trafficking of the V-

ATPase and in calcium-dependent exocytosis (Jansen et al., 2012). When Atp6ap1 is 

over-expressed in transgenic frog cells, the V-ATPase is enriched on the plasma 

membrane. This result suggests that the Atp6ap1 functions in the membrane localization 

of the V-ATPase to the plasma membrane, which may be tissue specific (Jansen et al., 

2008). The role of the V-ATPase and Atp6ap1 at the plasma membrane may be 

regulation of cytoplasmic/ extracellular pH as has been seen in bone (Jansen et al., 

2010; Yang et al., 2012). Cytoplasmic and extracellular pH have been shown to play a 

role in cancer cell metastasis and cell migration in cultures cell lines. An alkaline 

intracellular pH is favorable of cell proliferation whereas an acidic intracellular pH inhibits 

cellular proliferation. Likewise the opposite is true regarding the extracellular pH 

(Andersen et al., 2014; Che et al., 2008; Nakashima et al., 2003; Sennoune et al., 2004). 

This evidence from cell culture suggests a vital role for the V-ATPase at the plasma 

membrane.   

 

Analysis of the role of V-ATPase and Atp6ap1b in LR axis development  

In chapter 2, I characterize the role of the V-ATPase accessory protein Atp6ap1b 

in KV. Morpholino knockdown of the Atp6ap1b causes disruption of the LR axis as well 

as several KV defects including cilia length, cilia number, and KV organ size. These KV 

organ size and cilia number defects are due to a decrease in KV cell number, which is 

derived from a decrease in DFC proliferation. Interestingly, the mutant atp6ap1ba82/a82 did 

not display LR defects. I show evidence that this is due to maternal contribution of 

Atp6ap1b from heterozygous parents, that is sufficient to maintain early patterning. 

Using neuromasts, a ciliated tissue in older embryos in which maternal supply is likely 
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depleted, atp6ap1ba82/a82 embryos display cilia length maintenance defects similar to 

those seen in the KV. Also of interest, pharmacological inhibition of the V-ATPase using 

concanamycin A or a morpholino against a V-ATPase subunit also phenocopied the 

DFC proliferation defect and KV cilia number, cilia length, and KV size defects, 

suggesting the Atp6ap1b is not playing an independent role of the V-ATPase. To study 

the cause of the DFC proliferation defect, intracellular pH was analyzed. In Atp6ap1b 

depleted embryos, the intracellular pH of the DFCs was acidified. It was hypothesized 

that the Atp6ap1b may be functioning to localize the V-ATPase to the plasma membrane 

of the DFCs, where the V-ATPase functions to pump protons out of the DFCs. Using a 

V-ATPase antibody, V-ATPase localization was characterized in Atp6ap1b depleted 

embryos. V-ATPase localization was disrupted in DFCs of Atp6ap1b morpholino injected 

embryos as well as in atp6ap1ba82/a82 neuromasts. This work provides potential target 

genes for screening for congenital birth defects, the V-ATPase and the Atp6ap1b.  

 

During this work I found that V-ATPase regulated KV development, however 

even in wild type embryos, the KV showed large variability, particularly in KV organ size. 

In chapter 3, I characterized the variability of KV formation. KV cilia number, cilia length, 

and organ size was characterized across KV stages as well as in several genetic lines. 

KV cilia length showed little variance suggesting tight regulation of cilia length, whereas 

cilia number showed greater variability indicating less control. KV organ size showed 

even greater variability with as much as 40% variability in organ size between embryos 

of the same stage and genetic line suggesting very little control over organ size. The KV 

shows the least variability in later KV stages, with greater variability during early KV 

stages. Interestingly, with the exclusion of one transgenic line which gene had already 

been implicated in LR patterning defects, all lines showed relatively similar variability 



  Chapter 1: Introduction 
!

! 21!

suggesting genetic background is not a major source for variance. To further study the 

effect of the variance in KV size, a hypomorphic mutant of CFTR was analyzed. These 

mutants showed significantly reduced KV organ size, while maintaining normal cilia 

length and cilia number, and have significant LR defects. Interestingly, when using a 

CFTR morpholino, cilia number and cilia length were still maintain, and KV organ size 

was again significantly reduced, however it was larger than in the CFTR mutant, yet LR 

patterning in the morphants was normal. This led to the hypothesis that there may be a 

KV size threshold to break symmetry. Using single embryo analysis to compare KV 

organ size in wild-type fish, to the asymmetrically expressed spaw, I found that an organ 

size threshold exist at approximately 1300µm2, below which LR patterning is disrupted. 

This information indicates that KV size does not require tight regulation and only needs 

to exceed a threshold to establish robust LR patterning.  

 

After finding a KV size threshold requirement for robust spaw expression, and V-

ATPase affects KV organ size, I targeted a downstream target of KV function. In chapter 

4, I analyze the role of calcium signaling around the KV in LR patterning. There are 

conflicting reports of calcium signaling in different organisms. Some indications are that 

quick calcium signaling oscillations in the left side of the KV, or in the KV cilia, are 

necessary to break symmetry. Other reports suggest that a stable left sided calcium 

signal is needed to drive LR patterning. Using the genetically encoded calcium sensor 

GCaMP6, a transgenic line was created to study calcium in the developing zebrafish. I 

characterized this line by first visualizing GFP signal correlating to calcium signaling in 

several tissues including cardiac and smooth muscle, where calcium is needed for 

muscle contraction. I next treated the embryos with the drug thapsigargin, which 

releases intracellular calcium from the endoplasmic reticulum, to visualize the increase in 
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fluorescence correlating to the increase in intracellular calcium. Then I imaged KV to 

analyze the role of calcium signaling around the KV, and identified two types of signal, a 

fast high intensity flash, and a stable calcium signal around the KV. The flashes did not 

correlate with spaw expression. However, utilizing single embryo analysis for GCaMP 

expression and raising these emrbyos for spaw analysis, a correlation emerged. In 

embryos with calcium signal greater on the left side of the KV, 88% of the embryos had 

left sided spaw signal, and in embryos with bilateral or right sided calcium signaling, 

spaw expression was disrupted. This work suggests that a steady left sided calcium 

signal is necessary for the establishing of the LR axis. 

 

Finally, in chapter 5, I summarize this work in clarifying some of the questions 

surrounding KV development and function. I place this work in context of the findings in 

the field and the importance of this work in the prevention if congenital birth defects. I 

then provide future directions for each aspect of this work to further solve the unknown 

questions in LR patterning. 
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Figure 1: Visceral Organ Placement. A.) Situs Solitus - Image showing the normal 
placement of the internal vertebrate organs requiring proper formation of the LR axis. B.) 
Situs Inversus Totalis – Image showing a situation where the LR axis is completely 
reversed and the visceral organs are completely reversed regarding the LR axis. C.) 
Heterotaxy – Image showing a disrupted LR axis with some of the visceral organs being 
mis-localized. Dotted line represents midline. L represents organisms left side, R 
represents organisms left side for orientation. Modified from Fliegauf, et al. 2008. 
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Figure 2: Conserved ciliated Organ of Asymmetry. Schematic depicting the 

conserved LR pathway in a vertebrate with a ciliated organ of asymmetry. The motile 

cilia create a counter clockwise fluid flow that drives the left sided calcium signal that 

directs the conserved left sided nodal signal. The left sided nodal directs visceral organ 

placement, such as the heart, along the LR axis. This pathway is conserved for mouse, 

frog and fish. Modified from Blum et al. 2014. 
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Figure 3: Schematic of early Zebrafish and KV development. A.) Depiction of 

zebrafish stages from 4-cell stage through to 48 HPF when the heart tube undergoes 

looping. Red dot at 75% epiboly indicated location of the Dorsal Forerunner Cells or 

DFCs- the precursor cells of the KV. Red dots at Bud and 6-Somite stage indicate 

location of Kupffer’s Vesicle (KV) at the posterior of the embryo. Red line in the 48 Hours 

Post Fertilization (HPF) embryo indicated lateral line, where the ciliated neuromasts can 

be found. Modified from Kimmel et al. 1995. B.) Pathway of zebrafish LR axis formation. 

DFCs form at approximately 60% epiboly. They begin with 20 cells and migrate, 

proliferate, undergo ciliogenesis, and then lumen expansion to form the functional KV 

with approximately 50 cells/cilia. C,D.) Transgenic tools in the zebrafish allows tracking 

of the formation of the KV. sox17:GFP specifically labels DFC/KV cells and endodermal 

cells with green fluorescent protein. C.) Dorsal Forerunner cells labeled with sox17:GFP 

at approximately 75% epiboly. D.) Kupffer’s Vesicle located at the posterior of the 8-

Somite Stage embryo labeled with sox17:GFP. 
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Figure 4: Two mechanisms of LR axis determination. A.) The nodal flow model. 

Motile cilia containing lrd beat creating an asymmetric fluid flow that is senses by a non-

motile sensory cilia expressing pkd2 on the left side of the organ of asymmetry. The 

sensory cilia releases calcium into the left lateral plate mesoderm activating left sided 

nodal signaling. The presence of Nodal signaling is conserved across vertebrates 

however ciliated organs of asymmetry are not present in chick and likely pig. B.) The Ion 

flux model uses asymmetrically placed ion pumps and gap junctions that create a pH 

and membrane potential gradient. The left side becomes more acidic and has lower 

membrane potential. The right side has a more negative charge and greater membrane 

potential. This membrane potential is propagated through the asymmetrically expressed 

gap junctions throughout cell divisions releasing serotonin into the right side of the 

embryo. This serotonin inhibits right LPM nodal signaling, allowing the left sided nodal 

signal to expand. Modified from Vandenberg and Levin 2013. 
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Figure 5: The Vacuolar ATPase. The Vacuolar ATPase is a multi-subunit protein 

complex pump consisting of 2 domains – the cytoplasmic V1 and membrane integral Vo. 

The V1 domain functions to hydrolize ATP providing energy from the rotary mechanism 

that translocated H+ across the membrane from the cytoplasm to the lumen via the Vo 

domain. The Atp6ap1 is a membrane protein that co-precipitates with the Vo domain and 

is an accessory protein of the Vacuolar ATPase to help in its function of acidifying 

lumens. Modified from Oot and Wilkens 2010. 
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ABSTRACT! 

Asymmetric fluid flows generated by motile cilia in a transient ‘organ of asymmetry’ are 

involved in establishing the left-right (LR) body axis during embryonic development. The 

vacuolar-type H+-ATPase (V-ATPase) proton pump has been identified as an early factor 

in the LR pathway that functions prior to cilia, but the role(s) for V-ATPase activity are 

not fully understood. In the zebrafish embryo, the V-ATPase accessory protein Atp6ap1b 

is maternally supplied and expressed in dorsal forerunner cells (DFCs) that give rise to 

the ciliated organ of asymmetry called Kupffer’s vesicle (KV). V-ATPase accessory 

proteins modulate V-ATPase activity, but little is known about their functions in 

development. We investigated Atp6ap1b and V-ATPase in KV development using 

morpholinos, mutants and pharmacological inhibitors. Depletion of both maternal and 

zygotic atp6ap1b expression reduced KV organ size, altered cilia length and disrupted 

LR patterning of the embryo. Defects in other ciliated structures—neuromasts and 

olfactory placodes—suggested a broad role for Atp6ap1b during development of ciliated 

organs. V-ATPase inhibitor treatments reduced KV size and identified a window of 

development in which V-ATPase activity is required for proper LR asymmetry. Interfering 

with Atp6ap1b or V-ATPase function reduced the rate of DFC proliferation, which 

resulted in fewer ciliated cells incorporating into the KV organ. Analyses of pH and 

subcellular V-ATPase localizations suggested Atp6ap1b functions to localize the V-

ATPase to the plasma membrane where it regulates proton flux and cytoplasmic pH. 

These results uncover a new role for the V-ATPase accessory protein Atp6ap1b in early 

development to maintain the proliferation rate of precursor cells needed to construct a 

ciliated KV organ capable of generating LR asymmetry. 
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INTRODUCTION 

  It is well established that a conserved Nodal signaling cascade activated in left 

lateral plate mesoderm guides development of left-right (LR) asymmetries in the 

cardiovascular and gastrointestinal systems (Hamada et al., 2002; Raya and Izpisua 

Belmonte, 2006; Yost, 1999). Defects in establishing these asymmetries can result in a 

broad spectrum of birth defects, which often include congenital heart malformations 

(Maclean and Dunwoodie, 2004; Ramsdell, 2005). In several vertebrates, proper 

asymmetric Nodal expression depends on motile cilia generating fluid flows (Blum et al., 

2014) that have been proposed to asymmetrically distribute signaling molecules (Nonaka 

et al., 1998; Tanaka et al., 2005) and/or activate sensory cilia (McGrath et al., 2003; 

Yoshiba et al., 2012). These cilia are found on transient epithelial tissues in the ventral 

node and posterior notochord of mouse (Blum et al., 2007; Nonaka et al., 1998), 

gastrocoel roof plate of frog (Schweickert et al., 2007), and Kupffer’s vesicle (KV) of 

medaka (Okada et al., 2005) and zebrafish (Essner et al., 2005; Kramer-Zucker et al., 

2005)  embryos. Mutations disrupting these structures, which we refer to as the ‘organ of 

asymmetry,’ result in altered asymmetric Nodal signaling and LR defects. While steps of 

the LR pathway downstream of cilia-driven flow have received much attention, 

developmental events that precede cilia function are still poorly understood. 

 

 The zebrafish KV provides a useful model to investigate early developmental 

steps that impact form and function of the ciliated organ of asymmetry. KV is derived 

from precursors called dorsal forerunner cells (DFCs)(Cooper and D'Amico, 1996; Melby 

et al., 1996; Oteiza et al., 2008)!that migrate and proliferate during epiboly stages of 

development and then cluster to differentiate into the epithelial KV cells that form a fluid-
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filled lumen during early somite stages. Each KV cell assembles a single motile cilium 

that projects into the lumen to generate asymmetric flow. A large-scale RNA in situ 

hybridization screen (Thisse and Thisse, 2004) has identified genes with enriched 

expression in the DFC/KV cell lineage, which provide entry points to uncover 

mechanisms that regulate KV.  One of these genes, atp6ap1b, encodes a conserved 

accessory protein of the vacuolar type H+-ATPase (V-ATPase) that is similar to 

ATP6AP1, also known as Ac45 (Supek et al., 1994), in other vertebrates. The V-ATPase 

is a multi-subunit proton pump that localizes to membranes and uses ATP to move H+ 

ions against concentration gradients to acidify several intracellular compartments, 

including secretory vesicles, endosomes and lysosomes. The V-ATPase also associates 

with the plasma membrane in some cell types to pump protons out of the cytoplasm into 

extracellular space (Breton and Brown, 2013; Jefferies et al., 2008; Yang et al., 2012).  

The 6-subunit membrane-bound Vo domain of the V-ATPase transports protons and the 

8-subunit V1 domain carries out ATP hydrolysis. Several subunits have multiple isoforms 

that control V-ATPase activity and subcellular localization (Breton and Brown, 2013; Toei 

et al., 2010) and the accessory proteins Atp6ap1 and Atp6ap2 are also known to 

regulate V-ATPase functions in specific cell types (Jansen and Martens, 2012). The 

expression of zebrafish Atp6ap1b in DFC/KV cells suggested this accessory protein 

modulates V-ATPase in these cells that are necessary for LR development.  

 

 V-ATPase was previously identified as a regulator of LR patterning in a screen of 

small molecule inhibitors in Xenopus (Adams et al., 2006). Asymmetric activity of V-

ATPase and H+/K+-ATPase (Levin et al., 2002) in the early embryo has been proposed 

to create an electrochemical gradient that localizes LR determinants upstream of 
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asymmetric Nodal expression. In zebrafish, pharmacological inhibition of V-ATPase from 

the 1-cell stage to 3-somite stage resulted in fewer and shorter KV cilia and disrupted LR 

patterning (Adams et al., 2006). Antisense depletion of V-ATPase subunits also reduced 

KV cilia (Chen et al., 2012). These studies have established that the V-ATPase is critical 

for cilia development and LR asymmetry, but how the V-ATPase impacts early steps of 

LR patterning in the embryo and how these V-ATPase activities are regulated is not 

understood.   

 

V-ATPases regulate pH homeostasis, protein degradation, vesicle trafficking and 

receptor-mediated endocytosis and function in multiple signaling cascades (Forgac, 

2007). V-ATPase accessory proteins are known V-ATPase regulators, but roles for these 

proteins during embryonic development are just starting to be elucidated. Atp6ap1/Ac45 

proteins are maternally supplied in Xenopus (Jansen et al., 2010b; Rutenberg et al., 

2002), zebrafish (Nuckels et al., 2009) and mouse (Schoonderwoert and Martens, 2002) 

embryos, suggesting functions during early vertebrate embryogenesis. Mouse Atp6ap1 

knockout embryonic stem cells do not give rise to viable embryos, providing evidence for 

essential role(s) in development (Qin et al., 2011; Schoonderwoert and Martens, 2002). 

Zebrafish homozygous atp6ap1ba82/a82 mutant embryos, in which a nonsense mutation 

truncates the Atp6ap1b protein, appeared normal during the first two days of 

development until pigmentation defects!distinguish them from wild-type siblings!(Nuckels 

et al., 2009). Loss of Atp6ap1b in zygotic mutant embryos caused proliferation and 

apoptosis defects in the developing eye at 3-5 days of development, but earlier 

phenotypes were not observed, likely due to maternal Atp6ap1b expression (Nuckels et 

al., 2009). 
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 Here, we use genetic and pharmacological approaches to investigate Atp6ap1b 

and V-ATPase functions during KV formation and LR development in the zebrafish 

embryo. Reducing both maternal and zygotic Atp6ap1b expression disrupted KV cilia 

formation and organ size and altered subsequent LR patterning. Loss of Atp6ap1b also 

disrupted development of ciliated hair cells in neuromasts. Analysis of precursor cells 

that give rise to KV indicated Atp6ap1b functions as the first known regulator of DFC 

proliferation during epiboly stages to impact the LR development pathway at timepoints 

that precede the appearance of cilia. Loss of Atp6ap1b altered V-ATPase subcellular 

localizations and affected cytoplasmic pH of DFCs. We propose a model in which 

Atp6ap1b mediates V-ATPase proton flux activity at the plasma membrane of DFCs to 

maintain proliferation of these precursors that differentiate into ciliated cells of the KV 

organ that are needed to establish the LR body plan.  

 

 

RESULTS  

Depletion of both maternal and zygotic Atp6ap1b disrupts Kupffer’s vesicle organ 

size and function 

 RNA in situ hybridizations detected atp6ap1b mRNA at the 2-cell stage (Fig.1A-

B), which indicated it is maternally supplied since the zygotic genome is not expressed 

during the first 10 rounds of cell division. atp6ap1b mRNA was then enriched in DFCs 

during epiboly stages (Fig. 1C-D) and in KV cells during early somite stages (Fig. 1E) 

and observed in the brain, eye and mucus secreting cells at 24 hours post-fertilization 

(hpf) (Fig. 1F) as previously described (Nuckels et al., 2009; Thisse and Thisse, 2004). 



                                                   Chapter 2: Atp6ap1b regulates LR axis formation   
 

! 47!

RT-PCR confirmed maternal expression of atp6ap1b mRNA (Fig. S1A) and fluorescent 

immunostaining using antibodies raised against the conserved C-terminus of human 

ATP6AP1 (Fig. S1B) detected maternal protein (Fig. 1G-J). Interestingly, ATP6AP1 

antibody signal appeared enriched at plasma membranes. In addition to atp6ap1b, the 

zebrafish atp6ap1a gene is predicted to encode another protein similar to human 

ATP6AP1 (Fig. S1B). atp6ap1a was not expressed during the earliest stages of 

development and was first detected at 1 day post-fertilization (dpf) (Fig. S1A). RT-PCR 

also indicated that V-ATPase Vo and V1 subunits are maternally supplied and expressed 

during early development (Fig. S1C), which is consistent with previous reports (Adams et 

al., 2006; Chen et al., 2012; Nuckels et al., 2009). The prominent expression of 

atp6ap1b in DFCs and the early KV made Atp6ap1b a strong candidate as a regulator of 

KV development that may impact LR asymmetry. 

 

To determine whether loss of Atp6ap1b alters KV, we designed antisense 

morpholino oligonucleotides (MO) to interfere with the translation of both maternal and 

zygotic atp6ap1b mRNA. Throughout this study, DFCs and KV cells were visualized in 

transgenic Tg(sox17:GFP) embryos that express GFP in the DFC/KV cell lineage 

(Sakaguchi et al., 2006)(Fig. 1K). ATP6AP1 antibodies were used to assess Atp6ap1b 

expression levels and protein localization in MO injected embryos. In embryos injected 

with a negative control MO, ATP6AP1 antibody staining at the 60% epiboly stage 

detected expression in the cytoplasm and at the plasma membrane of sox17:GFP 

labeled DFCs as well as all other embryonic cells (Fig. 1L-N), which is consistent with a 

global maternal supply of Atp6ap1b protein (Fig. 1H-J). The localization of ATP6AP1 

staining suggested Atp6ap1b may regulate V-ATPase plasma membrane functions. 
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Injecting atp6ap1b MO reduced ATP6AP1 antibody labeling (Fig. 1O-Q), indicating a 

marked, but not complete, depletion of Atp6ap1b maternal and zygotic expression. 

Western blots also indicated a partial and dose-dependent reduction of ATP6AP1 in MO 

injected embryos (Fig. 1R). ATP6AP1 antibodies detected a prominent band just below 

50 kDa—consistent with Atp6ap1/Ac45 proteins (~40-45 kDa) in other vertebrates—that 

was reduced in atp6ap1b MO and atpap1ba82/a82 mutant embryos. The antibody also 

recognized a band above 50 kDa that was diminished in atp6ap1b MO embryo extracts 

collected during early somite stages, but was not present in wild-type extracts at 7 dpf 

(Fig. 1R). Work in Xenopus has shown that intact Atp6ap1/Ac45 is a 62 kDa 

glycosylated protein that is processed into ~40 kDa cleaved protein (Holthuis et al., 

1999; Schoonderwoert et al., 2002), which suggests the higher band present in early 

zebrafish extracts represents the intact (unprocessed) zebrafish Atp6ap1b.  To test 

whether partial reduction in Atp6ap1b expression in the early embryo had an impact on 

KV development, embryos were analyzed at the 8 somite stage (13 hpf) when 

asymmetric fluid flow is active in KV. Tg(sox17:GFP) embryos injected with atp6ap1b 

MO appeared similar to controls and formed a KV consisting of GFP labeled cells (Fig. 

2A-B). However, KV was consistently smaller in atp6ap1b MO embryos (Fig. 2B) as 

compared to controls (Fig. 2A). Antibodies that detect atypical protein kinase C (aPKC) 

or acetylated tubulin (ac-Tub) were used to label apical membranes of KV cells and KV 

cilia, respectively (Fig. 2C-D). Quantification of KV area, as defined by aPKC labeling, 

revealed a statistically significant reduction of KV organ size in atp6ap1b MO embryos 

(Fig. 2E). In addition, both the number and length of KV cilia were reduced in Atp6ap1b 

depleted embryos relative to controls (Fig. 2F,G). To test the specificity of KV defects in 

MO embryos, we performed rescue experiments using full-length atp6ap1b mRNA. Co-
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injection of 2 ng of atp6ap1b MO with 50 pg MO-resistant atp6ap1b mRNA resulted in 

significant rescue of KV size, cilia number and cilia length, indicating KV phenotypes are 

specific to Atp6ap1b knockdown (Fig. 2E-G). These results revealed Atp6ap1b function 

is critical for KV cilia development and establishing proper KV organ size. 

  

 To determine whether phenotypes observed in atp6ap1b MO embryos were also 

seen in zygotic atp6ap1ba82/a82 mutants that appear normal up to 2 dpf, we analyzed 

ciliated organs—neuromasts in the lateral line system—at 3 dpf. Neuromasts contain 

hair cells that assemble long microtubule-based kinocilia surrounded by several short 

actin-based stereocilia (Ghysen and Dambly-Chaudiere, 2007). Reminiscent of KV 

defects, we found reduced kinocilia length and neuromast size in atp6ap1b MO embryos 

at 3 dpf (Fig. 2H-K). Analysis of neuromasts in atp6ap1ba82/a82 mutants, identified by 

reduced pigmentation (Fig. S1D), also showed kinocilia and size defects at 3 dpf (Fig. 

2K-M). Western blotting and immunostaining indicated ATP6AP1 levels were only 

slightly reduced in mutants relative to wild-type siblings at 3 dpf, but were then more 

significantly reduced at 5 and 7 dpf (Fig. S1E-F). The source of the remaining ATP6AP1 

signal was not clear, but could be due to residual maternal Atp6ap1b and/or cross-

reactivity with Atp6ap1a protein. Consistent with the reduction of ATP6AP1 signal over 

time, quantification of kinocilia length in atp6ap1ba82/a82 mutant embryos at 3, 5 and 7 dpf 

revealed cilia phenotypes worsened during development (Fig. S2A-B). Similarly, we 

observed defects in the formation of the ciliated epithelium in the olfactory placode 

(Malicki, 2012) in atp6ap1ba82/a82 embryos as compared to wild-type siblings (Fig. S2C). 

Overall, these complementary results using MO and mutant embryos suggest a role for 

Atp6ap1b in development of ciliated organs.  
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 Consistent with defects in KV organ formation, atp6ap1b MO embryos developed 

LR patterning defects. In contrast to normal rightward looping of the heart tube in wild-

type embryos at 2 dpf (Fig. 3A), the heart often failed to loop or looped in the reversed 

direction in embryos injected with two independent translation-blocking MOs (Fig. 3B-D). 

LR defects in atp6ap1b MO embryos were further characterized by analyzing 

asymmetric Nodal signaling that preceded heart looping. Normal left-sided expression of 

Nodal-related gene southpaw (spaw) observed in controls at the 18 somite stage (Fig. 

3E) was frequently reversed, bilateral or absent in Atp6ap1b depleted embryos (Fig. 3F-

I). This indicated specification of the LR axis was disrupted. Importantly, midline 

structures, such as the notochord, which restrict Nodal signaling to the left side, 

remained intact in atp6ap1b MO embryos. Importantly, atp6ap1b MO defects in heart 

looping (Fig. 3D) and spaw expression (Fig. 3I) were significantly rescued by MO-

resistant atp6ap1b mRNA. Mutant atp6ap1ba82/a82 embryos were indistinguishable from 

wild-type siblings during KV development stages and did not have defects in KV size 

(Fig. S3A) or cardiac looping (Fig. S3B). The overall normal development of 

atp6ap1ba82/a82 mutants during the first 2 dpf suggested maternal atp6ap1b expression is 

sufficient for early development.  

 

Interfering with V-ATPase activity phenocopies Atp6ap1b depletion 

 V-ATPase accessory proteins are known to regulate V-ATPase activity (Jansen 

et al., 2010a; Jansen et al., 2008; Jansen et al., 2012), but these proteins could also 

have V-ATPase-independent functions. We took two approaches to test whether KV 

phenotypes in Atp6ap1b depleted embryos are linked to altered V-ATPase function. We 
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first treated embryos with the small molecule Concanamycin A that inhibits V-ATPase 

activity (Manabe et al., 1993; Nishihara et al., 1995). Embryos treated with 175 nM 

Concanamycin A in 1% DMSO from the 50% epiboly stage to the 6 somite stage showed 

heart looping defects that were not seen in control embryos treated with 1% DMSO 

alone (Fig. 4A). Concanamycin A treated embryos also showed shorter and fewer KV 

cilia (Fig. 4B,C,E,F), which is consistent with previous perturbations of V-ATPase 

(Adams et al., 2006; Chen et al., 2012). In addition, analysis of KV organ size revealed 

that Concanamycin A treatments resulted in a significantly smaller KV (Fig. 4G). This 

suggested interfering with V-ATPase activity during KV development stages results in 

similar phenotypes observed in Atp6ap1b depleted embryos.  

 

 As a second approach to test the requirement of V-ATPase activity during KV 

development, we designed a MO to block translation of atp6v1f mRNA that encodes the 

V1F subunit. Loss of V1f prevents V-ATPase assembly and function (Graham et al., 

2000). Embryos injected with atp6v1f MO displayed heart laterality defects (Fig. 4A) 

similar to atp6ap1b MO and concanamycin A treated embryos. LR asymmetry of the 

heart was significantly rescued in atp6v1f MO embryos co-injected with MO-resistant 

atp6v1f mRNA (Fig. 4A). We next tested whether atp6ap1b and atp6v1f genetically 

interact to regulate cardiac LR asymmetry by co-injecting low doses of atp6ap1b MO + 

atp6v1f MO. This co-injection resulted in a higher incidence of LR defects than injecting 

each MO individually (Fig. S4), suggesting Atp6ap1b and Atp6v1f MO function in the 

same pathway to affect heart asymmetry. Analyses of KV organogenesis revealed that 

KV size and cilia were significantly reduced in atp6v1f MO embryos (Fig. 4D-G). Taken 

together, the similar phenotypes observed in atp6ap1b MO embryos, atp6v1f MO 
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embryos and concanamycin A treated embryos indicated Atp6ap1b modulates V-

ATPase activity during KV development and LR axis determination.  

 

V-ATPase activity is required during epiboly stages for normal left-right 

asymmetry 

 To gain insight into V-ATPase functions we used concanamycin A treatments to 

identify a window of development where V-ATPase activity is needed for normal LR 

asymmetry. Our initial treatments between 50% epiboly stage and the 6 somite stage 

(Fig. 4) encompassed several steps of DFC/KV development (Fig. 5A), including DFC 

specification, migration, proliferation, KV morphogenesis, and cilia formation. We used 

several treatment periods (Fig. 5B) to determine which step(s) depend on V-ATPase 

activity. Embryos placed in 175nM concanamycin A at the 50% or 60% epiboly stage 

and then removed at the 75% epiboly stage showed significant heart LR defects at 2 dpf 

(Fig. 5C). Importantly, we determined that this dose of concanamycin A effectively blocks 

V-ATPase activity in the DFCs within 30 minutes (Fig. S5). Treatments between the 75% 

epiboly stage and the bud stage also altered heart looping (Fig. 5C), but at a lower 

frequency. In contrast, treating embryos between 90% epiboly and the 3 somite stage or 

between the bud stage and the 6 somite stage did not have a significant effect on heart 

asymmetry (Fig. 5C). Collectively, these results have identified a developmental window 

during epiboly stages (50% epiboly-bud stage) that requires V-ATPase for normal LR 

asymmetry. 

 

Depletion of Atp6ap1b changes the cytoplasmic pH of dorsal forerunner cells 
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 The finding that V-ATPase activity during epiboly stages is critical for normal LR 

development led us to focus on DFCs. Since V-ATPase is known to regulate pH of cell 

organelles and/or cytoplasm, we used vital dyes to analyze pH in living embryos. 

Cytoplasmic pH in DFCs was visualized by placing embryos in the cell permeable 

ratiometric pH indicator dye SNARF-5F that undergoes a pH-dependent emission shift 

that can determine relative pH values in cultured cells (Buckler and Vaughan-Jones, 

1990; Morley et al., 1996), chick embryos (Adams et al., 2006) and zebrafish embryos 

(Fig. S6). In control MO injected Tg(sox17:GFP) embryos, SNARF-5F 640/580nm 

ratiometric signals were similar in GFP+ DFCs and surrounding dorsal margin cells (Fig. 

6A-C,M), indicating a relatively uniform pH. In contrast, depletion of Atp6ap1b 

consistently reduced SNARF-5F ratiometric signal in all cells and resulted in a striking 

reduction in DFCs relative to neighboring cells (Fig. 6D-F,M). These observations 

indicate that reducing both maternal and zygotic expression of Atp6ap1b acidifies the 

cytoplasm moderately in dorsal margin cells and more dramatically in DFCs, such that 

the pH of DFCs is quite different than adjacent cells. Since V-ATPase is also critical for 

the acidification of organelles such as lysosomes, we used the fluorescent dye 

LysoTracker to label acidic cellular compartments in live embryos. Fluorescent 

LysoTracker signals were present in Atp6ap1b MO embryos and appeared similar to 

controls suggesting no significant change in the number of acidic lysosomes (Fig. 6G-

L,N). Together, these results indicate Atp6ap1b is important for maintaining cytoplasmic 

pH of DFCs. 

 

Loss of Atp6ap1b alters V-ATPase subcellular localization 
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 To begin to understand how Atp6ap1b modulates V-ATPase activity in vivo, we 

tested whether loss of Atp6ap1b altered V-ATPase subcellular localization. Since 

Atp6ap1b is enriched at plasma membranes during early development (Fig. 1M), we 

hypothesized Atp6ap1b may recruit the V-ATPase to the plasma membrane. To 

visualize V-ATPase, we used antibodies to detect the V1A subunit (Atp6v1a) that have 

been validated in zebrafish (Einhorn et al., 2012). Whole-mount immunostaining 

experiments to detect Atp6v1a in KV cells at 8 somite stage were unsuccessful, 

potentially due to the inability of the antibodies to penetrate into deep tissues. Analysis of 

DFCs in control embryos at the 70-80% epiboly stage, when these cells are closer to the 

surface of the embryo, revealed punctate Atp6v1a staining throughout the cytoplasm and 

some puncta were observed along plasma membranes that were marked with the cell-

cell adhesion molecule Junction plakoglobin (Jup) (Martin et al., 2009) (Fig. 7A,A’,A”). 

This staining pattern was reminiscent of V-ATPase V1A localization at the plasma 

membrane in Xenopus melanotrope cells expressing a GFP-tagged Ac45/Atp6ap1 

transgene (Jansen et al., 2008). A ratio of plasma membrane-to-cytoplasm fluorescence 

in DFCs revealed a modest enrichment of Atp6v1a on the plasma membrane in control 

embryos that was reduced in Atp6ap1b MO embryos (Fig. 7B,C), whereas the overall 

mean fluorescent intensity of Atp6v1a staining in DFCs was similar (Fig. 7D). 

Interestingly, not all plasma membranes stained positive for Atp6v1a. However, analysis 

of Z-sections of confocal images revealed that the majority of DFCs in control embryos 

had Atp6v1a puncta associated with Jup labeled membranes, and that this association 

was greatly reduced in Atp6ap1b MO embryos (Fig. 7E). To test specificity of the 

antibody signal, we used a second commercial Atp6v1a antibody and found a similar 

distribution of punctate staining along some plasma membranes in control DFCs that 
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was reduced in Atp6ap1b MO DFCs (Fig. S7). These results indicate a role for Atp6ap1b 

in V-ATPase localization at DFC plasma membranes. Mislocalization of the V-ATPase in 

these cells is consistent with increased acidification of the cytoplasm observed using 

SNARF-5F. 

 

 To test whether loss of Atp6ap1b altered V-ATPase localization in other cell 

types, we analyzed enveloping layer (EVL) cells that lie on the surface of the embryo 

during epiboly stages and hair cells in neuromasts. Similar to DFCs, Atp6v1a puncta 

were found in EVL cells throughout the cytoplasm and at some plasma membranes in 

controls, whereas Atp6ap1b depletion reduced plasma membrane enrichment (Fig. S8). 

In neuromasts, previous work has shown that V-ATPase is enriched at the basal side of 

hair cells (Einhorn et al., 2012). Analysis of the basal-to-apical ratio of Atp6v1a in hair 

cells at 3 dpf revealed a significant difference in distribution between wild-type and 

atp6ap1ba82/a82  mutant embryos (Fig. S8). Taken together, our analyses of MO and 

mutants indicate Atp6ap1b modulates the subcellular localization of V-ATPase in vivo, 

which suggests a plausible mechanism for how Atp6ap1b regulates activity of the V-

ATPase enzyme.  

 

Atp6ap1b depletion reduces the number of dorsal forerunner cells that give rise 

to Kupffer’s vesicle  

 Since KV size and KV cilia number were both reduced in atp6ap1b MO embryos, 

we asked whether fewer DFCs incorporated into these KVs. Using Tg(sox17:GFP) 

embryos, we found a significant decrease in the average number of GFP+ KV cells in the 

atp6ap1 MO embryos at the 8 somite stage as compared to controls (Fig. 8A-C). This 
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indicated the incorporation of fewer cells contributed to the reduced KV organ size in 

atp6ap1 MO embryos. In addition, the average number of KV cells in atp6ap1b depleted 

embryos (31+6 cells) was similar to the average number of KV cilia (30+10 cilla; see Fig. 

2H) in these embryos, suggesting the decrease in cilia number is due to the reduced 

number of KV cells. 

 

 We next conducted a systematic analysis of the number of DFCs during epiboly 

stages to explore whether the reduction of KV cells in atp6ap1b MO injected embryos 

reflected a defect in the DFC precursor population. At the 60% epiboly stage, the 

number of DFCs was similar in control and atp6ap1b MO embryos (Fig. 8C), indicating 

the specification of DFCs was not affected by loss of Atp6ap1b. However, at later stages 

of epiboly there were fewer DFCs in Atp6ap1b depleted embryos relative to controls (Fig. 

8C). In wild-type embryos, the number of DFCs steadily increased between 60% epiboly 

and the bud stage and then plateaued. In Atp6ap1b depleted embryos, the number of 

DFCs also increased, but at a slower rate resulting in fewer cells at KV stages. These 

results indicated Atp6ap1b functions during epiboly stages to regulate the number of 

DFCs.  

 

Atp6ap1b is required to maintain DFC proliferation rate 

 The reduced number of DFCs observed in atp6ap1b MO embryos could result 

from several different mechanisms, including a defect in DFC movements, an increase in 

DFC cell death, or a decrease in DFC proliferation. Time-lapse imaging of GFP+ DFCs in 

live Tg(sox17:GFP) embryos between 60% and 90% epiboly stages revealed DFC 

migration dynamics in atp6ap1b MO embryos were similar to controls (Fig. S9). This 
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indicated the reduction of DFCs was not due to migration defects or a failure of DFCs to 

coalesce during epiboly. RNA in situ hybridizations of endogenous sox17 expression 

confirmed that DFCs were similarly clustered in both control (n=32/32 embryos) and 

atp6ap1b MO (n=35/36) embryos at the 80% epiboly stage. We next asked whether 

DFCs were undergoing increased apoptosis in Atp6ap1b depleted embryos. Annexin V 

labeling was used to identify apoptotic cells in Tg(sox17:GFP) embryos (Fig. S10A-C). 

No Annexin V labeled DFCs were detected in control MO (n=13) or Atp6ap1b MO (n=12) 

embryos between 60% epiboly and bud stage. Consistent with this finding, co-injecting 

atp6ap1b MO with p53 MO that inhibits p53-dependent apoptosis (Robu et al., 2007) 

reduced KV size and cilia number (Fig. S10D-E), just as observed in embryos injected 

with atp6ap1b MO alone (Fig. 2E-F). Together, these results indicated the reduction of 

the DFC pool in Atp6ap1b depleted embryos is not due to cell movement defects or 

increased apoptosis. 

 

 To test whether depletion of Atp6ap1b altered proliferation of DFCs, we 

quantified the number of proliferating DFCs throughout epiboly stages using 

phosphorylated Histone H3 (PHH3) antibodies as a mitotic marker in Tg(sox17:GFP) 

embryos (Fig. 8D-I). Nearly all control embryos contained proliferating DFCs (at least 

one PHH3+ DFC) and we observed the highest rates of proliferation during epiboly, 

which then sharply declined at the bud stage when DFCs begin to differentiate into 

epithelial KV cells (Fig. 8J,K). In contrast to controls, the percentage of Atp6ap1b 

depleted embryos containing PHH3 labeled DFCs was greatly reduced and the 

percentage of PHH3+ DFCs in atp6ap1b MO embryos was low throughout epiboly (Fig. 

8J,K). This analysis identified a defect in DFC proliferation in Atp6ap1b depleted 
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embryos and indicated a reduced proliferation rate of DFCs as an underlying cause of 

KV organ size defects in these embryos. To confirm these results, we treated embryos 

with either concanamycin A between the 50-75% epiboly stages or atp6v1f MO doses 

that disrupted LR patterning. Similar to Atp6ap1b depleted embryos, concanamycin A 

treated and atp6v1f MO injected embryos had fewer DFCs and a reduced percentage of 

PHH3+ DFCs relative to controls (Fig. 8L-M). Finally, to determine whether proliferation 

defects were global or specific to DFCs during epiboly, we quantified PHH3 staining in a 

group of dorsal margin cells that was equivalent to the size of the DFC cluster. This 

showed that unlike DFCs, there was no difference in proliferation of neighboring cells in 

atp6ap1b MO embryos when compared to controls (Fig. 8N). Together, these results 

support a model in which Atp6ap1b-regulated V-ATPase activity mediates proliferation of 

DFCs that is necessary to build a functional KV organ that can effectively propagate LR 

signaling in the embryo.  

 

DISCUSSION 

 Asymmetric patterns of gene expression that define the left and right sides of the 

embryo are well documented, but upstream mechanisms that ensure correct LR 

patterning are poorly understood. In this study, we identified functions of the V-ATPase 

and its accessory protein Atp6ap1b in regulating development of the zebrafish ciliated 

organ of asymmetry that plays a central role in LR signaling. Using brief treatments with 

a small molecule inhibitor of the V-ATPase, we found a specific window of development 

that requires V-ATPase activity to establish normal LR asymmetry. This tight window 

during gastrulation stages corresponds to the development of precursor cells (DFCs) 

that give rise to the organ of asymmetry (KV). Consistent with this finding, depleting 
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maternal and zygotic Atp6ap1b or blocking V-ATPase activity in the early embryo 

reduced the proliferation and overall population of DFCs. The decrease in the pool of 

DFCs subsequently results in fewer KV cells, which provides an explanation for the 

smaller KV organ size observed in embryos treated with inhibitors of the V-ATPase. Our 

results uncover an important new function for the V-ATPase accessory protein Atp6ap1b 

in modulating the number of ciliated cells in the organ of asymmetry. 

 

 It is important to note that KV development and LR patterning defects were not 

observed in zygotic loss-of-function atp6ap1b mutant zebrafish, which complete the first 

two days of development without gross phenotypes. Although atp6ap1b is expressed in 

specific cell types (e.g. DFC/KV cells) during early development (Fig. 1), maternally 

supplied mRNAs appear to compensate for early functions and mask phenotypes in 

zygotic mutants. To identify Atp6ap1b functions, we used complementary analyses of 

zygotic mutants and embryos injected with translation-blocking MOs that reduce both 

maternal and zygotic atp6ap1b expression. MO depletions and rescue experiments 

revealed defects in KV development, which is consistent with the expression of 

atp6ap1b in KV cells. Analysis of ciliated neuromasts in atp6ap1b MO embryos and 

zygotic atp6ap1b mutants during later development—when maternal atp6ap1b is 

depleted—revealed similar defects in kinocilia and neuromast size. Defects in the 

development of the ciliated olfactory placode development were also observed in 

atp6ap1b mutants. Together, these analyses indicate atp6ap1b regulates KV and 

neuromast development and suggest a broader role for Atp6ap1b in the formation of 

ciliated organs.  This approach has successfully uncovered Atp6ap1b functions during 

early embryogenesis that were missed in zygotic mutants.  
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V-ATPase and its accessory proteins in development 

 V-ATPase activity has been implicated in regulating several cell behaviors that 

are key to embryo development, including differentiation, migration, survival and 

proliferation (Hernandez et al., 2012; Nuckels et al., 2009; Tuttle et al., 2014). Little is 

known about the roles of V-ATPase accessory proteins in development, but it is 

plausible that these factors modulate specific V-ATPase functions in specific cell types. 

To date, the functions of Atp6ap1 in development have not been analyzed in mouse 

because knockout embryonic stem cells do not give rise to viable embryos 

(Schoonderwoert and Martens, 2002). In zebrafish, mutations in Atp6ap1b or Atp6ap2 

result in overlapping phenotypes that include hypopigmentation, eye defects and altered 

biliary development (EauClaire et al., 2012; Nuckels et al., 2009). atp6ap1b mutants 

showed reduced proliferation of retinoblasts, altered cell cycle exit in these cells and 

increased apoptosis of neurons (Nuckels et al., 2009). These phenotypes were also 

present in embryos with mutations in V-ATPase subunits, providing additional evidence 

that Atp6ap1b modulates V-ATPase functions during development. The phenotypic 

difference between mouse Atp6ap1/Ac45 mutants and zebrafish atp6ap1b mutants is 

likely due, at least in part, to a stable maternal supply of Atp6ap1b protein in the 

zebrafish embryo. However, it is also possible that expression of atp6ap1a, a second 

zebrafish gene that is similar to Atp6ap1/Ac45, may compensate for some Atp6ap1b 

functions. We show that reducing both maternal and zygotic expression of Atp6ap1b is 

sufficient to uncover early developmental phenotypes, which included decreased DFC 

proliferation. A role for Atp6ap1b in regulating proliferation is consistent with 
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observations in the atp6ap1b mutant eye (Nuckels et al., 2009), suggesting Atp6ap1b 

may regulate proliferation in multiple cell types during development. 

 

 Studies in Xenopus suggest V-ATPase activity establishes an asymmetric H+ flux 

at the 4-8 cells stages that creates asymmetric membrane potential at the 16-cell stage 

that is critical for cilia formation and LR patterning (Adams et al., 2006). Manipulation of 

embryo pH or membrane potential altered LR patterning, underscoring the importance of 

H+ flux in this process. Genetic approaches have confirmed a role for V-ATPase in cilia 

development: we observed cilia defects in Atp6v1f depleted embryos (Fig. 4) and MO 

depletion of the Vod1 subunit was previously shown to reduce cilia formation in KV and 

neuromasts (Chen et al., 2012). In mammalian cell cultures, the V1D subunit was found 

to interact with Sorting nexin 10 (SNX10) and V-ATPase activity was implicated in 

vesicle trafficking necessary for ciliogenesis (e.g. the initiation of cilia formation) (Chen et 

al., 2012). We show loss of Atp6ap1b also results in reduced cilia number and length, 

indicating this accessory protein is critical for V-ATPase activity during cilia development. 

However, in contrast to a defect in ciliogenesis, we found that a reduced number of KV 

cilia in Atp6ap1b depleted embryos correlated with a reduced number of KV cells. We 

therefore conclude that Atp6ap1b function regulates cilia length, but is not required for 

ciliogenesis in KV.   

 

 The functions of the V-ATPase during early steps of LR patterning and how these 

functions are regulated are not fully understood. Our results in zebrafish indicate the 

accessory protein Atp6ap1b modulates the V-ATPase during KV organ development to 

regulate proliferation of the precursor DFC population and the length of KV cilia. We 
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speculate that LR asymmetry defects caused by interfering with the V-ATPase are due 

to the combination of both a reduced number of KV cilia and the shorter length of these 

cilia that generate fluid flows necessary for proper LR patterning (Fig. 9). Insufficient 

flows in KV due to fewer and shorter cilia would be consistent with the spaw and heart 

laterality defects seen in atp6ap1 MO embryos. Shortened KV cilia in atp6ap1 MO 

embryos were still motile, but it is likely that fluid flow dynamics were significantly altered 

in these embryos. Our attempts to analyze flow dynamics by injecting fluorescent beads 

into KV (Wang et al., 2013) were not successful due to the small KV size in atp6ap1b 

MO embryos. It also remains possible that the reduction of KV size and/or fewer KV cells 

may dramatically change the cellular topography inside KV that may be important for 

flow generation and/or detection. Additional work is needed to better understand the role 

of KV architecture and KV size in LR axis determination.  

 

Atp6ap1b, proliferation and cilia length 

 A group of ~20-25 DFCs at the 50% epiboly stage proliferate to give rise to ~50 

epithelial cells that assemble cilia in the mature KV organ. The number of KV cells can 

be variable among wild-type embryos, but the nature of this variation remains unclear. 

Previous studies have identified roles for Syndecan 2 (Arrington et al., 2013), and β-

catenin, (Zhang et al., 2012), in DFC/KV cell proliferation during somite stages, but 

regulators of DFC proliferation during epiboly have not been identified. A roadblock to 

understanding DFC/KV cell proliferation has been the lack of a comprehensive census of 

the DFC/KV cell population during their development. We report for the first time an 

average number of DFCs present at several stages of development and a proliferation 

profile of DFCs during epiboly (Fig. 8). In control embryos, most proliferation occurred 
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between 60-70% epiboly and then declined towards the end of epiboly when DFCs exit 

the cell cycle to differentiate into ciliated epithelial KV cells. Depletion of Atp6ap1b 

reduced—but did not abolish—DFC proliferation throughout epiboly stages, suggesting a 

role in maintaining proliferation rate. These results identify Atp6ap1b as the first 

regulatory factor of DFC proliferation during epiboly stages.   

 

  But how does Atp6ap1b impact DFC proliferation? Overexpression of Xenopus 

Ac45/Atp6ap1 in melanotrope cells increased the plasma membrane localization of the 

V-ATPase ((Feng et al., 2008; Jansen et al., 2008). Reminiscent of these results, we 

found zebrafish Atp6ap1b associates with plasma membranes in DFCs and we detected 

a reduction of V-ATPase subunit Atp6v1a at plasma membranes in Atp6ap1b depleted 

embryos. It is not clear why we detected Atp6v1a at only some plasma membranes in 

DFCs (Fig. 7) and EVL cells (Fig. S8). This could be due to antibody variabilities or may 

reflect a potentially interesting distribution of the V-ATPase in a subset of cells or at 

specific membrane locations within a given cell. Mislocalization of V-ATPase away from 

the plasma membrane is consistent with the accumulation of protons (lower pH) in the 

cytoplasm that was observed in Atp6ap1b depleted DFCs using SNARF-5F. We propose 

a model in which Atp6ap1b functions to mediate localization of the V-ATPase to the 

plasma membrane in DFCs where it pumps protons out of the cell, such that loss of 

Atp6ap1b alters proton flux in DFCs (Fig. 9). A reduction of proton efflux would affect the 

extracellular pH, which has been implicated in cancer cell invasion and migration 

(Andersen et al., 2014; Bhujwalla et al., 2001). However, we did not observe defects in 

DFC migration. The alteration of pH in DFCs suggests Atp6ap1b functions cell-

autonomously in these cells, but we cannot rule out cell-nonautonomous effects. It is 
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possible to deliver atp6ap1b MO to the DFC/KV cell lineage (Amack and Yost, 2004) to 

interfere with zygotic DFC Atp6ap1b expression, but we know from the zygotic atp6ap1b 

mutants that maternal protein is sufficient for normal KV development and LR patterning. 

We predict that reducing both maternal and zygotic Atp6ap1b alters proton flux that 

impacts the proliferation rate of DFCs that give rise to KV. pH has been previously linked 

to proliferation control in several contexts. For example, alkaline intracellular pH allows 

for increased proliferation in cancer cells, whereas a reduced pH dampens proliferation 

in several cell types (Aravena et al., 2012; Che et al., 2008; Schreiber, 2005). These 

previous observations in cultured cells are consistent with our in vivo observations, but 

mechanisms for how pH influences DFC proliferation remain unclear. It is possible that 

ion flux affects cell-cell signaling that maintains proliferation.  

 

 V-ATPase activity is important for Wnt (Cruciat et al., 2010; Hermle et al., 2010), 

Notch (Vaccari et al., 2010; Yan et al., 2009) and mTOR (Zoncu et al., 2011) signaling 

pathways that can impact proliferation and/or cilia and are each critical for establishing 

LR asymmetry. Atp6ap1b may modulate V-ATPase activity in one or several of these 

pathways. Proliferation and cilia defects may be separable phenotypes that result from 

interfering with two independent V-ATPase functions. Alternatively, given the intricate 

relationship between proliferation/cell cycle and cilia formation (Goto et al., 2013), it is 

possible these phenotypes are mechanistically linked. First, cilia defects in KV may be 

caused by cell cycle defects in the precursor DFCs. For example, an alteration or delay 

in DFC cell cycle mechanics could alter the timing of cilia elongation in KV. A second 

possibility is that Atp6ap1b regulates V-ATPase function in a pathway that governs both 

proliferation and cilia formation.  As a starting point, we hypothesized Atp6ap1b-V-
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ATPase function may regulate Wnt signaling. Wnt/β-catenin is involved in both DFC 

proliferation and KV cilia elongation (Caron et al., 2012; Zhang et al., 2012), and the 

H+/K+-ATPase regulates Wnt pathways during cilia formation and polarization in the 

Xenopus organ of asymmetry (Walentek et al., 2012). Interfering with Wnt/β-catenin 

signaling reduced expression of the Foxj1 transcription factor, which serves as a key 

regulator of motile cilia genes (Stubbs et al., 2008; Yu et al., 2008) in zebrafish DFC/KV 

cells and H+/K+-ATPase depleted Xenopus embryos. However, when we assessed 

Foxj1a expression in DFC/KV cells, we found no difference in the expression levels of 

this Wnt/β-catenin target gene in Atp6ap1b depleted embryos as compared to controls. 

Future work will be needed to test whether Atp6ap1b functions in other signaling 

cascades that regulate DFC proliferation and cilia length. The mTOR pathway has been 

shown to affect cell metabolism and proliferation (Sarbassov and Sabatini, 2005), and 

decreased mTOR activity reduced cilia length in KV and caused LR patterning defects 

(Yuan et al., 2012). Also, Notch signaling regulates KV cilia length (Lopes et al., 2010) 

and Wnt/planar cell polarity signaling is critical for polarization of cells in the organ of 

asymmetry (Oteiza et al., 2010). Understanding how Atp6ap1b interacts with these 

pathways in DFCs will uncover new insights into V-ATPase activities, proliferation control, 

cilia development and mechanisms of embryo left-right patterning.   

 

MATERIALS AND METHODS 

Zebrafish 

Embryos collected from natural matings were staged as described (Kimmel et al., 1995). 

Wild-type TAB and Tg(sox17:GFP)s870 zebrafish were obtained from Zebrafish 
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International Resource Center. The atp6ap1ba82 fish were kindly provided by Jeffrey 

Gross. 

 

Cloning, mRNA synthesis and RT-PCR 

Full-length atp6ap1b and atp6v1f cDNAs were amplified from an early embryonic mRNA 

pool using the Ambion Retroscript kit and then inserted into a pCS2 vector. Constructs 

were verified by sequencing and used to generate RNA in situ hybridization probes using 

a DIG RNA labeling kit (Roche). Site directed mutagenesis was used to change five 

nucleotides in both atp6ap1b and atp6v1f to prevent morpholino binding. mRNA was 

generated from these morpholino-resistant constructs using mMessage mMachine kit 

(Ambion) for rescue experiments. RT-PCR was performed using primers (available upon 

request) that amplify atp6ap1b, atp6ap1a, atp6v0c, atp6v0d, atp6v1g and β-actin. 

 

Microinjections 

All embryo microinjections were performed between the 1- to 4-cell stages. Morpholinos 

(MO) were obtained from Gene Tools, LLC. Two translation blocking morpholinos, 

atp6ap1b MO-1 (5’-AACGCCGCATTCCTACTTCCGTCAT-3’) and atp6ap1b MO-2 (5’-

CCGTCATTCTGCTGGAGAGTCACGT-3’), were used at a 2 ng optimal dose or 1 ng low 

dose. A translation blocking atp6v1f MO (5’-CCGGGCATCGTGACTTTGTCTTATA-3’) 

was injected at 3 ng (optimal) or 1 ng (low) dose. A standard negative control MO (5’-

CCTCTTACCTCAGTTACAATTTATA-3’) was injected at 3 ng dose. For atp6ap1b MO 

rescue experiments, 50 pg of MO-resistant atp6ap1b mRNA was co-injected with 2 ng 

atp6ap1b MO-1. For rescue of atp6v1f MO phenotypes, 50 pg of MO-resistant atp6v1f 

mRNA was co-injected with 3 ng atp6v1f MO. 4 ng of p53 MO (5’-
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GCGCCATTGCTTTGCAAGAATTG-3’) was injected to prevent p53-dependent 

apoptosis (Robu et al., 2007). 

 

RNA in situ hybridizations and fluorescent immunostaining 

Whole mount RNA in situ hybridizations were performed as previously described (Wang 

et al., 2011). For immunostaining, embryos were fixed overnight at 4o C in 4% 

paraformaldehyde, sucrose buffer (4% sucrose, 0.1 M NaPO4, 0.3 M CaCl2) and 0.5% 

Triton X-100 and then processed for whole mount antibody staining as described (Tay et 

al., 2013). Primary antibodies: anti-aPKC (Santa Cruz sc-216) (1:200 dilution), anti-

acetylated tubulin (Sigma T6793) (1:400), anti-GFP (Invitrogen A11120) (1:400), anti-

phosphorylated Histone H3 (Santa Cruz sc8656R) (1:400) and anti-ATP6AP1 (Sigma 

A1486) (1:200). For Atp6v1f immunostaining, 4% paraformaldehyde + 0.02% Tween 

was used to fix embryos and the primary antibody was anti-Atp6v1a (Proteintech Group 

17115-1-AP) (1:125) as described (Einhorn et al., 2012). A second Atp6v1a antibody 

(GenScript JP_A00938-40)(1:100) was used to verify staining. AlexaFluor 488, 568 and 

647 fluorescent secondary antibodies (Invitrogen) were used at 1:200 dilutions. DAPI 

(Sigma) (1:500) was used to stain nuclei. Embryos were imaged using a Zeiss 

AxioImager M1 compound microscope or a Perkin-Elmer Ultra View Vox spinning disk 

confocal microscope. When necessary, images were rotated for uniform orientations.  

 

Western Blotting 

Zebrafish embryo protein extracts were prepared as described (Link et al., 2006). 30µL 

of 6X SDS sample buffer was added and samples were boiled for 5 minutes. 

Approximately 60 embryos at the bud stage (10 hpf) were loaded into each lane for MO 
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treatments and approximately 8 embryos at 3, 5 or 7 dpf were loaded into each lane for 

analysis of atp6ap1ba82 mutants. Commercially prepared 12% gels (Bio-Rad laboratories 

456-1044) were run at 100V for 2 hours. Transfers were performed at 100V for 1 hour 

onto a nitrocellulose membrane (Millipore HATF00010). Membranes were blocked in 3% 

BSA in TBST over night at 4 degrees. Anti-ATP6AP1 (Sigma A1486) was used at 1:200 

dilution in 0.3% BSA in TBST for 2 hrs at room temperature and then washed 3X 15 

minutes in TBST. Anti-rabbit (Bio-Rad laboratories 166-2408) secondary antibodies were 

used at a 1:5000 dilution in TBST for 1 hr at room temperature. Following 3 washes for 

15 minutes in TBST, membranes were incubated in ECL (Bio-Rad laboratories 170-

5060) for 2 minutes and imaged on a ChemiDoc MP (Bio-Rad laboratories) imager. 

Relative band volumes were quantitated using ImageLab software (Bio-Rad laboratories). 

Membranes were then stripped in stripping buffer (Thermo Scientific 21059) for 15 

minutes and blocked in 3% BSA in TBST for 1 hour. Membranes were incubated with 

anti-alpha tubulin antibodies (Sigma T-6199 at 1:2000 in 0.3% BSA in TBST) for a 

loading control. 

 

Quantitative analyses of Kupffer’s vesicle and neuromasts 

KV development was assessed quantitatively in embryos immunostained with aPKC and 

acetylated-tubulin antibodies at the 8 somite stage. KV cilia number and length were 

measured using ImageJ software (NIH) and KV area was defined by drawing a line 

around the area occupied by KV cilia. Neuromast area was determined by using ImageJ 

to draw an outline of hair cells stained with phalloidin (1:400, Invitrogen). Neuromast 

kinocilia were stained with acetylated-tubulin antibodies and the length of the cluster was 

measured using ImageJ. Eight neuromasts were analyzed per embryo in Atp6ap1b 
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mutants at 3 days and three neuromasts were analyzed per embryo at 5 and 7 days. For 

morpholino treated embryos 5 neuromasts were analyzed per embryo. 

 

Atp6v1a localization 

ImageJ was used to quantify Atp6v1a staining. In DFC and EVL cells, fluorescence 

intensity at a plasma membrane was measured by outlining a cell-cell boundary and an 

average cytoplasmic fluorescence was derived from two measurements, one from each 

of the two cell’s cytoplasmic domains. For DFCs at the edge of the cluster that did not 

have an adjacent DFC, only one cytoplasmic measurement was used. Ten membranes 

were blindly analyzed in each embryo. A ratio of plasma membrane to cytoplasmic 

signal was used to describe the distribution of Atp6v1a. In neuromasts, Atp6v1a 

distribution was analyzed by taking a ratio of Atp6v1a immnuofluorescence intensity in 

the basal and apical domains of hair cells as described (Einhorn et al., 2012). Two 

neuromasts were analyzed per embryo. 

 

Concanamycin A treatments 

To pharmacologically block V-ATPase activity, embryos were placed in embryo media 

containing 175 nM Concanamycin A + 1% DMSO. Controls were treated with 1% DMSO 

alone. At the end of the treatment period, embryos were removed from the drug, rinsed 

with embryo media and allowed to develop until the 8 somite stage for KV analysis or 2 

dpf for heart looping analysis. 

 

DFC imaging in living embryos 
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Live Tg(sox17:GFP) embryos injected with either control MO or atp6ap1b MO-1 were 

mounted in low melting agarose at the 60% epiboly stage to track GFP+ DFCs using 

time-lapse microscopy. Images of DFCs were collected every 5 minutes for 2 hours 

using a Perkin-Elmer Ultra VIEW Vox spinning disc confocal microscope. Movies were 

assembled and analyzed using Volocity and ImageJ software. 

 

Analysis of DFC/KV cell numbers, proliferation and apoptosis   

The number of DFC and KV cells was determined by manually counting DAPI stained 

nuclei of GFP+ DFC/KV cells in Tg(sox17:GFP) embryos in a Z-series of images 

collected using spinning disk confocal microscopy. Manually counting pHH3+ DFCs was 

used to determine percentage of proliferating DFCs in Tg(sox17:GFP) embryos. Annexin 

V-cy5 (Life Technologies) labeling was used to assess apoptosis (Peri and Nusslein-

Volhard, 2008). As a positive control, embryos were pre-treated with DNAse I to induce 

apoptosis. DNase I-treated or MO injected embryos were treated with Annexin V for two 

hours between 60-80% epiboly stages and then mounted in a 1% low melting agarose 

for imaging of Annexin V labeled apoptotic cells in live Tg(sox17:GFP) embryos. 

 

pH measurements 

LysoTracker Red DND-99 (Life Technologies) was used to analyze acidic organelles. 

Live Tg(sox17:GFP) embryos injected with either control MO or atp6ap1b MO-1 were 

treated with 70 nM LysoTracker dye in embryo media at the 60-70% epiboly stages for 

30 minutes. Embryos were then mounted in 1% low melting agarose for imaging of 

DFCs using spinning disc confocal microscopy. LysoTracker signal was quantified in 

ImageJ by outlining GFP+ DFCs and then using this region of interest to measure 
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LysoTracker fluorescence intensity. To visualize cytoplasmic pH in DFCs, 

Tg(sox17:GFP) embryos were treated at 70% epiboly for 30 minutes with 2 µM SNARF-

5F pH fluorescent dye (SNARF-5F 5-(and-6)-Carboxylic Acid, Acetoxymethyl Ester, 

Acetate - Special Packaging, Life Technologies) (Han and Burgess, 2010). Leica SP5 

confocal microscopy was used to capture images of the SNARF-5F dye using excitation 

at 543 nm and dual emissions of 580 nm (pH independent loading control) and 640 nm 

(pH-dependent measurement). GFP was imaged using the 488 nm laser line excitation 

with emission at 525-535 nm. Embryos were pseudo-colored using the ratio of 640/580 

nm to visualize variation in fluorescent intensity. To determine relative pH, DFCs were 

outlined and the average ratiometric intensity was determined using the ImageJ Ratio 

Plus plug in. The same region of interest was used to measure the average 640/580nm 

ratio intensity in dorsal margin cells adjacent to DFCs in the same embryo. For this 

analysis, a single confocal Z-section was used at a pre-determined depth, which was set 

at ¼ through the Z-series. To verify that SNARF-5F exhibits pH-dependent fluorescence 

in zebrafish, we treated 70% epiboly embryos with Nigericin (2 µM) and Monensin 

(25µM) to equilibrate the embryo pH to media with a pH of 5.0, 6.8 or 8.0 (Miesenbock et 

al., 1998) and then imaged the whole embryo at 90% epiboly.  

 

Statistics 

The Student’s T-test was used for all statistical analyses. Differences were considered 

statistically significant if the p-value was less than 0.05. For all graphs: * indicates p < 

0.05; ns indicates no significant difference; error bars represent one standard deviation; 

n=number of embryos analyzed.  
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Figure 1: Atp6ap1b is maternally supplied and prominently expressed in dorsal 
forerunner cells and Kupffer’s vesicle. (A-F) RNA in situ hybridizations of atp6ap1b 
during early zebrafish development. (A) Antisense atp6ap1b probes revealed maternal 
atp6ap1b mRNA in the 2-cell embryo. (B) A control atp6ap1b sense probe showed no 
staining. (C-E) atp6ap1b mRNA was detected in DFCs and KV cells during epiboly and 
early somite stages. (F) atp6ap1b was observed in mucus secreting cells, eye and brain 
at 24 hpf. (G-J) Fluorescent immunostaining with ATP6AP1 antibodies detected 
maternal protein at the 2-cell (H), 64-cell (I) and 128-cell (J) stages. There was no signal 
in control experiments that lacked ATP6AP1 antibody (G). (K) Schematic diagram and 
whole-embryo view of a Tg(sox17:GFP) embryo that expresses GFP in DFCs and 
endoderm at 80% epiboly. The box indicates the approximate region of interest shown in 
L-Q. (L-Q) ATP6AP1 antibodies labeled all cells during epiboly stages, including GFP+ 
DFCs, in control MO injected Tg(sox17:GFP) embryos (L-N). Jup antibodies were used 
to mark plasma membranes in DFCs. Insets show ATP6AP1 staining was observed in 
the cytoplasm and plasma membranes. ATP6AP1 staining was reduced in Atp6ap1b 
MO embryos (O-Q). (R) Western blot analysis of Atp6ap1 expression. ATP6AP1 
antibodies detected prominent bands just under 50 kDa (arrowhead) and just higher that 
50 kDa (arrow) in control embryos at the bud stage (10 hpf) that were reduced in a dose-
dependent fashion in atp6ap1b MO embryos. The lower band was detected in wild-type 
embryos at 7 dpf, and was reduced in atp6ap1ba82/a82 mutants. Tubulin was used as a 
loading control. The graph shows average relative intensities of both Atp6ap1 bands 
from three MO experiments.  
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Figure 2: Atp6ap1b depletion altered KV organ size and cilia formation. (A-B) 

Analysis of live Tg(sox17:GFP) embryos injected with control (A) or atp6ap1b MO (B) at 

the 8 somite stage. atp6ap1b MO embryos were indistinguishable from controls except 

for the small size of KV (arrows) labeled by GFP expression. The notochord 

(arrowheads) appeared normal in atp6ap1b MO embryos. (C-D) Immunofluorescent 

staining of KVs using aPKC antibodies to label apical membranes and acetylated tubulin 

(ac-Tub) antibodies to label cilia in control (C) or atp6ap1b (D) MO embryos. (E-G) 

Quantification of KV area (E), KV cilia number (F), and KV cilia length (G) in control MO 

(n=32) embryos, atp6ap1b MO injected (n=53) embryos and rescue (n=34) embryos co-

injected with atp6ap1b MO+atp6ap1b mRNA. (H-M) Analysis of neuromasts stained with 

ac-Tub antibodies at 3 dpf in control MO and atp6ap1b MO embryos (H) or wild-type and 

atp6ap1ba82/a82 mutants (K).  Kinocilia cluster length and neuromast area were reduced 

in atp6ap1b MO injected (n=13) embryos relative to controls (n=13) (I-J) and in 

atp6ap1ba82/a82 mutants (n=7) relative to wild-type (n=7) siblings (L-M). All scale bars=5 

µm. 
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Figure 3: Depletion of maternal and zygotic Atp6ap1b disrupted LR patterning. (A-

C) RNA in situ hybridizations of the cardiac-specific cmlc2 marker were used to assess 

heart looping (arrow) at 2 dpf. v=ventricle; a=atrium. Normal rightward looping (A) was 

observed in wild-type embryos, whereas heart looping often failed (B) or was reversed 

(C) in embryos injected with two different translation-blocking MOs. (D) Quantification of 

heart looping phenotypes in atp6ap1b MO embryos. MO-induced heart looping defects 

were partially rescued by co-injection with atp6ap1b mRNA. (E-H) RNA in situ 

hybridization analysis of spaw expression (arrow) at 18 somite stage that is left-sided in 

controls (E), but reversed (F), bilateral (G) or absent (H) in many atp6ap1b MO embryos 

(I).  
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Figure 4: Inhibiting V-ATPase function disrupted cardiac left-right asymmetry, KV 

organ size and KV cilia formation. (A) Concanamycin A treatments between the 50% 

epiboly stage and the 6 somite stage or MO depletion of Atp6v1f altered heart looping as 

compared to controls. Heart defects in atp6v1f MO embryos were significantly rescued 

by atp6v1f mRNA. (B-D) Immunofluorescent staining of KV using aPKC and acetylated-

Tubulin markers. (E-G) Quantification of KV cilia length (E), cilia number (F), and KV size 

(G) in DMSO control (n=17) embryos, concanamycin A treated (n=26) embryos and 

atp6v1f MO injected (n=22) embryos. Scale bars=5 µm. 
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Figure 5: V-ATPase activity during epiboly stages is necessary for LR asymmetry. 

(A) Timeline of zebrafish developmental events critical for LR patterning. (B) 

Concanamycin A treatment windows and a summary of results. (C) Heart looping 

phenotypes at 2 dpf in DMSO control embryos (treated between 50% epiboly and the 6 

somite stage) and concanamycin A treated embryos at the indicated developmental 

stages.  
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Figure 6: Atp6ap1b depletion reduced cytoplasmic pH of DFCs. (A-F) Analysis of 

cytoplasmic pH in living embryos during epiboly stages using SNARF-5F fluorescent 

indicator. DFCs (A,D) are labeled with GFP in Tg(sox17:GFP) embryos and are outlined 

with a dotted line. (B,E) pH-dependent SNARF-5F fluorescence at 640 nm. (C,F) 

Pseudocolored ratiometric (640 nm/580 nm) image of SNARF-5F signals. Blue indicates 

high pH and red indicates low pH. (G-L) LysoTracker vital dye labeling of acidic 

compartments (e.g. lysosomes) in live embryos. (G,J) GFP+ DFCs are outlined with a 

dotted line. (H,K) LysoTracker fluorescent staining labels acidic organelles. (I,L) Merged 

overlay of LysotTracker (red) and DFCs (green). (M) Quantification of SNARF-5F ratio in 

DFCs and adjacent dorsal margin cells in control MO and atp6ap1 MO injected embryos. 

(N) Quantification of LysoTracker fluorescence in control and atp6ap1 MO embryos. 

ns=not significant. AU= arbitrary units. 
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Figure 7: Atp6v1a localization in DFCs is altered in Atp6ap1b depleted embryos. 

(A-B) Confocal sections through a subset of DFCs labeled with Atp6v1a antibodies. 

Punctate Atp6v1a signals were detected in the cytoplasm and along some plasma 

membranes (arrows) marked by Jup antibodies in DFCs in Tg(sox17:GFP) embryos 

injected with control MO (A). A’ and A’’ show enlarged images of the boxed regions in A. 

Plasma membrane association of Atpv1a signals was reduced in Atp6ap1b MO embryos 

(B). B’ and B’’ show enlarged images of the boxed regions in B. (C) A plasma 

membrane-to-cytoplasm ratio of Atp6v1a fluorescence in DFCs. (D) Overall Atpv1a 

fluorescence in DFCs. (E) The percentage of DFCs found to have Atp6v1a puncta 

associated with Jup staining at the plasma membrane.  
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Figure 8: Atp6ap1b regulates proliferation of DFCs. (A-C) Quantification of DFC/KV 

cell numbers in Tg(sox17:GFP) embryos between 60% epiboly and 8 somite stages 

revealed a reduction of cells in atp6ap1b MO injected embryos relative to controls. (D-I) 

Phosphorylated Histone H3 (pHH3) antibodies labeled proliferating cells in 

Tg(sox17:GFP) embryos injected with control MO (D-F) or atp6ap1b MO (G-I). Merged 

images (F,I) of DFCs (green) and pHH3 (red) show examples of proliferating DFCs 

(arrows) at the 60% epiboly stage. (J) Percentage of embryos with proliferating DFCs at 

the indicated stages. (K) The percentage of DFCs proliferating in control MO and 

Atp6ap1 MO injected embryos. (L-M) Embryos injected with atp6v1f MO or treated with 

concanamycin A between the 50%-75% epiboly stages were analyzed at the 80% 

epiboly stage. Treated embryos had a reduced number of DFCs (L) and reduced DFC 

proliferation (M) as compared to controls. (N) In contrast to DFCs, there was no 

difference in pHH3 labeling of neighboring dorsal margin cells between atp6ap1b MO 

and control embryos.  
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Figure 9: Working model for how Atp6ap1b regulates V-ATPase activity and LR 

patterning. We propose Atp6ap1b mediates localization of the V-ATPase to the plasma 

membrane in DFCs to control ion flux and cytoplasmic pH that impacts DFC proliferation 

rates and KV organ size. It is not yet clear whether V-ATPase activity regulates cilia 

length via ion flux/pH control or independent mechanisms. 
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Figure S1: Expression of the zebrafish V-ATPase accessory protein Atp6ap1b. (A) 

RT-PCR of temporal expression of atp6ap1b and atp6ap1a through the first three days 

of development. β-actin was used as a loading control. (B) Schematic diagram and 

alignment of human, mouse and zebrafish Atp6ap1 proteins. (C) RT-PCR detected 

maternal mRNA (at the 1-cell stage) of several V-ATPase subunits and then sustained 

expression through 2dpf. β-actin mRNA was used as a loading control. (D) Homozygous 

atp6ap1ba82/a82 mutants developed pigmentation phenotypes relative to wild-type siblings. 

(E) Western blot analysis of Atp6ap1 in wild-type and atp6ap1ba82/a82 mutant embryos at 

3, 5 and 7 dpf. A prominent band just under 50 kDa was reduced in mutants. Tubulin 

was used as a loading control. The graph depicts relative intensities of the Atp6ap1 band 

from one representative experiment. (F) Fluorescent immunostaining of Atp6ap1 in 

surface cells of wild-type and atp6ap1ba82/a82 mutant embryos at 3, 5 and 7 dpf. The 

graph shows the average fluorescent intensity of Atp6ap1 staining.  
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Figure S2: Developmental defects in ciliated organs of atp6ap1ba82/a82 mutants. (A) 

Neuromast kinocilia were labeled with acetylated-Tubulin antibodies in wild-type and 

atp6ap1ba82/a82 mutants at 3 and 7 dpf. (B) Measurement of kinocilia length revealed 

shortened kinocilia in atp6ap1ba82/a82 mutants at 3, 5 and 7 dpf. (C) Visualization of cilia 

in olfacotory placodes using acetylated-Tubulin antibodies at 3 dpf. Olfactory placodes 

were smaller in atp6ap1ba82/a82 mutants (n=7) as compared to wild-type siblings (n=7).  
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Figure S3:  atp6ap1ba82/a82 mutants have normal KV size and normal heart looping. 

(A-B) KV organ size (A) and heart looping asymmetry (B) were similar in homozygous 

atp6ap1ba82/a82 mutants and wild-type atp6ap1+/? embryos.  
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Figure S4: Atp6ap1b and the V-ATPase subunit Atp6v1f interact to control LR 

development. Low doses of atp6ap1b MO-1 or atp6v1f MO alone had little effect on 

heart looping. However, co-injection of the low doses of both MOs resulted in an 

increase in heart looping defects.  
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Figure S5: Concanamycin A treatments are effective in DFCs within 30 minutes. 

(A-B) The vital dye LysoTracker, which labels acidic organelles, was used to monitor 

efficacy of whole-embryo concanamycin A treatments. DFCs were labeled with GFP by 

sox17:GFP transgene expression. After 30 minutes, fluorescent LysoTracker signal was 

greatly reduced in live embryos treated with concanamycin (B) as compared to control 

embryos treated with DMSO (A).  
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Figure S6: SNARF-5F displays pH-dependent fluorescence in the zebrafish 

embryo. (A) Cartoon of experimental design to validate SNARF-5F utility in zebrafish. 

(B-D) Fluorescent images of entire wild-type embryos treated with nigercin and 

monensin and then maintained at pH 5 (B), pH 6.8 (C) or pH 8 (D). Fluorescence 

emission at 640 nm increased with pH, whereas emission at 580 nm was pH-

independent and served as a dye loading control. A heat map of the 640 nm to 580 nm 

ratio revealed pH-dependent intensity differences. (E) Average 640 nm to 580 nm ratios 

show a consistent pH-dependent increase of SNARF-5F fluorescence. A. U. = arbitrary 

units. 
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Figure S7: Atp6v1a localization in DFCs is altered in Atp6ap1b depleted embryos. 

(A-B) Confocal sections through a subset of DFCs labeled with an Atp6v1a antibody 

from Genescript. Punctate Atp6v1a signals were detected in the cytoplasm and along 

some plasma membranes (arrows) marked by Jup antibodies in DFCs in Tg(sox17:GFP) 

embryos injected with control MO (A). Plasma membrane association of Atpv1a signals 

was still detected (arrow), but was reduced in Atp6ap1b MO embryos (B). (C) The 

percentage of DFCs found to have Atp6v1a puncta associated with Jup staining at the 

plasma membrane. (D) Overall Atpv1a fluorescence in DFCs.   
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Figure S8: Loss of Atp6ap1b alters subcellular localization of Atp6v1a. (A) In 

enveloping layer (EVL) cells, Atp6v1a puncta were found in the cytoplasm and some 

plasma membranes (arrows) in control embryos during epiboly. (B) Plasma membrane 

localization was reduced in Atp6ap1b depleted embryos. (C) A plasma membrane-to-

cytoplasm ratio of Atp6v1a in EVL. (D) Atp6v1a staining in 3 dpf neuromasts localized 

basally in wild-type hair cells counter stained with phalloidin to detect actin-rich 

stereocilia. (E) Basal Atp6v1a localization was disrupted atp6ap1ba82/a82 mutants. (F) 

Basal-to-apical ratio of of Atp6v1a fluorescence in hair cells.  
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Figure S9: Cell migration dynamics are not altered in Atp6ap1b MO embryos. (A) 

Time-lapse tracking of DFCs in control and Atp6ap1b MO embryos. Five representative 

DFCs were tracked for 30 minutes during epiboly to quantify migration behaviors. (B-C) 

Average velocity and distance traveled for DFCs in control MO embryos (n=15 DFCs 

from 3 embryos) and atp6ap1b MO embryos (n=15 DFCs from 3 embryos). 
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Figure S10: Atp6ap1b MO does not increase apoptosis. (A) Uninjected control 

embryos were treated with DNAse I to induce apoptosis and then used as positive 

control for annexin V labeling of apoptotic cells in Tg(sox17:GFP) embryos. (B,C) 

Annexin V labeling did not detect apoptotic DFCs in control MO (B) or atp6ap1b MO (C) 

injected embryos. (D-E) p53 MO was co-injected with control MO or atp6ap1b MO to 

determine if blocking apoptosis would rescue atp6ap1b MO phenotypes. Embryos co-

injected with atp6ap1 MO-1 + p53 MO  showed defects in KV size (D) and cilia number 

(E) that were similar to those observed in embryos injected with atp6ap1 MO-1 alone 

(see Fig. 2). 
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Abstract 

Background: Motile cilia in the ‘organ of asymmetry’ create directional fluid flows that 

are vital for left-right (LR) asymmetric patterning of vertebrate embryos. Organ function 

often depends on tightly regulated organ size control, but the role of organ of asymmetry 

size in LR patterning has remained unknown. Observations of the organ of asymmetry in 

the zebrafish —called Kupffer’s vesicle (KV)—have suggested significant variations in 

KV size in wild-type embryos, raising questions about the impact of KV organ size on LR 

patterning. Results: To understand the relationship between organ of asymmetry size 

and its function, we characterized variations in KV at several developmental stages and 

in several different zebrafish strains. We found that the number of KV cilia and the size 

of the KV lumen were highly variable, whereas the length of KV cilia showed less 

variation. These variabilities were consistent among different genetic backgrounds. By 

specifically modulating KV size and analyzing individual embryos, we identified a size 

threshold that is necessary for KV function.  Conclusions: Together these results 

indicate the KV organ of asymmetry size is not tightly controlled during development, but 

rather must only exceed a threshold to direct robust LR patterning of the zebrafish 

embryo.  
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Introduction 

 Establishing the left-right (LR) body axis in the vertebrate embryo has been an 

interesting and enigmatic topic of developmental biology for many years. Clinical 

observations and animal models have shown that alterations in LR development result in 

congenital malformations of the gastrointestinal and cardiovascular systems (Ramsdell, 

2005; Sutherland and Ware, 2009). In the 1970s, identification of cilia defects in 

Kartagener syndrome patients with reversed LR asymmetry (Afzelius, 1976) suggested a 

link between cilia motility and LR axis determination. In the 1990s, the cup-shaped 

ventral node in the mouse embryo was found to contain motile cilia that create a 

directional right-to-left fluid flow that is necessary for establishing LR asymmetry 

(Nonaka et al., 2002; Nonaka et al., 1998). Asymmetric fluid flows trigger Ca2+ signals in 

neighboring cells and a conserved Nodal (TGFβ family) signaling cascade in left lateral 

plate mesoderm that is thought to provide LR patterning information for the developing 

heart and gut. Ciliated organs that function analogous to the murine ventral node during 

LR development have been identified in other vertebrates, including the gastroceol roof 

plate (GRP) in frog (Schweickert et al., 2007) and Kupffer’s vesicle (KV) in zebrafish 

(Essner et al., 2005; Kramer-Zucker et al., 2005) and medaka (Hojo et al., 2007). We 

refer to these structures as the ciliated ‘organ of asymmetry’. However, exactly how 

these ciliated organs generate and transmit LR signals remains unclear.  

 

 Kupffer’s vesicle (KV) in the zebrafish embryo has been an important model 

system for investigating the role of cilia in LR development. In contrast to other 

vertebrate models, the precursor cells that give rise to the ciliated KV have been clearly 

defined and can be tracked and manipulated during development. These progenitor cells, 

called dorsal forerunner cells (DFCs), are specified at the dorsal margin of the shield 
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stage embryo approximately 5 hours post-fertilization (hpf) (Cooper and D'Amico, 1996; 

Oteiza et al., 2008). The initial group of ~20 DFCs migrate ahead of the dorsal margin 

and proliferate during epiboly stages. DFCs then cluster and undergo a mesenchymal-

to-epithelial transition to differentiate into KV cells by 10 hpf in the tailbud.  Epithelial KV 

cells create a fluid filled lumen that rapidly expands during early somite stages. At the 

same time, a single cilium forms and elongates from the apical surface of each KV cell to 

extend into the lumen. Between the 4-6 somite stages (11-12 hpf), regional cell shape 

changes, which we refer to as ‘KV remodeling,’ create a biased distribution of cilia in the 

dorsoanterior region of KV that drive strong leftward flow across the anterior pole of KV 

(Wang et al., 2012). Similar to the mouse ventral node, cilia-powered flows in KV are 

necessary to establish left-sided expression of the Nodal-related gene southpaw (spaw) 

in the lateral plate mesoderm at the 10 somite stage (Long et al., 2003) and subsequent 

asymmetric development of visceral organs (Essner et al., 2005; Kramer-Zucker et al., 

2005; Long et al., 2003). How flow activates spaw is still contested, but recent work 

suggests intraciliary calcium fluxes initiate asymmetric calcium signaling on the left side 

of KV that relays LR information to the lateral plate mesoderm (Yuan et al., 2015).  

 

 In general, organ size control is a tightly regulated process during development 

and deviations in size often compromise organ function (Metcalf, 1963, 1964; Tumaneng 

et al., 2012). However, the relationship between size of the vertebrate organ of 

asymmetry and its function has remained unclear. It is plausible that size would impact 

fluid flow dynamics (Cartwright et al., 2004; Sampaio et al., 2014; Smith et al., 2012) that 

are essential for LR patterning. However, organ of asymmetry size varies greatly 

between vertebrate species (Amack, 2014; Blum et al., 2009; Lee and Anderson, 2008; 

Nakamura and Hamada, 2012), which raises the question of whether constructing a 
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ciliated organ of a specific size is critical for generating LR signals. In the mouse embryo, 

the ventral node contains between 200-300 cilia, but analysis of cilia mutants revealed 

that only two motile cilia are required to generate LR asymmetry (Shinohara et al., 2012). 

In zebrafish, mathematical modeling simulations have predicted approximately 30 cilia 

are necessary in KV for LR patterning (Sampaio, 2014). However a wide range of values 

for KV size and cilia reported in the literature have made it difficult to draw connections 

between KV form and function. To investigate the role of ciliated organ size in LR 

patterning, we systematically quantified variations in KVs from several zebrafish strains 

and characterized the relationship between KV size and cilia formation. We report 

significant variabilities in KV development and a modest correlation between the number 

of ciliated cells and KV size. By modulating KV size and analyzing single embryos, we 

identified a minimum threshold for KV organ size needed to establish robust LR 

asymmetry.  

 

Results  

Kupffer’s Vesicle exhibits significant variabilities during development in wild-type 

populations 

 During our investigations of KV development, we have noticed significant 

variations in KV organ size. For example, the number of KV cilia—which reflects the 

number of KV cells since each cell is monociliated—was as few as 31 or as many as 88 

at the 8 somite stage (8 ss) in a group of wild-type embryos (Fig. 1). Reported KV 

measurements are also highly variable in the literature. A recent meta-analysis of 

several published studies shed light on the significant differences among reported KV 

cilia lengths, cilia numbers and flow strengths (Vandenberg et al., 2013). Taking a similar 

approach, we sampled published KV data collected at multiple stages of development to 



  Chapter 3: A size threshold for KV function 
!

! 124!

assess variations in KV cilia and size. This analysis revealed large variabilities in KV 

ciliated cell number, cilia length and lumen area in wild-type embryos (Table 1) that 

served as controls for experimental treatments in most studies. The average number of 

cilia per wild-type KV ranged from 22 cilia (Rosenfeld et al., 2013) to 90 cilia (Shu et al., 

2007). Beyond these extremes, average wild-type KV cilia numbers have been reported 

to be in the 30s, 40s, 50s, 60s or 70s (Table 1). The average length of KV cilia was also 

variable, ranging from 2.6 µm (Krock and Perkins, 2014) to 7.9 µm (May-Simera et al., 

2010) at 8-10 ss, but this variability may reflect different methods of measuring 3-

dimensional (3D) cilia in 2D images. The size of KV, which is not often analyzed, is 

typically represented by the area of the lumen at its maximum diameter, which we refer 

to as KVmax area. In wild-type embryos, KVmax area has been reported to average as low 

as 2250 µm2 (Navis et al., 2013) and as high as 4517 µm2 (Bonetti et al., 2014) at 10 ss 

(Table 1). This high degree of variability in KV measurements has makes it a challenge 

to compare results across studies and has complicated interpretations of what is to be 

considered as a significant defect that may impact LR patterning.  

 

 One potential source of KV variability is the developmental stage selected to 

perform the analysis. Previous reports have shown KV cilia elongate and KV organ size 

expands between 1 ss and 10 ss (Okabe et al., 2008; Oteiza et al., 2008; Wang et al., 

2012). In contrast, the number of ciliated KV cells remained constant during these 

stages once the cilia elongate to a point that they can be easily identified (Okabe et al., 

2008; Oteiza et al., 2008; Wang et al., 2011; Wang et al., 2012). We hypothesized that 

the amount of KV variability observed is stage-dependent. To test this, we characterized 

KV variation in wild-type populations over developmental time by characterizing fixed 
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KVs at 4, 6, 8, and 10 ss. Antibodies that recognize aPKC were used to mark apical 

(luminal) surfaces of KV cells and acetylated Tubulin (Ac-Tub) antibodies labeled KV 

cilia (Fig. 1A-C). For each stage analyzed, we pooled measurements of individuals from 

three independent clutches of wild-type embryos collected on different days. In each 

embryo, the number of KV cilia (Fig. 1D), the length of these cilia (Fig. 1E) and the KVmax 

area of the lumen (Fig. 1F) were measured. The data are presented in box and whisker 

plots where the whiskers indicate the highest and lowest values to illustrate the range of 

measurements. To analyze the variation of these measurements, we calculated one 

standard deviation (sd) as a percentage of the mean (Fig. 1G). This revealed that KV 

cilia length had the smallest amount of variability (sd ranged between 6.7% to 9.6%) 

during development, whereas KV cilia number (sd range 25.3% to 42.3%) and KV lumen 

area (sd range 31.6% to 44.1%) showed large amounts of variability at each stage. 

Variation in KV cilia number and lumen area was lower at 8 ss and 10 ss than earlier 

stages, indicating some variability was indeed stage-specific. These results show that 

cilia length is relatively tightly controlled during development, whereas KV size—which is 

impacted by both the number of ciliated cells in the organ and the extent of lumen 

expansion—is highly variable. This analysis also indicates KVs are less variable in wild-

type populations at later stages (8-10 ss), suggesting measurements at these stages 

provide a more accurate description of KV. 

 

Analysis of several zebrafish strains reveals similar variabilities in KV formation 

 We also investigated whether specific features of KV (cilia number, cilia length or 

lumen size) developed differently in different zebrafish strains.  We hypothesized 

modifiers in specific genetic backgrounds may impact KV development. To test this, we 

compared KVs at 8 ss in the TAB wild-type strain with several transgenic strains (Fig. 
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2A-C). We chose transgenic strains obtained from different sources that are used to 

study KV development and LR patterning: 1) Tg(sox17:GFP)s870 (Sakaguchi et al., 2006); 

GFP is expressed in DFC/KV cells and endoderm, 2) Tg(sox17:DsRed)s903 (Chung and 

Stainier, 2008); RFP is expressed in DFC/KV cells and endoderm 3) Tg(dusp6:GFP-

MA)pt19 (Wang et al., 2011); membrane-targeted GFP is expressed in FGF responsive 

cells that include the DFC/KV cell lineage, 4) Tg(h2afx:EGFP-rab11a)mw6 (Clark et al., 

2011); a Rab11a-GFP fusion protein is ubiquitously expressed, 5) Tg(myl7:GFP)f1 

(Huang et al., 2003); GFP is expressed in cardiomyocytes  and 6) TgBAC(cftr:GFP)pd1041 

(Navis et al., 2013); a Cftr-GFP fusion protein is expressed in KV. Surprisingly, given the 

dramatic amount of KV variation observed (Fig. 1 and Table 1), we found that nearly all 

strains analyzed showed very similar mean values for KV cilia number (Fig. 2D), cilia 

length (Fig. 2E), and KVmax area (Fig. 2F). The one exception was the Tg(h2afx:EGFP-

rab11a)mw6 transgenic strain (Fig. 2C), in which KVs consistently showed a reduced 

number of cilia, reduced cilia length, and lumen area (Fig. 2D-F). These findings are in 

line with the previous reports that link Rab11a function to KV development (Tay et al., 

2013; Westlake et al., 2011), suggesting expression of the Rab11a fusion protein is 

responsible for altering KV development. Analysis of variation using percent standard 

deviation revealed that each of the lines, again with the exception of Tg(h2afx:EGFP-

rab11a)mw6 which showed greater variance, showed similar amounts of variability in KV 

size, cilia length, and cilia number at 8 ss (Fig. 2G). These results indicated that 

modifiers in different genetic backgrounds do not significantly impact KV formation in the 

selected strains. 

 

KV size correlates with cilia number but is separable from cilia length 
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 This study (Fig. 1) and others (Okabe et al., 2008; Oteiza et al., 2008; Wang et 

al., 2012) have recognized that KV cilia elongation proceeds in-step with lumen 

expansion, which suggests ciliogenesis may be mechanistically linked with 

lumenogenesis during development. However, recent studies (Navis et al., 2013; Tay et 

al., 2013) have challenged this idea by providing evidence that cilia formation is 

independent of lumen size. To investigate the relationship between KV lumen size and 

KV cilia development in a large cohort of embryos, we pooled data points obtained for 

KVs in the different transgenic strains we analyzed (n=207 embryos) with the exception 

of Tg(h2afx:EGFP-rab11a)mw6 KVs that were excluded due to significant defects. A 

modest correlation (R2 values ranged from 0.42 to 0.71) was observed between KV 

lumen size and cilia number among the strains (Fig. 2H). This suggested that the 

number of ciliated cells incorporated into KV plays a role in KV development, but is not 

the only determinant of KV organ size. This finding is consistent with results that show 

fluid secretion regulated by the cystic fibrosis transmembrane conductance regulator 

(Cftr) protein is important for expanding KV lumen size (Navis et al., 2013). Zebrafish 

with cftr mutations developed LR patterning defects and showed a reduced or absent KV 

lumen. Interestingly, the number and length of KV cilia was similar in wild-type and 

mutant KVs. In our analysis of wild-type embryos, we found virtually no correlation (R2 

values ranged from 0.0 to 0.07) between KVmax area and KV cilia length (Fig. 2I). This 

result supports observations that cilia length is not dependent on lumen size (Navis et al., 

2013; Tay et al., 2013) and that regulators of ciliogenesis can be uncoupled from 

regulators of lumenogenesis in KV.  

 

Modulation of Cftr alters KV size, but not necessarily LR patterning 
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 The relationship between KV lumen size and KV function has remained unclear. 

We took advantage of modulating Cftr levels, which alters KV size without altering KV 

cilia (Fig. 3A-D), to specifically investigate the role of KV size in LR patterning. To 

increase KV size, we used the small molecule CFTact-09 that enhances Cftr function 

(Ma et al., 2002). Wild-type embryos treated with CFTact-09 between bud stage and 8 

ss showed an average KVmax area of 4678 + 1380 µm2 that was ~50% larger than 

vehicle controls (3124 + 855 µm2) (Fig. 3I). In treated embryos, KV cilia numbers (Fig. 

3J) and lengths (Fig. 3K) were similar to controls. Analysis of spaw expression by RNA 

in situ hybridization (Fig. 3E-H) indicated that the increased KV size did not alter LR 

patterning (Fig. 3L). To reduce KV size, we used previously characterized hypomorphic 

cftrpd1048 mutants (Navis et al., 2013) or a suboptimal dose of anti-sense morpholino 

oligonucleotides (MO) designed to interfere with Cftr translation. As previously described 

(Navis et al., 2013), cftrpd1048 homozygous mutants showed spaw asymmetry defects in 

~50% of the population (Fig. 3L) and KVs in these embryos had significantly reduced 

lumen size, but unaffected cilia number and length (Fig. 3I-K). Measurements of KVmax  

area revealed a mean of 1343+ 587 µm2 in mutants as compared to 3308+ 670 µm2 in 

wild-type siblings. By titrating the dose of Cftr MO, we found that injecting 1 ng of Cftr 

MO reduced the average KVmax  area to 1755+ 505 µm2 which was significantly smaller 

than controls (3127+ 1256 µm2) but slightly larger than cftrpd1048 mutants (Fig 3I). 

Intriguingly, spaw asymmetry was predominantly normal in Cftr morphant embryos: 83% 

had left-sided spaw expression (Fig. 3L). Since KV cilia parameters were similar 

between cftrpd1048 mutants and Cftr morphants (Fig. 3J-K), it appeared the difference in 

penetrance of LR patterning defects might be due to the slight difference in KV size. 

Thus, these results suggested a KV size threshold exists between 1300µm2 and 
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1700µm2, below which KV can no longer function to generate robust LR asymmetric 

development of the embryo.   

 

Identification of a KV size threshold necessary for LR patterning 
 
 To test the hypothesis that a KV size threshold must be exceeded for reliable KV 

function, we used the inherent variability in KV size (Fig. 1) to analyze the relationship 

between KV size and LR patterning in individual wild-type embryos. Wild-type (TAB) 

clutches were screened under a dissecting microscope to qualitatively identify embryos 

with a small, average sized or large KVs. For each embryo, KV was imaged using 

differential interference contrast (DIC) microscopy at 8 ss to determine KVmax area (Fig. 

4A-D). Each embryo was then maintained individually and allowed to develop until 18 ss 

when the LR axis was determined. To assess LR patterning, individual embryos were 

analyzed via single-embryo RNA in situ hybridization for spaw expression (Fig. 4A’-D’). 

This allowed for direct comparison of KV size to expression of the LR marker in each 

embryo. Plotting spaw results for each embryo (n=84) as either normal (left-sided) or 

altered (right-sided, bilateral or absent) clearly showed that embryos with smaller KVs 

had a higher likelihood of developing LR defects (Fig. 4E). We next grouped spaw 

results based on the embryos’ KVmax area (Fig. 4F). This analysis showed that embryos 

with a KVmax area greater than 1300 µm2 had predominantly normal left-sided spaw 

expression (>70% of the population was normal), whereas the majority of the embryos 

with KVs below 1300 µm2 showed altered spaw expression (<40% of the embryos were 

normal). This indicated a KV size threshold exists at approximately 1300 µm2 that must 

be exceeded for robust LR patterning of the embryo. 
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Discussion 

 A ciliated organ of asymmetry plays a key role in generating LR patterning 

information in vertebrate embryos. The zebrafish KV has been a workhorse for 

discovering genes that control organ of asymmetry development, but significant 

variations in KV size and cilia observed in different studies (see Table 1) have made it 

challenging to evaluate the relationship between KV form and function. For example, 

KVs with an average of 30 cilia in a LR patterning mutant may be significantly different 

from KVs in wild-type siblings that had an average of 50 cilia in one study, whereas an 

average of 30 cilia was considered normal in another study. Here, we sought to better 

understand variations in KV development and determine the role of KV size in 

establishing LR asymmetry. We quantified variabilities in KV size and KV cilia at different 

stages in wild-type embryos and in several transgenic strains that are commonly used in 

LR studies. KV cilia length had the smallest amount of variability, whereas KV cilia 

number and lumen size showed large variabilites within similar stages and genetic 

backgrounds. In addition, we found a modest correlation between KV size and cilia 

number, but no correlation between KV size and cilia length. Lastly, we identified a KV 

size threshold that is necessary for proper KV function to break symmetry, which 

provides an explanation for wide-ranging variabilities observed in KV development. 

Variations in KV development may reflect developmental noise 

 It is clear from this study (Fig. 1) and others (Table 1) that KV organ size is not 

tightly controlled. Instead, KV formation appears to be a process that is significantly 

influenced by developmental noise. Phenotypic variations that occur among individuals 

with a similar genotype and environment are often thought to result from noisy 

biochemical processes at the cellular level, such as stochastic gene expression or signal 

transduction (Raser and O'Shea, 2005). The underlying causes for noisy KV 
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development are not clear. Since zebrafish strains are not isogenic, small genetic 

differences (e.g. polymorphisms) that modulate gene expression and/or cell behavior 

could account for some KV variation among individuals. Our analysis of several different 

zebrafish transgenic strains indicated KV development (and its variation) was quite 

similar in different genetic backgrounds (Fig. 2), suggesting strain-specific genetic 

modifiers are not present in the tested strains. However, we note that the extent of 

genetic diversity between strains—and among individuals—is not known. Another 

possibility is that noise in KV comes from stochastic signaling or gene expression that 

regulates KV development. Interestingly, the number of precursor DFCs that give rise to 

KV is variable from embryo to embryo. We recently quantified the number of DFCs at 

several stages of development (Gokey et al., Submitted) and found that the number of 

DFCs ranged from 16 to 27 (average+one sd = 20+3 DFCs) at 60% epiboly stage soon 

after DFCs are first specified. At bud stage, after the cells have proliferated and are 

about to differentiate into KV cells, the number of DFCs ranged from 33 to 72 (average = 

50+8 DFCs). This suggests noisy signaling that mediates DFC specification and/or 

proliferation contributes to variations in KV organ size. DFC specification is regulated by 

Nodal (Tgfβ) signaling (Oteiza et al., 2008), making it possible that stochastic changes in 

Nodal signaling strength could influence the number of DFCs specified. We identified the 

vacuolar-type H+-ATPase (V-ATPase) proton pump as the first known regulator of DFC 

proliferation during epiboly stages (Gokey et al., Submitted). Interfering with V-ATPase 

activity reduced DFC proliferation, which resulted in small KVs. Random fluctuations of 

V-ATPase activity could alter DFC proliferation enough to vary the number of DFCs that 

differentiate and incorporate into the KV organ in a given embryo. Additional studies 

designed to track and manipulate the specification and proliferation of DFCs as they 
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mature to form KV will be needed to further test the role of developmental noise during 

these stages of DFC/KV formation.  

 

KV lumen size does not restrict cilia elongation 

 In contrast to noisy development of KV size, KV cilia length is tightly controlled 

(Fig. 1). Such tight control indicates there is an optimal cilia length for generating 

functional flows in KV. Indeed, perturbations of the mTOR signaling pathway that 

impacts cilia elongation revealed that making cilia either too short or too long will disrupt 

KV fluid flows and LR patterning (Yuan et al., 2012). Observations that KV cilia elongate 

concomitantly with lumen expansion during development (Fig. 1;(Okabe et al., 2008; 

Oteiza et al., 2008) suggested a potential link between these processes. One might 

predict that the lumen must expand properly to provide enough space for the cilia to 

grow and that feedback mechanisms exist that couple ciliogenesis to lumenogenesis. 

However, recent studies in cftr mutants have shown that KV cilia elongate to normal 

length even when the lumen does not expand (Navis et al., 2013). Similarly, experiments 

probing genetic interactions between the Lethal giant larvae 2 (Lgl2) cell polarity protein 

and the Rab11a small GTPase (Tay et al., 2013) resulted in normal cilia in KVs with 

reduced lumen size. Here, we tested the relationship of KV size and cilia for the first time 

in wild-type embryos (e.g. no genetic perturbations that may have unrecognized effects) 

and found no correlation between KV lumen size and cilia length (Fig. 2I). The 

distribution of average KV cilia lengths were similar regardless of the lumen area, 

indicating tight control of KV cilia length occurs independent of KV lumen formation. Our 

analysis of wild-type embryos support the findings from the genetic studies that indicate 

cilia elongation can be uncoupled from lumen expansion in the developing KV. 
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A KV size threshold for robust function 

 Our analysis of Cftr-modulated embryos (Fig. 3) and individual wild-type embryos 

(Fig. 4) suggests that KV development does not need to be tightly controlled, but rather 

must only exceed a size threshold (KVmax area of ~1300 µm2) to function robustly in LR 

patterning. A threshold mechanism explains why KV development can be so noisy: as 

long as KV grows beyond the threshold it can function sufficiently to generate normal LR 

signals >70% of the time. Thus, once past the threshold, it appears KV size does not 

have much impact on function. A size threshold also explains how the KV organ can 

function at the same time it is expanding in size. The KV lumen is continuously growing 

larger in wild-type embryos between 1 to 8 ss (Oteiza et al., 2008), which are stages that 

are critical for KV functions associated with LR patterning: at 1-4 ss KV cilia become 

motile and intraciliary Ca2+ fluxes peak (Yuan et al., 2015); at 4-6 ss KV remodeling 

packs more ciliated cells into the dorsoanterior region of KV, which corresponds with the 

onset of strong leftward flow across the anterior pole of KV (Wang et al., 2012); at 6-8 ss 

asymmetric Ca2+ signaling is detected in mesendoderm (Yuan et al., 2015); at 8-10 ss 

asymmetric expression of the Nodal/Spaw antagonist charon is detected near KV 

(Hashimoto et al., 2004); and finally at 10-12 ss left-sided spaw expression is initiated in 

lateral plate mesoderm (Long et al., 2003). In wild-type embryos the minimum KVmax 

area of ~1300 µm2 is met by 4 ss (Fig. 1F); thus at subsequent stages the size of the 

organ (even if it over-expands) would not impact function. Consistent with this idea, our 

analysis of exceptionally large KVs indicates that increased size does not interfere with 

KV function. In fact, 100% of large KVs (KVmax area >3300 µm2) in embryos treated with 

CFTact-09 (Fig. 3; n=28) or in the wild-type population (Fig. 4; n=24) were associated 

with normal spaw asymmetry.  
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 A size threshold indicates that KV lumen formation plays a critical role in 

establishing LR asymmetry. However, what is the role of KV size? The size of the KV 

lumen likely has an important impact on cilia-driven flow dynamics in KV that are 

essential for LR development (Sampaio et al., 2014). It was recently found that lumen 

expansion is necessary for KV remodeling that concentrates ciliated cells in the 

dorsoanterior region of KV (Compagnon et al., 2014) to drive strong leftward flows. It is 

likely that tensions created by the expanding fluid-filled lumen play a key role in regional 

cell shape changes during KV remodeling. Another possible role for size is to ensure a 

sufficient number of cilia are present in KV to generate asymmetric fluid flow. Modeling 

simulations have suggested approximately 30 functional cilia are necessary to break LR 

symmetry (Sampaio et al., 2014). Interestingly, this number of cilia appears to be quite 

consistent with the threshold of KV size described here. We found that a KVmax area 

threshold of 1300 µm2 falls approximately 1.5 sd from the mean area (3127 µm2) at 8ss. 

Similarly, 1.5 sd from the mean of 52 cilia in wild-type embryos is 28 cilia, which is very 

close to the predicted 30 cilia needed for LR patterning. Thus, embryos with KVs below 

the threshold are likely to develop LR patterning defects due to insufficient flows caused 

by insufficient and/or mis-positioned cilia.   

 

 In summary, we have characterized developmental variation during KV formation 

and found a minimum KV organ size that is required for its function to direct asymmetric 

left-sided spaw expression. Intriguingly, unexplained defects in LR asymmetric spaw 

expression are commonly observed in ~5-10% of wild-type populations of zebrafish 

embryos (see controls in Fig. 3L for examples). These defects could be due to variations 

in KV formation. During our analysis of individual wild-type embryos, we found that < 
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0.5% of KVs fall below the size threshold, suggesting failure to exceed the threshold 

does not fully account for altered spaw expression in wild type populations. It is likely 

that some of these spaw LR defects are due to variations in other aspects of KV 

development that are vital for function, including cilia length (Lopes et al., 2010; 

Neugebauer et al., 2009), cilia motility (Gao et al., 2010; Sampaio et al., 2014) and KV 

cell shapes that control cilia positioning (Compagnon et al., 2014; Wang et al., 2012). 

Additional studies will be necessary to further understand how regulation of each of 

these processes is integrated within the context of noisy KV size development. The 

identification of a KV size threshold for robust function provides new insight into the role 

of organ of asymmetry size during LR patterning and offers an explanation for how the 

zebrafish embryo can tolerate large variations in KV developmental outcomes. 
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Material and Methods:! !

Zebrafish 

Embryos collected from natural matings were staged as described (Kimmel et al., 1995). 

Wild-type (TAB), Tg(sox17:GFP)s870 and Tg(sox17:DsRed)s903 strains were obtained 

from the Zebrafish International Resource Center (ZIRC). The Tg(dusp6:GFP-MA)pt19 

strain was obtained from the Tsang Lab (University of Pittsburg), Tg(h2afx:EGFP-



  Chapter 3: A size threshold for KV function 
!

! 136!

rab11a)mw6 fish were provided by the Link Lab (Medical College of Wisconsin), 

Tg(myl7:GFP)f1 fish were obtained from the Yost Lab (University of Utah) and 

TgBAC(cftr:GFP)pd1041 and cftrpd1048 fish were provided by the Bagnat Lab (Duke 

University). 

 

Microinjections 

All embryo microinjections were performed between the 1- to 4-cell stages. Morpholinos 

(MO) were obtained from Gene Tools, LLC. A standard negative control MO (5’-

CCTCTTACCTCAGTTACAATTTATA-3’) was injected at a 3 ng dose and Cftr MO (5’-

CACAGGTGATCTCTGCATCCTAAA-3’) was injected at a 1 ng dose. 

 

Pharmacological treatments 

Embryos were treated with either 10 µM CFTact-09 (Chem Bridge) (Ma et al., 2002) in 

1% DMSO or a vehicle control of 1% DMSO alone from the bud stage to 8 ss. At 8 ss 

the drug or DMSO were removed and the embryos were washed with embryo media. 

Embryos were either fixed at 8 ss for fluorescent immunostaining of KV or grown to 18 

ss for spaw analysis. 

 

RNA in situ hybridizations and fluorescent immunostaining  

Whole-embryo RNA in situ hybridization analysis of spaw was performed as previously 

described (Wang et al., 2011). For immunostaining, embryos were fixed overnight at 4o 

C in 4% paraformaldehyde in PBS with 0.5% Triton X-100 and then processed for whole 

mount antibody staining as described (Tay et al., 2013). Primary antibodies were: anti-

aPKC (Santa Cruz sc-216) (1:200 dilution) and anti-acetylated tubulin (Sigma T6793) 
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(1:400). AlexaFluor 488 and 568 (anti mouse and anti-rabbit) fluorescent secondary 

antibodies (Invitrogen) were used at 1:200 dilutions. Embryos were imaged using a Zeiss 

AxioImager M1 compound microscope or a Perkin-Elmer Ultra View Vox spinning disk 

confocal microscope. When necessary, images were rotated for uniform orientations with 

anterior at top.  

 

Quantitative analysis of Kupffer’s vesicle size and cilia 

KV metrics were quantified in embryos immunostained with aPKC and acetylated-tubulin 

antibodies at stated developmental stages. KV cilia number, cilia length and KVmax area 

of the lumen were measured using ImageJ software (NIH). KVmax area was defined by 

manually outlining aPKC staining at the largest diameter. For single-embryo analysis to 

directly correlate KV size with spaw expression, DIC microscopy was used to image KVs 

in live embryos mounted in low melting agarose at 8 ss. The widest KV diameter was 

used to calculate KVmax area of the lumen. Embryos were removed from the agarose and 

cultured individually until 18 ss, when they were fixed for spaw analysis via single-

embryo RNA in situ hybridization. 

 

Statistical analyses 

Variances were determined using one standard deviation (sd) of the mean and 

correlations were analyzed using the Coefficient of Determination (R2). Both sd and R2 

values were calculated using Excel software (Microsoft). For analyses between two 

groups of embryos, differences were considered statistically significant when p<0.05 as 

determined using Student’s T-Test.  
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Figure 1. Analysis of variation in development of Kupffer’s vesicle in wild-type 

embryos. 

(A-C) Representative maximum projections of confocal images of KV cells labeled with 

aPKC antibodies (magenta) to mark the KV lumen and acetylated Tubulin antibodies 

(green) to visualize cilia at 8 ss. These examples show a wild-type embryo with small KV 

size and few cilia (A) and embryos with an intermediate (B) or larger (C) lumen size. (D-

F) Quantification of KV cilia number (D), cilia length (E) and lumen area (F) at 4 ss (n=26 

embryos), 6 ss (n=23), 8 ss (n=30) and 10 ss (n=30). The horizontal line in the box and 

whisker plots indicates the mean and the whiskers show the minimum and maximum 

values. (G) Variations in cilia number, cilia length, and lumen size at each developmental 

stage are represented as one standard deviation converted to a percentage of the mean.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 3: A size threshold for KV function 
!

! 140!

 

  



  Chapter 3: A size threshold for KV function 
!

! 141!

Figure 2. Variations in Kupffer’s vesicle development are similar among different 

transgenic strains. (A-C) Images of KV at 8 ss from three different transgenic strains. 

KVs appeared similar in most strains, including Tg(myl7:GFP) (A) and Tg(sox17:GFP) 

(B), but were smaller inTg(h2afx:EGFP-rab11a) (C). See text for descriptions of each 

strain. (D-F) Analysis of KV cilia number (D), cilia length (E) and lumen area (F) at 8 ss 

for each transgenic strain. Data from wild-type TAB strain at 8 ss presented in Figure 1 

is included for comparison. The number of embryos (n) analyzed for each strain is 

indicated in (G). (G) Variations in cilia number, cilia length, and lumen size are 

represented as one standard deviation as a percentage of the mean. (H-I) Analysis of 

potential correlations between KV lumen area and cilia number (H) and KV lumen area 

and cilia length (I). Each point represents a single embryo (n=201 embryos). R2 

(Coefficient of Determination) values are listed each strain and for all strains pooled. The 

Tg(h2afx:EGFP-rab11a) strain was excluded from this analysis. 
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Figure 3. Role of Kupffer’s vesicle size in LR patterning. 

(A-D) Modulating Cftr activity was used to alter KV lumen size. The Cftr activating drug 

CFTact-09 increased KV size (B), whereas a loss-of-function mutation (C) or morpholino 

(MO) interference (D) reduced KV size relative to controls (A). Dashed circles represent 

approximate KV lumen boundaries. (E-H) Possible outcomes of RNA in situ hybridization 

analysis of the LR patterning marker spaw in lateral plate mesoderm (arrowhead) at 18 

ss are normal left-sided (E), bilateral (F), reversed right-sided (G) or absent (H) 

expression. Dashed lines indicate the embryonic midline. L=left; R=right. (I-K) 

Quantification of KV area (I), cilia number (J) and cilia length (K) in embryos with altered 

Cftr function and controls. (L) Analysis of spaw expression in Cftr modulated embryos. 

Error bars represent one standard deviation. n=number of embryos analyzed. * indicates 

p < 0.05 
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Figure 4. Identification of a Kupffer’s vesicle size threshold necessary for robust 

LR patterning. 

(A-D) DIC images of different sized KVs in living wild-type embryos at 8 ss. The KVmax 

area is indicated for each representative embryo. (A’-D’) Analysis of spaw expression 

(arrowhead) in each of the embryos shown above. Dashed lines indicate the embryonic 

midline. L=left; R=right. (E) Normal (left-sided) and altered (bilateral, reversed or absent) 

spaw outcomes plotted based on KVmax area. Each point represents a single embryo 

(n=84). (F) Observed spaw expression in embryos within specific ranges of KVmax areas. 

n=number of embryos analyzed.  
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Table 1. Selected published measurements that represent the variabilities in KV 
observed in wild-type embryos at multiple stages of development. 

        
Developmental 

Stage 

                     
Average 
Number            

of Cilia per 
KV* 

               
Average 

Length of KV 
Cilia (µm)* 

               
Average 
KV Area 
(µm2)* 

                                  
Study       

 Reference  

1ss 62 1.2 nd (Oteiza et al., 2008) 
2 ss 70 1.4 nd (Oteiza et al., 2008) 

1-2 ss 29.6 2.6 nd (Okabe et al., 2008) 
     

3 ss 45 5 nd (Qian et al., 2013) 

4 ss 54.5 nd 
nd (Neugebauer et al., 

2013) 
4 ss 70 3 nd (Oteiza et al., 2008) 

3-4 ss 40.5 3.5 nd (Okabe et al., 2008) 
     

5 ss 90 
nd nd (Hong and Dawid, 

2009) 
5-6 ss 58.9 4.3 nd (Okabe et al., 2008) 

     
6-8 ss 40 3.5 nd (Gao et al., 2010) 
7-8 ss 50.7 5.2 nd (Okabe et al., 2008) 

     
8 ss 40.1 4.33 nd (Zhai et al., 2014) 

8 ss 51.1 7 nd 
(Neugebauer et al., 
2013) 

8 ss 41 4 3300 (Tay et al., 2013) 
8 ss 37 4.5 3090 (Wang et al., 2011) 

8 ss 58 7.9 nd 
(May-Simera et al., 
2010) 

8-9 ss 42.2 5.97 nd 
(Bisgrove et al., 
2012) 

8-10 ss 31 2.6 nd 
(Krock and Perkins, 
2014) 

8-10 ss 22 3.9 nd 
(Rosenfeld et al., 
2013) 

9-10 ss 49.0 6.4 nd (Okabe et al., 2008) 
     

10 ss 51.4 4.2 4517 (Bonetti et al., 2014) 
10 ss 42 5.67 nd (Caron et al., 2012) 
10 ss 69 5.5 nd (Zhang et al., 2012) 
10 ss 50 4.2 nd (Liu et al., 2011) 
10 ss 55 4.2 nd (Chen et al., 2012) 
10 ss 56 6.3 nd (Lin and Xu, 2009) 
10 ss 57 5.97 2250 (Navis et al., 2013) 

*Values were approximated from graphed data if the average was not directly reported.  
ss=somite stage 
nd=not determined 
!
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Abstract 

The role for calcium ions (Ca2+) as second messengers in cell signaling pathways has 

been highly conserved throughout evolution. In left-right (LR) axis determination in 

vertebrate embryos, calcium is believed to be a secondary messenger that establishes 

left-sided expression of the Nodal signaling cascade that guides the proper LR 

placement of visceral organs. Various calcium-sensitive fluorescent molecules have 

been used to identify calcium signals at a conserved ‘organ of asymmetry’ where cilia 

generate and sense fluid flows that are critical for establishing the LR axis. Depending 

on the probe used, previous studies have observed dynamic calcium ‘flashes’ or a 

sustained asymmetric calcium flux. Although there is strong evidence implicating calcium 

signaling in LR axis determination, the timing, locations in the embryo and mechanisms 

of action remain unknown. To better understand the role of calcium in LR patterning, we 

have created a stable transgenic calcium reporter zebrafish that ubiquitously expresses 

the genetically encoded GCaMP6 calcium sensor. We validated this transgenic strain by 

visualizing GCaMP6 signal in processes that involve calcium signaling, such as muscle 

contraction and neuronal signaling, as well as by using the pharmacological treatments 

to modulate intracellular calcium. The calcium reporter zebrafish were then used to 

visualize dynamic and sustained calcium signals around the organ of asymmetry, called 

Kupffer’s vesicle (KV), at specific stages of development. Our observations suggest a 

sustained asymmetric calcium signal in the left side of the KV is required for proper 

asymmetric Nodal signaling and subsequent LR patterning of the embryo. This work 

provides a new calcium reporter zebrafish strain to visualize and investigate calcium-

mediated signaling in LR patterning and other developmental processes.  
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Introduction 

 Calcium ion (Ca2+) fluctuations have been implicated in several important 

processes during embryo development. Calcium-mediated signaling is highly conserved 

throughout evolution and is required in plants, yeast, invertebrates, and vertebrates. 

Calcium is stored in the endoplasmic reticulum, organelles, and in the mitochondria and 

is transported across membranes via voltage sensitive channels, receptor mediated 

transporters, and specific ion pumps and anti-porters (Schreiber, 2005). In embryos, 

calcium signaling is seen as early as fertilization and then has many functions later in 

development. These include dorsal-ventral axis identification, bone and tooth 

development, neuronal development, and muscle contraction. Another developmental 

process in which calcium appears to be playing an important role is in formation of the 

left-right (LR) body axis (Schneider et al., 2008). 

 

 Proper orientation the LR axis with respect to the dorsal-ventral and anterior-

posterior axes of the embryo is critical for internal organs that develop LR asymmetries. 

Defects in LR axis formation causes organs such as the heart to fail to form properly 

resulting in congenital birth defects (Ramsdell, 2005). Evidence implicating calcium in LR 

axis determination has been building over the last several years. Pharmacological 

inhibition of calcium results in LR defects in several vertebrates including fish, frog, and 

mouse (Langenbacher and Chen, 2008). Further evidence for a role for calcium comes 

from the involvement of calcium-associated molecules in LR asymmetry, including PKD2, 

Inositol Polyphosphatase and CaMKII (Francescatto et al., 2010; Hatayama et al., 2011; 

Sarmah et al., 2005; Yoshiba et al., 2012). PKD2 is a calcium permeable channel that, in 

the kidney, acts as a flow sensor that releases intracellular calcium. Inositol 

Polyphosphatase is a phosphorylated form of Inositol 1,4,5 triphosphate (IP3), which 
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releases intracellular calcium and has been implicated in LR signaling in the frog 

(Berridge et al., 2000; Hatayama et al., 2011; Irvine, 2003). CaMKII is a calcium/ 

calmodulin dependent protein kinase and overexpression of this kinase increased 

intracellular calcium globally, inducing LR defects in the zebrafish (Shu et al., 2007). 

Alterations of each of these molecules results in defects in the LR axis (Langenbacher 

and Chen, 2008). However, the role of calcium during the process of LR patterning 

remains unclear. 

 

  Imaging studies using calcium-sensitive fluorescent reagents to visualize 

calcium fluctuations in live embryos have suggested calcium signaling occurs at the 

‘organ of asymmetry’ in frog, fish, and mouse embryos. This transient organ that is 

essential for establishing LR asymmetry, known as the gastrocoel roof plate (GRP) in 

frogs (Schweickert et al., 2007), Kupffer’s vesicle (KV) in zebrafish (Essner et al., 2005), 

and the node in mouse (Nonaka et al., 1998), is made up of several mono-ciliated cells. 

Motile cilia create a unidirectional fluid flow (Kramer-Zucker et al., 2005; Nonaka et al., 

1998; Schweickert et al., 2007) that likely is sensed by non-motile sensory cilia. These 

sensory cilia may respond to the mechanical force of the flow or signaling molecules that 

are asymmetrically distributed by the flow (McGrath et al., 2003; Tabin and Vogan, 2003). 

In either case, calcium has been proposed as a downstream target of cilia-driven flow 

that is needed to establish asymmetric expression of Nodal (TGFβ family member) 

signaling ligands on the left side of the embryo (Francescatto et al., 2010; Hatayama et 

al., 2011; Yoshiba et al., 2012). The highly conserved Nodal signaling cascade is 

necessary to identify proper LR axis specification and subsequent asymmetric organ 

formation. Just prior to the onset of left-sided Nodal expression, asymmetric calcium 

signals have been observed on the left side of the organ of asymmetry in mouse using a 



!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Chapter!4:!Characterization!of!a!calcium!sensing!zebrafish!line!!
!

! 156!

calcium-sensitive dye (McGrath et al., 2003) and zebrafish injected with mRNA encoding 

the Ca2+ sensor Flash-pericam (Sarmah et al., 2005). Another study used a different 

calcium-sensitive dye, Fura-PE3, and identified dynamic calcium ‘flashes’ in the mouse 

node that were predominantly left-sided and proposed to mediate LR patterning (Takao 

et al., 2013). Recently, fusion proteins that combine cilia-localized proteins to fluorescent 

calcium reporters have shown that cilia can mediate calcium signals (Delling et al., 2013), 

and cilia in the zebrafish KV show calcium signal flashes referred to as intraciliary 

calcium oscillations’ that are propagated to the cell body to establish an asymmetric 

calcium flux on the left side of the organ of asymmetry (Yuan et al., 2015). Despite these 

important insights, the functions of calcium-mediated signaling—and location(s) in the 

embryo—that impact LR patterning are not yet understood.   

 

 Optogenetic sensors are tools used to visualize dynamic molecules in real time in 

living cells. These tools are often created by adding a fluorescent protein to a molecule 

that either binds or reacts with a molecule of interest to cause a conformation change 

that induces a difference in fluorescence intensity. One of the key advantages of 

optogenetic sensors is that they are genetically encoded, which allows visualization of 

fluctuations of a molecule over long periods of time (Adams et al., 2014).  GCaMP is a 

genetically encoded calcium sensor that consists of GFP fused to the calcium binding 

domain of Calmodulin, which can bind four calcium ions (Nakai et al., 2001). When 

GCaMP binds calcium a conformation change occurs causing an increase in GFP 

fluorescence. The fluorescence intensity can be used to determine relative calcium 

concentrations and determine changes in calcium levels over time (Akerboom et al., 

2009; Pologruto et al., 2004; Wang et al., 2008). To better understand the timing and 

action of calcium signals in LR patterning, we have created new calcium reporter 
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zebrafish. These stable transgenic zebrafish ubiquitously express GCaMP6—one of the 

most sensitive variants of the GCaMP molecules to date (Ohkura et al., 2012)—

throughout embryonic development. We have validated that GCaMP6 fluorescence 

reflects calcium signals in the calcium reporter zebrafish and used this new tool to show 

that stable left-sided calcium asymmetry at KV correlates with normal left-sided Nodal 

signaling in zebrafish.  

 

Results 

Generation of a calcium reporter zebrafish 

 Transgenic zebrafish can be generated using multiple approaches that have 

evolved over the last decade. Early methods had generally lower transmission rates and 

less control over insertion sites. A preferred method currently is use of Tol2 transposon 

based vectors (Kwan et al., 2007). Engineered Tol2 reporter constructs contain Tol2 left 

and right arms that interact with Tol2 transposase to mediate insertion of the construct 

into the zebrafish genome. The readily available Tol2kit (Kwan et al., 2007) provides an 

efficient system for generating Tol2-based plasmid constructs. To create a calcium 

reporter zebrafish transgenic line, we utilized Tol2 transgenesis technology and the 

GCaMP6 calcium sensor. Coding sequences of GCaMP6 were inserted into Tol2kit 

compatible plasmid vectors (kind gift from Dr. Dave Raible) that were combined with a b-

actin promoter that drives ubiquitous expression in zebrafish (Fig. 1A). The Tg(b-

actin:GCaMP6) construct was co-injected with transposase mRNA into embryos (Fig. 

1B). Ubiquitous expression of fluorescent GCaMP6 was observed in several injected 

embryos, which were raised to adulthood. We screened embryos from ten of these F0 

animals and identified three founders that showed germ line transmission of the 
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transgene (Fig. 1B). The brightest and most stable line, designated Tg(b-

actin:GCaMP6)sny210, was used throughout this study.  

 

Validation of calcium reporter zebrafish 

To determine whether Tg(b-actin:GCaMP6)sny210 zebrafish function as a useful 

calcium reporter strain, we tested whether changes in fluorescence intensity 

corresponded to changes in calcium levels. Tg(b-actin:GCaMP6)sny210 embryos were 

treated with the pharmacological agent thapsigargin, which increases intracellular 

calcium by blocking the Ca2+-ATPase from pumping calcium into the endoplasmic 

reticulum and results in loss of intracellular calcium stores (Thastrup et al., 1990; 

Thastrup et al., 1994). We first treated a GCaMP6 positive embryo at 12 hours post-

fertilization (hpf) and used live imaging to capture images before treatment with 

thapsigargin and during the treatment period. We found that intracellular calcium release 

induced by the drug resulted in a 2-fold increase in GCaMP6 fluorescence in endodermal 

cells. (Figure 2 A-A’’’ Quantification Figure 2 C). We next treated a GCaMP6 positive 

embryo at 2 days post-fertilization (dpf) and observed increased GCaMP6 fluorescence 

globally in the embryo (Figure 2B,B’). These results indicated GCaMP6 fluorescence 

intensity responded to modulated intracellular calcium levels in Tg(b-actin:GCaMP6)sny210 

embryos.  

 

We then looked to see if we could observe fluctuations of GCaMP6 fluorescence 

intensity in Tg(b-actin:GCaMP6)sny210 embryos in tissues that are known to require 

calcium signaling. Since calcium is involved in muscle contraction, we first conducted 

time-lapse imaging of 2 dpf cardiac muscle and skeletal muscle in live embryos at 3 dpf. 

Waves of fluorescence signal were seen that correlated with heart contractions (Figure 3 
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A-A’’’). We also observed bright flashes in response to spontaneous skeletal muscle 

twitches (Figure 3 B-B’’’). In addition to these dramatic GCaMP6 signals in contracting 

muscles, we also observed more subtle calcium signals associated with neuronal activity. 

For example, fluorescence intensity fluctuations were seen in hair cells in the otic vesicle 

that gives rise to the inner ear (Figure 3 C-C’’’) and in neuromasts in the lateral line that 

serves as a sensory organ (Figure 3 D-D’’’). Taken together with our pharmacological 

studies, these results indicate the stable transgenic Tg(b-actin:GCaMP6)sny210 strain 

provides new calcium reporter zebrafish that will be useful for visualizing calcium 

dynamics in several tissues and cell types during development.  

 

Sustained left-sided calcium signals at KV correlate with normal spaw asymmetry  

Next, we used Tg(b-actin:GCaMP6)sny210 embryos to visualize calcium signaling 

in KV to study the role of calcium in LR patterning. To identify KV, we crossed Tg(b-

actin:GCaMP6)sny210 fish with Tg(sox17:dsRed) transgenic fish that express red 

fluorescent protein in KV cells (Figure 4 A-C). We found two distinct types of signals in 

the KV cells during KV stages between 12 and 13 hpf. There were quick flashes lasting 

approximately 2-5 seconds in different areas of the KV (Figure 4 D-F) and long lasting 

sustained signals around the KV (Figure 4 G-I). In contrast to previous studies that 

reported a left bias to calcium signals, we found that both flashes and sustained signals 

seemed to occur randomly on the right or left side of KV. We quantified GCaMP6 

fluorescence on the left and right sides of KV at the 12-13 hpf stages and found that 

approximately 50% of embryos had asymmetric calcium signals elevated on the left side. 

About 10% had stronger signals on the right side and 40% of the embryos showed no 

asymmetry at KV. These results suggested the asymmetric calcium signals at 12-13 hpf 
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may not correlate with asymmetric Nodal signaling, which is typically left-sided in 90-

100% of embryos. 

 

Since calcium asymmetry at KV was inconsistent in Tg(b-actin:GCaMP6)sny210 

embryos, we next tested whether LR patterning was normal. We first used asymmetric 

looping of the heart tube as a readout for LR patterning. Analysis of heart asymmetry 

revealed that ~70% of Tg(b-actin:GCaMP6)sny210 embryos had normal heart looping 

(Figure 5 A), but ~30% had defects that included reversed looping or failed looping 

(Figure 5 B,C). These defects were not observed in wild-type TAB (the parental strain 

used to generate transgenics) embryos (Figure 5 D).  Next, we used RNA in situ 

hybridizations to analyze asymmetric expression of the Nodal-related gene in zebrafish 

southpaw (spaw) that is thought to be downstream of asymmetric calcium signaling. 

Consistent with heart looping defects, we found disrupted spaw asymmetry that was 

often right-sided, bilateral or absent in Tg(b-actin:GCaMP6)sny210 embryos (Figure 5 E-H). 

Again, these defects were not observed in TAB embryos (Figure 5 I). These findings 

indicate LR patterning is disrupted in Tg(b-actin:GCaMP6)sny210 embryos, suggesting 

GCaMP6 expression may interfere with LR patterning.  

 

After finding that LR patterning is altered in Tg(b-actin:GCaMP6)sny210 embryos, 

we took advantage of this opportunity to determine whether the sidedness of calcium 

signals directly correlates with the sidedness of spaw asymmetry. We combined live 

imaging and RNA in situ hybridizations to analyze calcium signals and spaw expression 

in individual embryos. We imaged single embryos during KV stages for GCaMP6 

expression around the KV and then grew individual embryos to 18 hpf when they were 

fixed for spaw expression analysis. We then correlated the GCaMP6 flashes to spaw 
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expression and found that no correlation exists between asymmetry of flashes and spaw. 

In contrast, we found a correlation between the sustained signal around KV and the 

sidedness of spaw expression. Embryos with greater GCaMP6 signal on the left side of 

the KV expressed left-sided spaw (Figure 6 A). However, if GCaMP6 fluorescence was 

greater on the right side or bilaterally equal around KV, spaw expression was right-sided 

or bilateral (Figure 6 B,C). Thus, sustained left-sided calcium signals around the KV 

correlated with normal left-sided spaw asymmetry and loss of left-sided calcium signals 

correlated with altered spaw expression.  

 

Discussion 

 Roles for calcium have been well characterized in several processes such as 

neuronal signaling. However the functions of calcium during embryo development, and 

specifically during vertebrate LR patterning, remains poorly understood. During LR axis 

determination, calcium-mediated signaling events have been proposed to work 

downstream of cilia-generated fluid flow in an organ of asymmetry that propagates LR 

signals. Two different types of calcium signals—dynamic flashes and sustained 

asymmetric distributions—have been identified at the organ of asymmetry. Which of 

these is important may be species dependant or temporally dependant. The calcium 

flashes seen in the frog and the intraciliary ociliations in the zebrafish that leads to 

increased calcium signaling to the left of the KV have both been identified as necessary 

for development of the LR axis (Hatayama et al., 2011; Yuan et al., 2015). However, 

stable left-sided increase in calcium signal observed in zebrafish and mouse are also 

thought to be important (Francescatto et al., 2010; Yoshiba et al., 2012). Thus, 

understanding the timing and mechanisms of calcium signals in LR patterning remains a 

challenge. 
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 Here, we have generated and validated stable transgenic Tg(b-actin:GCaMP6) 

calcium reporter zebrafish that provide a new tool to investigate calcium signaling during 

embryogenesis. We have used Tg(b-actin:GCaMP6) embryos to visualize calcium 

signals at the KV (organ of asymmetry) and correlate these signals to LR patterning. Our 

data supports a model in which a sustained asymmetric calcium signal in the left side of 

the KV is required for proper asymmetric expression of spaw and subsequent LR 

patterning of the embryo. We show that a change in this increased left-sided signal, 

either by equilateral expression or increased expression on the right side of the KV, 

results in altered spaw expression. This work provides new evidence that a left-sided 

calcium signal is necessary for proper alignment of the LR axis. Interestingly, we did not 

identify a correlation between calcium flashes around the KV and LR patterning, 

because several embryos that had normal spaw showed random flashes on the left, right, 

or to the posterior of the KV. However, these flashes may be important at different 

stages than were analyzed here, such as at 11 hpf as was seen in previous reports 

(Yuan et al., 2015). 

 

 It is possible that LR defects and random calcium signals around the KV 

observed in Tg(b-actin:GCaMP6)sny210 embryos are due to GCaMP6  protein expression. 

Too much GCaMP6 may act as a calcium sink that interferes with calcium-mediated 

processes. The calmodulin domain of GCaMP binds calcium to enact a conformation 

change resulting in increased fluorescent signal (Pologruto et al., 2004). This binding of 

the calcium to GCaMP6 may in fact be removing calcium from the system that is needed 

for proper signaling. Therefore, the calcium signal seen around the KV may be altered 

due to the amount of calcium removed from the system by the GCaMP6. An alternative 
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possibility is that LR defects are not caused by GCaMP6 expression, but are due to 

other modifications in the genetic background of this single transgenic strain. For 

example, the Tol2 construct may have integrated in a locus that is critical for LR 

patterning. To use Tg(b-actin:GCaMP6)sny210 embryos as a tool to study whether or not a 

gene of interest is affecting calcium signaling and LR patterning, single embryo analysis, 

as done in this study, must be done to compare wild-type transgenic animals to those 

with altered gene of interest. Another option to further analyze LR patterning with regard 

to calcium signaling, is to create additional GCaMP6 transgenic strains that either use a 

tissue-specific promoter that drives GCaMP6 only in KV cells (such as a sox17 

promoter) or characterize additional strains using the ubiquitous beta-actin promoter to 

determine if LR defects are seen.  Using the sox17 promoter may be of most interest, 

because if the same defects were seen as we have analyzed here, it would indicate that 

these LR defects are likely due to calcium signaling abnormalities in the KV caused by 

GCaMP6 overexpression. 

 

 Importantly, Tg(b-actin:GCaMP6) transgenics show calcium signals in multiple 

tissues that have been previously shown to require calcium, such as neuronal cells, 

skeletal muscle, and heart. Therefore, this new tool may prove a useful tool for analyzing 

calcium signaling in other developmental processes. For example, we identified dynamic 

calcium flashes in hair cells in neuromasts and otic vesicle, indicating neuronal signaling 

acitivty. Tg(b-actin:GCaMP6) transgenics can be utilized by knocking down a gene of 

interest in neuronal signaling, and visualizing a change in the frequency in these 

neuronal flashes using the neuromasts or otic vesicle as model organs for their ease in 

imaging. Also, this line may prove useful for analyzing a gene of interest and its role in 

muscle contraction and muscle formation. Modulation of the gene of interest would be 
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most powerful by crossing the GCaMP6 transgenic embryos with mutant alleles, which 

now can be readily generated in virtually any gene with advancing genome editing 

techniques.  

 

Materials and Methods 

Gateway cloning and Tol2 Trasgenesis 

Gateway cloning was performed as described in (Kwan et al., 2007) to assemble the 

Tol2 b-actin-GCaMP6-pA transgene construct. GCaMP6 was a kind gift from David 

Raible and the b-actin promoter and polyadenylation (pA) sequences were obtained from 

the Tol2kit (Kwan, et al. 2007)(Addgene). The Tol2 transgene (plasmid DNA) was 

injected into 1-cell wild-type TAB embryos with mRNA encoding Tol2 transposase 

enzyme. These embryos were screened for GCaMP6 positive founders as identified by 

GFP signal and positive embryos were raised to adulthood. Founders were then out-

crossed with wild-type TAB and the resulting embryos were screened for GFP positive 

signal to identify F1 fish. The brightest and most stable F1 embryos were raised and an 

incross was performed to acquire F2 embryos to perform experiments and establish the 

Tg(b-actin:GCaMP6)sny210 transgenic line.  

 

Imaging and quantification of GCaMP6 signals 

Low magnification Images were taken on a Zeiss SteREO Discovery V12 with an 

AxioImager camera and AxioVision software. An X-Cite series 120 was used for epi-

fluoresence. For high magnification images, embryos were mounted in low melting 

agarose and images were acquired using a Perkin-Elmer Ultra VIEW Vox spinning disc 

confocal microscope using Velocity imaging software. For KV imaging, a 5mm section 

was imaged in 1mm sections, with an image Z-Stack series of images taken every 30 
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seconds for 20 minutes. Image analysis were performed on ImageJ software. To 

quantitate GCaMP6 fluorescence in the KV, a line was drawn midway through the KV to 

bisect the organ into a left and right side. KV cells were outlined on each side and mean 

area fluorescence was taken for each section of the Z-Stack and each time point. The 

total average fluorescence was taken for each side of the KV and the percent difference 

between the left and right was calculated. The embryo was then removed from agarose 

and raised to 18 hpf. The embryo then fixed and processed for spaw in situ hybridization.   

 

Thapsigargin treatments 

Low magnification images of Tg(b-actin:GCaMP6)sny210 transgenic embryos were taken 

before treatment. Embryos were then treated with 2.5 µM thapsigargin (Life 

Technologies T-7458) and an image was acquired every 2 minutes for 10 minutes. For 

high magnification images, embryos were mounted in low melting agarose and imaged 

before treatment. A 2.5 µM dose of thapsigargin was then added onto the agarose 

embedded embryo and a time-lapse series of images was taken for 10 minutes.  

 

LR analysis 

Heart looping analysis was performed on 48 hpf embryos using the GFP signal form 

GCaMP6 in the heart under the fluorescent dissecting scope and in situ 

hybridization(Huang et al., 2003). spaw expression was analyzed using in situ 

hybridization as previously described (Long et al., 2003).  

 

Statistics 
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All statistics were performed using a student t-test and p< 0.05 was used to determine 

significant differences. 
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Figure 1: Creation of GCaMP6 transgenic line. 

Schematic of protocol of Tol2 transgenesis via Gateway cloning. GCaMP6 was inserted 

into the Gateway middle entry vector. The 5’ Entry vector containing the beta actin 

promotor, the 3’ entry vector containing the polyA tail, and the middle entry vector were 

combined with LR clonase to create the Tol2 Plasmid. Tol2 plasmid was co-injected with 

transposase and the resulting embryos were screened for GFP+ (Founders). These 

embryos were grown to 3 months and crossed with wild-type adults. Resulting GFP + 

offspring were then selected (F1). These F1 were then crossed to perform experiments 

on as the stable transgenic line (F2).   
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Figure 2: GCaMP6 reacts to calcium release 

Embryos were treated with the pharmacological drug Thapsigargin. A.) endodermal cells 

of a 12 hpf embryo before treatment with thapsigargin. A’,A’’,A’’’) Chronological images 

after treatment with 2.5 µM thapsigargin showing increased intracellular calcium. B.) 

Quantification showing increased fluorescent intensity of GCaMP6 after addition of 

thapsigargin to endodermal cells of the 12 hpf embryos correlating to images A-A’’’. C.) 2 

dpf embryo before Thapsigargin treatment showing basal levels of GCaMP6 

fluorescence. C’) 2 dpf embryo after 2.5 µM thapsigargin treatment showing increase in 

GCaMP6 fluorescence correlating to increased intracellular calcium. Colorimetric bar 

correlates GCaMP6 fluorescence with relative calcium levels. Time (T) is in seconds 

relative to addition of thapsigargin. 
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Figure 3: GCaMP6 fluorescence in organs using calcium. 

Calcium signaling in various organs of the zebrafish. A-A’’’) Time point images showing 

calcium signaling waves in the zebrafish heart as the muscle contracts during heart 

beating. B-B’’’) Still images showing fluorescence increase during muscle contraction 

during zebrafish skeletal muscle twitching. C-C’’’) Still images showing flashes of calcium 

signaling, in the zebrafish otic vesicle, correlating to neuronal signaling by calcium. D-

D’’’) Time point images showing GCaMP6 fluorescence flashing in the neuromasts 

indicating calcium signalling. Colorimetric bar correlates pseudo-color to relative calcium 

levels. Time (T) is in seconds. 
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Figure 4: GCaMP6 fluorescence in the KV. 

A-C.) A Tg(sox17:dsRed) X Tg(b-actin:GCaMP6)sny210 double transgenic embryo. A.) 

Sox17 labeled KV cells pseudo colored green. B.) GCaMP6 positive cells labeled with 

heat map. C.) Merged image showing GCaMP6 signal in KV cells. D-F.) A chronological 

KV displaying a GCaMP6 signal in short high intensity flash. G-I.) A chronological KV 

showing long lasting stable GCaMP signal around the KV. Time (T) is in seconds. 

Colorimetric bar shows heat mapping signal correlating to GCaMP6 signal intensity.  
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Figure 5: Analysis of LR axis formation in Tg(b-actin:GCaMP6)sny210. 

A-C.) GFP fluorescent images of the zebrafish heart using GCaMP6 signal showing A.) 

normal right sided heart looping, B.) linear no loop heart, and C.) reversed left sided 

heart looping. D.) Quantification of Tg(b-actin:GCaMP6)sny210 heart looping analysis 

compared to TAB wild type fish. E-H.) spaw images from Tg(b-actin:GCaMP6)sny210 

showing E.) normal left sided spaw expression, F.) bilateral expression, G.) right sided 

expression, H.) and absent spaw expression. I.) Quantification of spaw analysis 

comparing wild type TABs to Tg(b-actin:GCaMP6)sny210. * indicates significant difference 

between Tg(b-actin:GCaMP6)sny210 and TABs. 
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Figure 6: Single embryo comparison of GCaMP6 laterality and spaw expression. 

A-C.) Examples of single Tg(b-actin:GCaMP6)sny210 embryos imaged for GCaMP6 

fluorescence and raised for spaw analysis. Graphs represent relative fluorescence of 

GCaMP6 on the left and right side of the KV. Schematic shows laterality of spaw 

expression with red line for each of the corresponding embryos. A.) An embryo with 

greater GCaMP6 signal on the left side of the KV, correlating to left sided spaw 

expression. B.) An embryo displaying bilateral GCaMP expression correlating to bilateral 

spaw expression. C. An embryo with greater GCaMP expression on the right side of the 

KV, which correlated to bilateral spaw expression. D.) Quantification of all single 

embryos analyzed into 3 groups: > 10% on left side of KV, +/- 10% expression on either 

side, and > 10% expression on right side of KV. Colorimetric bar shows relative 

GCaMP6 intensity correlating to calcium levels. 
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Discussion: 

An embryo must develop in 4 dimensions – anterior-posterior (AP), dorsal – 

ventral (DV), left-right (LR), and time. If any of these axes are delayed in formation it can 

be lethal to the embryo (Schier and Talbot, 2005). The formation and identification of the 

LR axis is a fundamental step during development. The processes behind development 

of the LR axis have only begun to unravel its mysteries in the last few decades. The LR 

axis development has been found to require conserved motile cilia across most species 

and a highly conserved nodal signaling pathway in the left side of the embryo (McGrath 

and Brueckner, 2003). This conserved nodal pathway is required for the proper 

placement of internal organs across vertebrates (Levin and Mercola, 1998). How this 

Nodal pathway is activated on the left side of a developing embryo seems to show some 

variability, however most vertebrates require the presence of calcium as a second 

messenger. In many vertebrates such as the mouse, frog, and fish there is a ciliated 

transient “organ of asymmetry” that creates a directional fluid flow that directs a left-sided 

morphogen gradient driving this left sided calcium signal that induces left sided nodal 

signaling (Yoshiba et al., 2012).  

 

Conserved and divergent aspects of LR patterning 

This “Organ of Asymmetry” known as the node in mouse, gastrocoel roof plate 

(GRP) in frog, and Kupffer’s vesicle (KV) in medaka and zebrafish has great variability 

between species (Amack, 2014). For example, the mouse node has 100-300 motile cilia 

whereas the zebrafish KV only has around 50 monociliated cells making up the organ. 

Also, the architecture of these organs varies between species with regard to their shape 

and location of the cilia. All three organs have motile cilia in common that create a 

directional fluid flow, but how this directional flow is converted into a left sided signal 



! ! Chapter!5:!Discussion!and!conclusions!
!

! 184!

driving asymmetric nodal signaling is still debated (Blum et al., 2014).  One of the most 

intriguing aspects of the presence the organ of asymmetry and motile cilia is that it 

seems to be lacking in the chick, where the nodal pathway remains conserved. It is due 

to the requirement of motile cilia in other vertebrates, that it is believed this organ of 

asymmetry is the ancestral trait, and that the chick has deviated from this method of 

breaking symmetry (Blum et al., 2014). Based on the hypothesis of motile cilia being 

ancestrally needed to break cilia, and evidence from clinical studies showing defects in 

ciliogenesis and cilia motility result in congenital birth defects in humans, the study of 

genes associated with LR patterning and the organ of asymmetry is crucial to the 

understanding and prevention of congenital birth defects. 

 

The V-ATPase in LR patterning 

Our work in Chapter 2 has found that an accessory protein of the V-ATPase is 

vital for proper LR development of the zebrafish. Morpholino knockdown resulted in 

disrupted heart looping as well as randomization of the asymmetrically expressed gene 

spaw. In knockdown embryos, the KV had fewer and shorter cilia, as well as a smaller 

KV organ size with less cells. These phenotypes were the same when the V-ATPase 

was inhibited by pharmacological treatment as well as when using morpholinos specific 

to V-ATPase subunits, suggesting the Atp6ap1b is acting with the V-ATPase and not 

through an independent function. Interestingly the atp6ap1ba82 mutants do not have LR 

defects, which we believe is due to maternal deposition of the protein. Analysis of 

neuromasts shows defects in other ciliated tissues. We found that the decrease in KV 

cilia number and organ size is due to a decrease in proliferation of the KV precursor cells, 

the DFCs. We propose that the reduced proliferation is caused by an acidification of the 

DFCs in the Atp6ap1b knockdown and that this acidification of the cells is due to the 
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removal of the V-ATPase from the plasma membrane of the DFCs. This work provides 

evidence that the Atp6ap1b regulates localization of the V-ATPase to the plasma 

membrane, likely in a tissue specific manner. This work also provides a new target in the 

prevention of congenital heart defects and LR defects, the Atp6ap1b. 

 

In recent years the V-ATPase has been implicated in several developmental 

processes. It had been previously shown via a drug screen, that the pharmacological 

inhibitor of the V-ATPase, Concanamycin A, induced LR defects when embryos were 

treated at the one cell stage. This role of the V-ATPase is conserved in the frog, chick, 

and zebrafish. However the function of the V-ATPase remained unclear (Adams et al., 

2006).  

 

Using the zebrafish, I focused on understanding the role of an accessory protein 

of the V-ATPase, the Atp6ap1 – known as Ac45 in mouse and frog.  The Atp6ap1 

function with regard to the V-ATPase is unclear. However, work in transgenic frog cells 

showed that over expression of Ac45 caused an increase of the V-ATPase at the plasma 

membrane of the cells (Jansen et al., 2008).  In the zebrafish there are at least two 

atp6ap1 genes- atp6ap1a and atp6ap1b. I show that only atp6ap1b is present early 

during embryogenesis and atp6ap1a does not show mRNA present until 1 dpf. Targeted 

knockdown of Atp6ap1b, via morpholino, caused a reduction of the V-ATPase at the 

plasma membrane of DFCs as well as in the EVL of the early zebrafish embryo. These 

data provide additional evidence that the Atp6ap1b plays a role in localization of the V-

ATPase to the plasma membrane. Interestingly, in neuromasts, the role of the Atp6ap1b 

appears to be localizing the V-ATPase to the basal domain. In atp6ap1ba82 mutants this 
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basal V-ATPase localization is disrupted.  Together, these results suggest that the 

Atp6ap1b functions in the sub-cellular localization of the V-ATPase in various cell types. 

 

Potential roles of V-ATPase localization 

The role of the subcellular localization of the V-ATPase remains unclear. Our 

evidence suggests that the plasma membrane V-ATPase plays an important role in 

maintaining cytoplasmic pH. In our Atp6ap1b knockdown embryos cytoplasmic pH 

becomes acidic in the DFCs and surrounding cells compared to control embryos. This is 

consistent with a model in which the plasma membrane localized V-ATPase pumps 

protons out of the cytoplasm to maintain intracellular pH. The role of cytoplasmic pH in 

cell proliferation remains unclear, however, cancer cell lines in cultured systems display 

similar results. In situations with acidic extracellular environments and slightly basic 

cytoplasmic pH, there is an increase in cell proliferation and metastasis by cancer cells. 

By reversing this and creating a more acidic cytoplasmic pH, as we see in our Atp6ap1b 

knockdowns, cancer cells showed a reduction in proliferative rates (Aravena et al., 2012; 

Che et al., 2008; Shrode et al., 1997). A way to further test this in the zebrafish would be 

to use other proton pumps independent of the V-ATPase to determine if this proliferation 

defect is in fact due to the change in pH, or if the decrease in proliferation is due to the 

V-ATPase interacting with some other pathway. Another way to test the hypothesis that 

pH is controlling proliferation rates to soak the embryos in different pH solutions and 

characterize proliferation in these embryos. For this experiment, other ion transporters 

would have have their function inhibited to allow the cells to equilibrate to the pH of the 

solution by the addition of Nigericin and Monensin, which nonspecifically open ion 

channels (Miesenbock et al., 1998).  
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The potential role of pH in cilia length maintenance is also of great interest to the 

V-ATPase project. Our data show that the V-ATPase and Atp6ap1b are necessary for 

cilia length maintenance. This is derived from the neuromast data that shows normal cilia 

length in Atp6ap1b disrupted embryos in 3 dpf embryos and significantly shorter cilia at 5 

and 7 dpf. Interestingly, in wild-type embryos, neuromast cilia elongated from 3 to 5dpf 

and maintained cilia length from 5 to 7dpf. Our preliminary data shows that the V-

ATPase and the Atp6ap1b show localization to neuromasts cilia. In the atp6ap1ba82 

mutants, these cilia become shorter, and the localization of both the Atp6ap1b and the 

V-ATPase is disrupted (Fig. 1). I show that at 3, 5, and 7 dpf, a V-ATPase subunit is 

localized in the neuromast cilia. This cilia localization is in distinct puncta along the cilium, 

and was verified using a second V-ATPase antibody. The Atp6ap1 is also present in 

neuromast cilia. In atp6ap1ba82/a82 embryos, the Atp6ap1 localization disappears, and 

interestingly, the V-ATPase cilia localization is also disrupted. This provides further 

evidence of a role for Atp6ap1 in localization of the V-ATPase and also raises an 

intriguing question. What is the role of the V-ATPase in cilia? I hypothesize that the V-

ATPase is acting as a pH sensor in the extra-embryonic environment. One way this 

could be tested is by following a previously used approach to visualize proteins in cilia 

(Yuan et al., 2015). Using Arl13b fused to a genetically encoded pH sensitive probe, 

such as the modified GFP pHluorin, could be driven to the cilia (Miesenbock et al., 1998). 

Using this pH sensor we can characterize pH changes in cilia in wild-type neuromast 

during stages of cilia growth such as 3 dpf and also at stages where cilia length is 

maintained such as at 7 dpf. We can then analyze the atp6ap1ba82 mutants and also 

acquire other V-ATPase mutants already characterized (Nuckels et al., 2009) to 

determine if the intraciliary pH changes in these mutants. Neuromast cilia provide an 

excellent tool for this as they are at the surface of the zebrafish and are immotile making 
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imaging easier and more accurate than in motile cilia or deeper cilia such as that of the 

KV. If a change in pH is determined, this leads to other possible questions, such as, 

what is the function of this intraciliary pH maintenance? One possible hypothesis is that 

this ciliary localized V-ATPase is acting as a sensor of pH in the extra-embryonic 

environment, as the neuromast cilia protrude into the environment.  

 

A possible alternative role for the ciliary localization of the V-ATPase may not be 

for maintenance of pH but rather for regulation of intraciliary trafficking. Intraciliary 

trafficking by the intraflagellar transport (IFT) family of proteins is necessary for the 

elongation and maintenance of cilia, as they are necessary for the transportation of cilia 

building materials from the cell body to the tip of the cilia (Taschner et al., 2012). To 

determine if IFT is disrupted in the atp6ap1ba82 mutants, we can inject a tagged IFT 

mRNA and visualize IFT trafficking the neuromasts in both atp6ap1ba82 mutants as well 

as in wild-type siblings. This could provide a mechanism as to the ciliary length 

maintenance defect that may be independent of the cell proliferation defects. 

 

Potential LR Pathways regulated by the V-ATPase and Atp6ap1b 

The V-ATPase may affect proliferation and cilia length maintenance via other 

pathways either through its role in maintaining cytoplasmic pH or through other 

interactions previously described in different models. There are three major 

developmental pathways – mTOR, Notch, and Wnt - that have been implicated in both 

the proliferation and cilia phenotypes we have seen in the Atp6ap1b morphant and 

atp6ap1ba82 mutant zebrafish, and proliferation defects in the eye have previously been 

reported (Nuckels et al., 2009). I hypothesize that Atp6ap1b and the V-ATPase modulate 

ciliogenesis and cell proliferation by regulation of the mTOR pathway, as mTOR 
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signaling has previously been implicated in both of these phenotypes (Laplante and 

Sabatini, 2013). 

 

V-ATPase regulation of the mTOR pathway 

Another pathway that has been shown to be vital for ciliated epithelia proliferation 

and ciliogenesis is the mechanistic target of rapamycin (mTOR) pathway. The mTOR 

pathway is a complex gene network that interacts with other pathways including the Wnt 

pathway (Inoki et al., 2006; Laplante and Sabatini, 2012). mTOR signaling is made up of 

several genes with complex interactions (Fig. 2). Key components of the pathway 

phosphoinositide 3-kinase (PI3K) that activates protein kinase AKT, AKT is in a negative 

feedback loop with the tuberous sclerosis complex (TSC) of TSC1 and TSC2, and the 

TSC complex inhibits activity of the serine/threonine kinase mTOR, which interacts with 

the proteins Raptor creating the mTORC1. This active mTORC is required for the 

phosphorylation of the kinase S6K, which leads to the transcription of downstream target 

genes (Sarbassov and Sabatini, 2005).  

 

The V-ATPase has been implicated in regulation of several different aspects of 

the mTOR pathway. A recently uncovered role of the V-ATPase, and an interesting 

method of regulating the mTOR pathway, is through sensing of amino acids by mTORC. 

The mTORC senses amino acids on the lysosomal membrane (Zoncu et al., 2011). It 

was found that this sensing method does not require an acidic lysosomal pH which, 

based on our information, the Atp6ap1b does not disrupt lysosomal pH, allowing for a 

potential mechanism of action beyond that of endosomal trafficking. There are several 

methods currently available to test an interaction between the Atp6ap1b and the mTOR 

pathway. The pathway requires phosphorylation of the S6K, which when the V-ATPase 
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is inhibited upstream of this event via pharmacological inhibitors, disrupts 

phosphorylation of S6K (Zoncu et al., 2011).  In the zebrafish, morpholino knockdown of 

the mTOR component Grk5l, also disrupts phosphorylation of the S6K, as detected by 

available antibodies. This set of antibodies can specifically detect the two separate forms 

of the protein allowing for analysis of the role in Atp6ap1b in the mTOR pathway by 

knocking Atp6ap1b down using morpholino at early stages, or in the older embryo using 

mutant embryos (Burkhalter et al., 2013). Another way to characterize the V-ATPase 

interaction with mTOR is to use the mTOR inhibitor Rapamycin. Using Rapamycin at the 

same stages of development as in the Concanamycin A study, and then analyzing heart 

looping and KV development would provide a link between the two, if similar phenotypes 

were seen. This could be further strengthened by using sub-optimal doses of both 

Concanamycin A and Rapamycin together as being evidence of a role for the V-ATPase 

acting with mTOR to induce the proliferation and cilia phenotypes (Laplante and Sabatini, 

2013). A third experiment to determine if the Atp6ap1b knockdown phenotype is due to 

disruption of the mTOR pathway, is to use suboptimal morpholino doses of Atp6ap1b 

and Grk5l, and look for heart looping disruptions (Burkhalter et al., 2013). Another 

experiment that would show interaction between Atp6ap1b and the mTOR pathway is to 

perform a rescue experiment using Tsc1 morpholino to rescue the cilia length phenotype 

of the Atp6ap1b morpholino. Knockdown of Tsc1, which functions to inhibit mTOR 

signaling, functionally acts to increase mTOR signaling and increase cilia length, which 

interestingly also causes LR defects (DiBella et al., 2009). These experiments would 

provide strong evidence and shed light on whether the Atp6ap1b and the V-ATPase are 

acting through the mTOR pathway to disrupt LR patterning in the zebrafish. 

 

V-ATPase modulation of the Wnt signaling pathway 
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One pathway that has been well characterized in early development is the Wnt 

pathway. There are two main aspects within Wnt signaling, the canonical and non-

canonical signaling cascades (Fig. 3). Both Wnt pathways are complex and intertwined 

with each other as well as with other key pathways including Notch and mTOR. The 

canonical Wnt pathway operates via a Wnt ligand interacting with the frizzled receptor, 

which induces, through a signaling cascade, nuclear localization of β-catenin, which then 

regulates transcription of several genes downstream that affect both proliferation and 

ciliogenesis such as the cilia regulatory forkhead gene foxj1a (Caron et al., 2012; May-

Simera and Kelley, 2012). The non-canonical Wnt signaling cascade operates via two 

different mechanisms. The Wnt/ Planar Cell Polarity (PCP) signaling pathway operates 

by a Wnt Ligand interacting with the frizzled which activates disheveled. Disheveled then 

activates the Rho/ROCK signaling pathway that modifies the cytoskeletal system. 

Components of the Wnt/PCP signaling pathway have also been implicated in 

proliferation and ciliogenesis (May-Simera et al., 2010; Wallingford and Mitchell, 2011).  

 

Another aspect of the Wnt pathway that interacts with calcium has also been 

implicated in early development and proliferation.  Similar to the Wnt/PCP pathway a 

Wnt ligand interacts with frizzled which then induces disheveled. The next step is the 

release of calcium from the endoplasmic reticulum. This release of calcium then acts as 

a messenger that leads to activation genes associated with LR patterning such as 

CaMKII and CDC42 (Wang et al., 2014). The V-ATPase has been implicated in 

regulation of the Wnt pathways by acting through another accessory protein Atp6ap2. 

The Atp6ap2, known as the prorenin receptor (PRR), has been identified as a key factor 

in the Wnt pathways (Hermle et al., 2013). The Prorenin receptor binds the Wnt receptor 

Frizzled and is required for proper frizzled localization in the fly (Hermle et al., 2011; 



! ! Chapter!5:!Discussion!and!conclusions!
!

! 192!

Hermle et al., 2010). Also, PRR is needed for V-ATPase interaction with the Wnt 

coreceptor LRP6, which requires acidification for maturation of the protein (Cruciat et al., 

2010). Overexpression of the PRR has also been shown to interfere with Wnt signaling 

(Bernhard et al., 2012). V-ATPase function has also been shown to control endosomal 

trafficking, secretion, and post-translational maturation of several pathway components. 

Inhibition of V-ATPase acidification of vacuoles leads to the accumulation of Wnt ligands, 

which prevents activation of down stream targets (Coombs et al., 2010; Cruciat et al., 

2010).  

 

One way to test the hypothesis that the V-ATPase is regulating canonical Wnt 

signaling is to use the β-catenin antibody. We can characterize the nuclear localization of 

β-catenin in Atp6ap1b morpholino treated embryos as well as in older (5-7 dpf) 

atp6ap1ba82 mutant embryos. In morpholino treated embryos the DFCs would be used to 

compare control and Atp6ap1 knockdown embryos for nuclear b-catenin to determine if 

there is a difference that may be controlling DFC proliferation or ciliogenesis via 

downstream genes. Also, the neuromasts may be used as a readout for cilia length 

maintenance and ciliogenesis in the older zebrafish atp6ap1ba82 mutants, as work has 

recently shown activity of Wnt/β-catenin in neuromast hair cell development. It was 

identified that inhibition of V-ATPase mediated endosomal trafficking disrupted Frizzled 

localization and Wnt signaling in the hair cells of the otic vesicle (Tuttle et al., 2014).  

 

The down stream target of β-catenin, Foxj1a, can be used as an indicator of Wnt 

pathway activity. Foxj1a is a transcription factor that regulates ciliogenesis and has been 

shown to disrupt LR patterning by regulating KV cilia length (Stubbs et al., 2008). Via the 
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use of in-situ hybridization, transcription levels of the cilia regulator Foxj1a can determine 

Wnt activity levels (Caron et al., 2012; Hellman et al., 2010; Yu et al., 2008). 

 

V-ATPase regulation of the Notch pathway 

Notch is transported to the plasma membrane, where it spans the membrane 

creating an extracellular and an intracellular domain. The Notch receptor interacts with 

the ligand delta. The intracellular domain is then cleaved by the ADAM metalloprotease 

and the intracellular domain (NICD) travels to the nucleus where it directs the 

transcription of several downstream genes including foxj1a (Fig. 4) (Bray, 2006). The V-

ATPase is required for proper localization of the Notch receptor to the plasma membrane 

(Yan et al., 2009).  Notch has been implicated in LR patterning by regulating the 

transcription of foxj1a. Notch has also been shown to play a role in hair cells proliferation 

of the neuromasts and may play a role in regulating proliferation of other ciliated cells 

such as in the KV (Ma et al., 2008).  

 

Testing the hypothesis of the V-ATPase regulating the Notch pathway could be 

done in several ways. First as an indicator, as with the Wnt pathway, in situ hybridization 

to characterize the transcription levels of foxj1a could give an indication if Atp6ap1 is 

regulating Notch signaling (Lopes et al., 2010). Another experiment is the use of the 

NICD ectopically expressed to rescue LR phenotypes in the Atp6ap1b morphant 

embryos and the cilia length defects in the atp6ap1ba82 mutant neuromasts (Gourronc et 

al., 2007; Lopes et al., 2010).  
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Variability in the organ of asymmetry:  

In chapter 3 the variability of the KV was characterized across several lines of 

zebrafish, as it has been noted that the extreme variability in the KV organ, both within 

labs and between different studies, makes it difficult to determine what constitutes a 

significant change. We found that cilia length had the lowest variability and therefore is 

likely tightly regulated, whereas KV cilia number showed much larger variability. KV 

organ size displayed the greatest variability during organ development with as much as 

40% variance form the mean. Interestingly, all three aspects of KV development 

analyzed showed greater variability at early KV stages and reduced variability later in KV 

development. We were interested in the large variability of the KV organ size, as it has 

previously not been shown if KV size defects alone are sufficient to randomize LR 

patterning, until recently when hypomorphic CFTR mutants showed KV size defects 

resulting in LR randomization, while maintaining normal cilia number and cilia length 

(Navis et al., 2013). Interestingly, we used a CFTR morpholino to cause a less severe 

KV phenotype, which still resulted in significant KV size defects, however LR patterning 

remained mostly normal. This led us to hypothesize that a KV organ size threshold may 

exist. Through extensive single embryo analysis comparing KV size to spaw, it was 

determined that a KV size threshold exists, at 1300µm2, and this organ size must be 

exceeded for robust LR patterning in the zebrafish. This work establishes that KV size 

alone is a significant factor in LR organ development, and that tight regulation of KV size 

is not needed because the organ size must only exceed this threshold to establish LR 

development. 

 

During development there is some variability during organ development, but most 

aspects are tightly controlled to maintain function. Other aspects of development are 
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highly variable. In the case of the mouse node, the number of monociliated cells range 

from 100-300 in normal wild type embryos. However, recent work using mutant embryos 

defective in cilia motility, that as few as two motile cilia are sufficient to break symmetry 

in the mouse (Shinohara et al., 2012). In our work, we have characterized the variability 

of the zebrafish KV and found that throughout various genetic backgrounds, KV cilia 

length varies by 10% regardless of background. Also, KV cilia number varies by 30% 

and KV organ size varies by as much as 40%. This genetic variability has been seen in 

other research groups as well and can complicate what is considered significant 

changes in KV development. In our work we have also identified a KV size threshold that 

is required for robust LR patterning. We found that a KV size lower than 1300 µm2 

results in randomization of LR symmetry in the zebrafish. This indicated that the 

variability seen in KV organ size is not detrimental to fish development, but rather that 

the KV must only exceed a size limit to permit KV function (Fig. 5). Interestingly, 

1300µm2 is about 1.5 standard deviations below the mean KV size. This number also 

coincides with recent work modeling motile cilia in the KV. It was predicted that only 

around 30 cilia are required for KV function to break symmetry, which based on our 

numbers also indicates approximately 1.5 standard deviations below the average cilia 

number (Sampaio et al., 2014). Interestingly, our work indicates that although there is a 

size threshold below which KV can no longer function efficiently to break symmetry, a 

significantly larger KV does not affect KV function. 

 

Future directions in characterizing KV variability: 

One of the most powerful tools that came out of this work is the use of single 

embryo analysis to correlate KV organ size to spaw expression. Single embryo analysis 
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provided the ability to directly compare KV size to the formation of the embryos LR axis, 

which allowed for the identification of an organ size threshold needed for robust left 

sided spaw expression. This work could be furthered in two directions.  First, this work is 

missing a functional analysis of KV. In order to do this, we could use randomly occurring 

debris in the KV to analyze fluid flow in the KV. We could then compare fluid flow of the 

KV to the KV size, grow the embryo to 18 hpf for analysis of spaw expression using in 

situ hybridization. This would correlate KV size to the fluid flow we believe is disrupted, 

and then correlate these two factors to LR patterning. Perhaps in the situations where 

the KV size is over 1300µm2 there are other KV defects such as cilia length and number 

that is disrupting KV fluid flow in parallel to KV size exacerbate the LR phenotype. 

Likewise, in situations where KV size is below the threshold, and LR patterning is normal, 

fluid flow is still maintained to a sufficient level. This experiment would also provide a KV 

flow threshold that is necessary for LR patterning. An alternative to using the naturally 

occurring debris is the use of fluorescent bead injections that are classically used to 

analyze fluid flow (Wang et al., 2012), however, the beads would be problematic to inject 

in this situation due to the small size of the KV targeted, also potential damage from the 

needle used to inject the beads could introduce artifact.  

 

Another experiment that would further the understanding of the variability of KV 

development is the study of KV cilia and cell number. The previous work used modeling 

to determine that a minimum of 30 cilia is necessary to break symmetry (Sampaio et al., 

2014). To characterize this in embryos, use of a transgenic line labeling cilia, such as 

Arl13bGFP would be used. Single embryos could be imaged and cilia number could be 

counted. Then, as in the KV size work, the embryos could be raised to 18 hfp and 

analyzed for spaw expression. This would allow for comparison of cell/cilia number and 
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LR development. If these experiments were performed, it would add to the 

understanding of the thresholds necessary for LR patterning and shed light on the 

variability of KV development. 

 

The role of left sided calcium signaling: 

In chapter 4, we develop a tool to characterize the role of calcium in the zebrafish 

embryo. Calcium, a vital messenger in development, is believed to play a key role in LR 

development across vertebrates. Using the genetically encoded calcium sensor 

GCaMP6, a transgenic line was created to visualize fluctuation in calcium signaling. 

Using the GCaMP6 line, calcium flashes were visualized in neuromasts and nasal 

placode, as well as in waves during heart beating. This line also allowed visualization of 

calcium flux around the KV, however it appeared randomized. Interestingly, it was found 

that this line has intrinsic LR defects caused by the randomization of calcium, as GCaMP 

may act as a calcium sink, disrupting normal calcium signaling. Using this, single embryo 

analysis was performed, by imaging the calcium flux of an embryo and then 

characterizing the expression of spaw for LR defects. We found that flashes, indicating 

increases in calcium signaling, seen during KV development did not correlate with LR 

pattering, however, a stable higher calcium signal on the left side of the KV correlated 

with left sided spaw expression and bilateral or right sided calcium signaling correlated to 

randomization of spaw. This information strengthens the argument that asymmetric 

calcium signaling is vital to LR development, as had been shown by the asymmetric 

localization of calcium receptors in other LR models. 

 

Another aspect of KV function that remains unclear due to potential temporal 

variability is the role of calcium. In the zebrafish, it has previously been shown that there 
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are ciliary GCaMP flashes correlating to increased calcium signal in the cilia that 

propagate into the lateral plate mesoderm (Yuan et al., 2015). Likewise, a calcium 

receptor, CaMKII, in the left side of the KV, and Pkd2 in the mouse node, that are 

present and likely involved in propagating this ciliary calcium signal to the lateral plate 

mesoderm to induce nodal signaling, as knockdown of these receptors causes disrupted 

nodal signaling in the fish and mouse (Francescatto et al., 2010; Yoshiba et al., 2012).  

 

Our work in chapter 4 shows that, not only are ciliary calcium signals in the KV 

important to LR patterning, but also a sustained left sided increase in calcium levels. 

Interestingly, our results suggest that GCaMP6 may act as a calcium sink, and 

randomizes calcium signal around the KV. This randomization creates LR defects in 

wild-type GCaMP6 transgenic embryos that allows for a single embryo analysis 

technique that demonstrates the necessity of asymmetric calcium signaling in LR 

patterning. This transgenic line can be used as a tool, in conjunction with single embryo 

spaw analysis, to analyze other proteins role in calcium regulation. This would require 

either creation of another GCaMP6 line that does not have intrinsic defects, or the use of 

the current line. In using our current line of GCaMP6 transgenic zebrafish, controls would 

be required as almost 50% of the wild-type transgenic fish have LR defects.  

 

Future uses of the GCaMP6 transgenic line: 

For further use of this line, GCaMP6 transgenic fish can be crossed into other 

mutant backgrounds to study that proteins affect on calcium signaling in early 

development, neuronal signaling, or in muscle contraction. For example, to study if the 

V-ATPase Accessory protein Atp6ap1b has a role in calcium signaling in the neuromasts, 

that is disrupted by the neuromasts defects reported in the atp6ap1ba82 mutants reported 
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in chapter 2, the atp6ap1ba82 mutant line could be crossed into the GCaMP6 transgenic 

line to determine if there is change in calcium signaling. This could determine if the cilia 

defects and hair cell number defects seen in the atp6ap1ba82 mutant is affecting 

neuromast signaling and results in a functional defect. Likewise, this transgenic line 

could be used in conjunction with morpholino technology, by injecting a targeted 

morpholino against a protein of interest in neuronal tissues or in muscle contraction to 

knockdown the protein of interest and visualize changes in calcium signaling. This 

transgenic tool, although experiments will be complicated by the intrinsic defects in LR 

patterning caused by randomized calcium around KV, can still be a valuable asset in 

studying calcium signaling in other processes such as muscle contraction, as well as in 

neuronal signaling. Finally, through use of this new transgenic line and single embryo 

southpaw analysis, we have added to the evidence that a left sided calcium signal is vital 

to proper asymmetric placement of the visceral organs. 

 

Conclusions and importance of this work: 

Combined our work has identified several new findings that are of great interest 

to the LR field (Fig. 6). We identify a new target gene for LR development, the Atp6ap1b, 

which is responsible for localization of the V-ATPase to the plasma membrane of the 

DFCs, where it maintains proper cytoplasmic pH necessary for the proliferation of the 

DFCs. Our work has also identified new questions in the field such as what is the role of 

the Atp6ap1b and V-ATPase in the cilia? Is it perhaps acting as a pH sensor in these 

cilia, does it play a role in IFT trafficking, or both? We also performed a broad scale 

analysis of KV development and characterized a KV organ size threshold necessary to 

maintain LR patterning. We have created a transgenic line that will be useful in studying 
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the role of calcium during zebrafish development. This work advances the field, however 

there is still much work to be done to unravel the mysteries of LR development. 
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Figure 1: V-ATPase and Atp6ap1 localization in neuromast cilia. 

A,C,E,G) 5 dpf atp6ap1ba82 wild-type sibling neuromast cilia. B,D,F) 5 dpf atp6ap1ba82/a82  

mutant embryo neuromast cilia. A-B) Anti acetylated tubulin, anti Atp6ap1 and merged 

images of neuromast cilia. C,D) Phalloidin, Atp6V1A gene script antibody, and merged 

image of neuromast cilia. E,F) Anti acetylated tubulin, Atp6V1A Proteintech Group 

antibody, and merged image. G.) Anti acetylated tubulin, no primary control secondary 

antibody only, and merged image of neuromast cilia.  
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Figure 2: mTor pathway: 

The mTOR signaling pathway simplified to major components. V-ATPase is inserted with 

arrow pointing to identify function in mTORC maturation. Modified from (Laplante and 

Sabatini, 2012). 
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Figure 3: Wnt Signaling pathway: 

Canonical and non canonical Wnt pathway simplified. V-ATPase inserted with arrow to 

indicate function in Wnt signal maturation and Frizzled trafficking to membrane. Modified 

from (Nusse, 2012). 
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Figure 4: Notch Signaling pathway: 

Simplified pathway diagram of the Notch signaling pathway. V-ATPase is inserted with 

arrow pointing to indicate function is trafficking NICD and recycling Notch to the plasma 

membrane. Modified from (Bray, 2006). 
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Figure 5: Model of the role of KV size in LR patterning: 

Model depicting affect of small KV size on KV function. A normal size KV with motile cilia 

created a unidirectional fluid flow that drives sided expression of spaw (red bar). A small 

KV that fails to expand fails to establish unidirectional fluid flow and results in disrupted 

spaw expression. 
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Figure 6: Working model 

Model depicts role of V-ATPase and Atp6ap1 in maintaining DFC pH and functions to 

maintain DFC proliferation and ciliogenesis through unknown pathways. The KV must 

expand beyond a size threshold and a left sided calcium signal are required to establish 

robust left sided spaw expression and direct internal organ placement along LR axis. 
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