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The cranial sensory ganglia are created from neural crest cells and placode cell-derived 

neurons. Defects in the migration and interaction of these cells can cause abnormalities in 

craniofacial development and the sensory nervous system. To this end, we are using the 

embryonic chick cranial ganglia to elucidate the signaling mechanisms underlying cellular 

interactions. The Annexin protein superfamily has an evolutionarily conserved role in the 

development of the sensory ganglia. Our lab previously identified a function for chick 

Annexin A6 in modulating early NCC migration, but a later role for Annexin A6 in cranial 

ganglia assembly has not been investigated. We hypothesize that Annexin A6 acts a core 

cytoskeletal scaffold in cranial ganglia neurons to facilitate cranial ganglia formation. In 

support of this, our results show that placode cell-derived neurons express Annexin A6 

during cranial ganglia assembly, and that expression is maintained throughout cranial 

gangliogenesis. Annexin A6 is also observed in neurons within the dorsal root ganglia and 

ventral neural tube, suggesting that Annexin A6 may be a specific neuronal marker. To 

investigate the function of Annexin A6 within the placode cells of the assembling cranial 

ganglia, we used a gene perturbation approach. Annexin A6 depletion from developing 

placode cells does not affect placode cell-derived neurons’ position within the ganglionic 

anlage nor disturb the surrounding neural crest cell corridors. Annexin A6 knockdown in 





placode cells results in neurons that produce very few short and/or no axonal projections 

instead of the normal bipolar morphology observed in the presence of Annexin A6. Placode 

cell-derived neurons with reduced level of Annexin A6 still express mature neuronal 

markers, they do not possess two long processes, which are characteristic morphological 

features of mature neurons, and fail to innervate their designated targets due to the absence of 

this bipolar morphology. In keeping with these results, Annexin A6 overexpression causes 

some placode cell-derived neurons to form extra protrusions alongside these bipolar 

processes. These data demonstrate that the molecular program associated with neuronal 

maturation is distinct from that orchestrating changes in neuronal morphology, and, 

importantly, reveal Annexin A6 to be a key membrane scaffolding protein during neuron 

membrane biogenesis.  
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Chapter 1. Literature review 

1.1 Cranial ganglia: An overview 
	
Cranial sensory ganglia are components of the peripheral nervous system that possess a 

significant somatosensory role. These ganglia, which consist of the trigeminal (V) and 

epibranchial (geniculate (facial VII), petrosal (glossopharyngeal IX), nodose (vagal X)) 

ganglia, integrate and relay sensory information. The trigeminal ganglion has three branches: 

The ophthalmic nerve innervates the skin of the head region, eyeball and eye muscles as well 

as the nose, while the maxillary and mandibular nerves respectively innervate the upper jaw 

and the lower jaw and tongue (Gillig and Sanders, 2010b). In anamniotes, the ophthalmic and 

maxillomandibular lobes of the trigeminal complex arise from the profundal and trigeminal 

placodes, respectively. In most organisms, the two ganglia fuse during embryogenesis into a 

single unit. The trigeminal neurons extend peripheral axons underneath the skin of the head 

to detect mechanical, chemical, and thermal stimuli, as well as central axons into the 

hindbrain in order to communicate these environmental inputs to the central nervous system.  

 The three epibranchial ganglia are comprised of the geniculate, petrosal, and nodose 

ganglia (from rostral to caudal), each associated in sequence with the first, second, and third 

branchial clefts.  The neuron fibers of the geniculate ganglia control the facial muscles and 

the sensation of taste (Gillig and Sanders, 2010b). The petrosal ganglia contain somatic 

sensory neurons that innervate the pharynx, tonsils, tongue, middle ear, auditory tube, and the 

ear canal (Gillig and Sanders, 2010a). The nerve fibers of the nodose ganglia relay sensations 

of the heart, larynx, lungs, and alimentary tract from the pharynx to the transverse colon 

(Gillig and Sanders, 2010a). Thus, the epibranchial ganglia provide gustatory and 
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viscerosensory information from the oropharyngeal cavity to the hindbrain (Begbie and 

Graham, 2001).  

 The migration of, and interaction among, multiple cell types underscore the creation 

of organismal tissues and organs throughout evolution, including the cranial ganglia. These 

ganglia arise from the intermixing and coalescence of two different embryonic populations, 

cranial neural crest and neurogenic placode cells (Fig. 1.1) (Hamburger, 1961; Park and 

Saint-Jeannet, 2010; Saint-Jeannet and Moody, 2014; Steventon et al., 2014) (discussed in 

detail later). Studying the coordinated movement and interaction of neural crest and placode 

cells is critical, as defects during neural crest and placode cell development can lead to 

cranial dysmorphologies such as cleft lip and/or palate, and the sensory deficits that can 

ensue from multiple sclerosis, facial paralysis during trauma, and trigeminal neuralgia (Gillig 

and Sanders, 2010b) (Donkelaar H.J., 2006) (Black et al., 2000). These conditions are 

observed in one in thousand live births for cleft lip and/or palate, and one in ten thousand 

individuals for trigeminal neuralgia. 

 

Figure 1.1 Cranial sensory ganglia are critical for integrating sensory information. A 

cartoon diagram of the chick embryo reveals that sensory ganglia arise from neural crest and 
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placodal cell contributions. Neural crest cells are shown in yellow, while different placodes, 

which form sensory neurons, are indicated by other colors. On the right are the different 

cranial ganglia, including the trigeminal and three epibranchial (geniculate, petrosal, nodose) 

ganglia. Image adapted from (Park and Saint-Jeannet, 2010). 

1.2 The Neural Crest  
	

Neural crest cells are an embryonic, multipotent cell population that play a crucial role in 

vertebrate evolution (Bronner-Fraser and Fraser, 1988). These cells arise from the dorsal 

neural folds of the embryo and travel along defined trajectories to distinct destinations. They 

later differentiate into diverse adult derivatives, including neurons and glia of the sensory, 

autonomic, and enteric ganglia, smooth muscle cells, melanocytes, medullary secretory cells, 

portion of the heart, and the craniofacial skeleton. For this very reason, neural crest cells are 

often referred to as the “fourth germ layer” (Hall, 2008). Several diseases have been 

associated with abnormal development of neural crest cells and neural crest cell derivatives, 

and are collectively termed neurocristopathies (Bolande, 1997). Some of the most common 

birth defects linked to aberrations in neural crest cell formation include Waardenburg-Shah 

syndrome (aganglionic megacolon, hypopigmentation, and deafness), Hirschsprung disease 

(megacolon, hypopigmentation, and deafness), DiGeorge syndrome (thymic hypoplasia and 

craniofacial and heart defects), and Treacher-Collins syndrome (cleft palate, micrognathia, 

and deafness) (Etchevers et al., 2006) (Jones et al., 2008) (Passos-Bueno et al., 2009) (Keyte 

and Hutson, 2012). Because they possess some cell regenerative capacity, neural crest cells 

have been considered for use for stem cell-based therapies to treat different diseases (Crane 

and Trainor, 2006). 

 Neural crest cells can be grouped into four categories based primarily upon their axial 
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level of origin in the embryo. These include cranial, vagal and sacral, cardiac, and the trunk, 

and neural crest cells from each domain have distinct migratory characteristics and form 

specific adult structures upon differentiation (Sauka-Spengler and Bronner). Neural crest cell 

progenitors are induced at the border of the neural plate through signals from the 

neuroectoderm, which will form the future brain and spinal cord; the non-neural ectoderm, 

which later forms the epidermis; and the mesoderm. Cranial neural crest cells migrate 

dorsolaterally to give rise to most of the craniofacial skeleton, cranial neurons and glia, and 

connective tissues of the face (Fig. 1.2). During neurulation in chick (Fig. 1.3), the neural 

plate invaginates and concomitantly the edges (containing the neural crest cell progenitors) 

elevate to form the neural folds. At the end of neurulation, the elevating neural folds fuse in 

the dorsal midline creating the hollow neural tube, which eventually pinches off and 

separates from the overlying ectoderm. Neural crest cells now lie at the dorsal region of the 

neural tube, where they are referred to as premigratory neural crest cells because they are 

immotile. These cells undergo an epithelial-to-mesenchymal transition (EMT), lose 

intercellular contacts, delaminate, and migrate away from the neural tube (Sauka-Spengler 

and Bronner-Fraser, 2008b) to form the various derivatives described above (Figs. 1.2, 1.3).  

Even though the overall steps in neural crest cell formation are conserved, the exact 

sequence varies between species. In mouse and amphibians, cranial neural crest cells 

delaminate while the neural tube is still open (Nichols, 1981) (Sadaghiani and Thiebaud, 

1987). Furthermore, fundamental differences exist between cranial and trunk neural crest cell 

populations, especially in their formation and delamination. While cranial neural crest cells 

delaminate en masse, trunk neural crest cells delaminate progressively (Sadaghiani and 

Vielkind, 1990) (Duband, 2010) (Krispin et al., 2010) (Thiery et al., 1982) (Erickson and 
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Weston, 1983) over an extended period of time. The molecular pathways underlying the 

formation of neural crest cells at different axial levels have differences in their molecular 

mechanisms, even with some evolutionary conservation. The neural crest cell gene 

regulatory network is responsible for the induction, specification, delamination, migration, 

and differentiation of neural crest cells. Patterning signals in the neural plate border, 

including Wnt, FGFs, and BMPs (Sauka-Spengler and Bronner-Fraser, 2008a) (Betancur et 

al., 2010) (Nikitina et al., 2008) (Bronner and Simoes-Costa, 2016), induce neural plate 

border specifiers such as Zic1, Msx1, Msx2, Dlz3, Dlx5, Pax3, and Pax7  (Betancur et al., 

2010) (Nikitina et al., 2008) (Sauka-Spengler and Bronner-Fraser, 2008a). Following the 

expression of neural crest border specifiers, neural crest specifiers such as Snail1, Snail2, 

Sox8, Sox9, Sox10, FoxD3, Ap-2, Twist, c-Myc and Id are formed (Nelms et al., 2011) 

(Dutton et al., 2001) (Wahlbuhl et al., 2012) (Sakai and Wakamatsu, 2005) (Lister et al., 

2006) (Sasai et al., 2001). Finally, neural crest specifiers turn on the expression of effector 

genes such as Cadherins, Collagen 2a, ADAMs, and Integrins, that confer properties 

associated with migration (Theveneau and Mayor, 2012) (Thiery et al., 2009) (LaBonne and 

Bronner-Fraser, 2000) (Taneyhill et al., 2007) (Strobl-Mazzulla and Bronner, 2012). 

Figure 1.2 Neural crest cells form a variety of adult derivatives. On the left is a cartoon 

diagram of a developing chick embryo (dorsal view), showing the rostral cranial region. On 
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the right is a transverse section taken at the axial region in the whole-mount image shown on 

the left, with neural crest cells in blue migrating out of the dorsal region of the hollow neural 

tube. The different adult derivatives that arise from the cranial neural crest population are 

also listed. Image reproduced from (Sauka-Spengler and Bronner, 2010).  

 

 

Figure 1.3 Neural crest cell specification at the boundary of the neural plate and 

epidermis is a multistep process. First, the border of the neural plate is set via inductive 

signals from the underlying mesoderm (top left and right). Signaling pathways also 

temporally set the boundaries between epidermis, prospective neural crest cells, and the 

neural plate. Prospective neural crest cells in turn initiate neural crest cell specification, 

preventing this region from becoming either neural plate or epidermal tissue (blue border). 

To form a hollow neural tube, the cells at the neural folds become columnar, and the neural 

plate elongates and forms hinge points (bottom left). EMT, delamination, and migration of 

neural crest cells (bottom right) are processes initiated by specific transcription factors and 

signaling molecules. Upon delamination, neural crest cells migrate to their respective 
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destinations under the influence of signaling molecules and the external environment that 

they face, such as the extracellular matrix and other cell types. Genes controlling later 

migration and differentiation are not shown. Image reproduced from (Sauka-Spengler and 

Bronner, 2010). 

1.3 The Placode Cells 
	

Derived from the head ectoderm, placode cells are focal thickenings that arise in a specific 

spatio-temporal fashion (Saint-Jeannet and Moody, 2014) (Park and Saint-Jeannet, 2010) 

(Schlosser, 2005) (Fig. 1.4). The placodes that develop in the head and form the sensory 

nervous system consist of the adenohypophyseal, olfactory, lens, trigeminal, profundal, otic, 

epibranchial, and lateral line placodes (unique to fish and amphibianss). These cranial 

placodes also arise at the neural plate border, sharing their origin with the neural crest cell 

population. However, they have a very unique characteristic that separates them from neural 

crest cells such as placode cells do not undergo EMT. Placode cells later migrate away from 

the epithelium as mesenchymal cells and form different sense organs and ganglia, each with 

a distinct set of cell types, including sensory receptor cells, neurons, endocrine cells, and 

supporting cells (Jidigam and Gunhaga, 2013). With the exception of the lens and 

adenohypophyseal placodes, all cranial placodes give rise to neurons (in addition to other cell 

types). Neurogenic placodes contribute sensory neurons to the cranial ganglia and may 

themselves be divided into two groups based upon their location and fate. Dorsolateral 

placodes (trigeminal, otic, lateral line) occupy relatively rostral positions adjacent to the 

hindbrain and give rise to sensory cells of the inner ear and lateral line system (only in fish 

and amphibians), to the sensory neurons of the otic and lateral line ganglia, and to neurons of 

the trigeminal ganglion (among other cell types) (Baker and Bronner-Fraser, 2000, 2001; 
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Begbie et al., 2002; Graham and Begbie, 2000; Trainor, 2015). Trigeminal placode cells 

develop closer to the central nervous system and are composed of the ophthalmic (opV) and 

maxillomandibular (mmV) placodes (Hamburger, 1961). Epibranchial placodes (geniculate, 

petrosal, nodose) lie caudally, are associated with the dorsocaudal aspect of the pharyngeal 

clefts, and give rise to viscerosensory neurons of the facial, glossopharyngeal, and vagal 

nerves (Park and Saint-Jeannet, 2010) (Begbie et al., 1999).  

 

 

Figure 1.4 Cranial sensory ganglia are derived, in part, from placode cells. This image is 

a cartoon representation of the dorsal view of a chick embryo head. Listed on the left are the 

different neurogenic placode cells that form the respective cranial ganglia shown on the right. 

Image reproduced from (Park and Saint-Jeannet, 2010).  

 

There are two ways in which placode cells can become motile: Invagination of the thickened 

epithelium into a vesicle that will separate from the surface ectoderm and through ingression 
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of cells from the thickened ectoderm and re-aggregation in the underlying tissues (Fig. 1.5). 

The resulting structures that arise from these placodes will undergo extensive proliferation 

and remodeling, giving rise to very diverse cell types characteristic of each placodal 

derivative described earlier (Park and Saint-Jeannet, 2010). 

 

 

Figure 1.5 Complex morphogenetic events occur during early placode cell development. 

All cranial placodes arise from a thickened epithelium in the head region of the developing 

embryo. Adenohypophysis, olfactory, lens, and otic placode cells invaginate from their 

respective ectodermal regions to form specific derivatives. In these placodes, with the 

exception of the lens, cells will also delaminate from the invaginated structure to give rise to 

sensory neurons and secretory cells. Derivatives of the lateral line, epibranchial, trigeminal, 

and profundal placodes, however, form by ingression of cells from the placodal epithelium. 

Image reproduced from (Park and Saint-Jeannet, 2010).  

1.4 Cranial neural crest cells and placodes: Formation of the cranial ganglia 
 
During development, placode cells ingress from the overlying ectoderm and enter the 

mesenchyme, where they proliferate and differentiate into multipolar neuroblasts (Steventon 

et al., 2014) (Smith et al., 2015). Multipolar neuroblasts entering the ganglionic anlage 
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eventually undergo “neuronal maturation” in which they adopt a bipolar morphology and exit 

the cell cycle (Fig. 1.6). Importantly, this maturation process in the chick epibranchial system 

has been proposed to be governed by distinct stages of gene expression, and cell 

morphologies, defining the sequential progression from a placode cell to a mature neuron 

(Smith et al., 2015) (Fig. 1.6). While the neuroblasts are maturing into neurons, they interact 

with migratory neural crest cells that originate from the dorsal neural tube or folds to create 

the ganglia (Fig. 1.7) (Hamburger, 1961) (Shiau et al., 2008) (Steventon et al., 2014). Neural 

crest cells, however, do not differentiate into neurons until much later (D'Amico-Martel and 

Noden, 1983) (Steventon et al., 2014) such that the initial population of ganglion neurons is 

derived solely from placode cells. As the cranial ganglia assemble, neural crest cells have 

been hypothesized to provide a scaffold for placode cell-derived neurons while the ganglion 

is being assembled, whereas placode cell-derived neurons mediate the condensation of neural 

crest cells (Shiau et al., 2008) (Fig. 1.7). Furthermore, neural crest cells form corridors that 

surround the placodal neurons, providing them with the proper local environment to promote 

migration and later ganglia formation (Freter et al., 2013). The pathways that control the 

differentiation and maturation of placode cells into sensory neurons, as well as the 

mechanisms underlying cell morphology changes and subsequent neural crest-placode cell 

interactions during ganglia assembly, however, remain elusive. Because complex molecular 

pathways underlie the dual embryonic origin of the cranial sensory ganglia (Hamburger, 

1961) (Begbie and Graham, 2001) (Saint-Jeannet and Moody, 2014) (Park and Saint-Jeannet, 

2010) (Schlosser, 2005) (Jidigam and Gunhaga, 2013), it is important to understand the 

signals and effectors that drive cranial gangliogenesis.  
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Figure 1.6 Placode cell-derived neurons exhibit a stereotypical morphology and express 

specific genes during neurogenesis. This cartoon represents a transverse section through the 

forming chick petrosal ganglia and describes a hypothetical model for “neuronal maturation.” 

As ectodermal placode cells ingress into the mesoderm, these cells begin differentiating, 

possess multiple small projections, and proliferate, and are termed multipolar neuroblasts. 

Along the course of time, as they migrate away from the ectoderm and enter the ganglionic 

anlage, they go from being multipolar neuroblasts to bipolar neurons that are post-mitotic, a 

process described as “neuronal maturation.” There are different signaling programs 

underlying each stage shown here, from placode cells in ectoderm to mature neurons. NC, 

notochord; NT, neural tube. Image reproduced from (Smith et al., 2015).
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Figure 1.7 A reciprocal relationship exists between neural crest cells and placode cell-

derived neurons during ganglia assembly. Cartoon representation of the cell types 

interacting during cranial ganglia assembly. Neural crest cells provide a scaffold for placode 

cell-derived neurons while the ganglia are being assembled, whereas placode cell-derived 

neurons mediate the condensation of neural crest cells. NCC, neural crest cell; PC, placode 

cell-derived neuron.  

 

1.5 Annexins 
	
Annexins constitute an evolutionary conserved protein superfamily characterized by their 

ability to interact with biological membranes in a calcium-dependent as well as calcium-

independent manner. There are several subfamilies of Annexins that have been identified 

based on structural and functional differences within different species. However, all 

Annexins possess two distinct regions: the N-terminal domain and the C-terminal domain 

containing the Annexin core. While the N-terminal region shows significant variability in 

NCC - Neural crest cell 

PC - Placode cell-derived neuron 
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length and amino acid sequence and thus greatly influences Annexin protein stability and 

function between subfamilies of Annexins, the C-terminal domain/Annexin core is 

conserved among the Annexin family members (Fig. 1.8a) (Lizarbe et al., 2013) (Gerke et 

al., 2005). The vertebrate Annexin core is composed of four homologous domains (eight in 

Annexin A6) of approximately seventy amino acids, with the overall shape of a slightly 

curved ring that surrounds a central hydrophilic pore. This ring forms a highly α-helical, 

tightly-packed disk with a slight curvature and two principal sides (Gerke et al., 2005). The 

more convex side contains calcium- and phospholipid-binding sites and faces the membrane 

when an Annexin protein is associated peripherally with phospholipids. The more concave 

side points away from the membrane and is thus accessible for interactions with the N-

terminal domain and/or potential cytoplasmic binding partners (Gerke et al., 2005). In all 

Annexin proteins, the calcium binding sites in the core region, in the presence of calcium 

ions, undergo changes in their orientation such that they can interact with the inner plasma 

membrane leaflet through the calcium ions. Alternatively, Annexin proteins can undergo 

conformational changes independent of the presence of calcium ions, thereby allowing the 

hydrophobic side of the protein to be exposed such that it can bind to lipids/cholesterol in the 

inner leaflet of the plasma membrane. Interestingly, Annexin A6 (the “A” is added to signify 

the vertebrate nomenclature), the only identified member of the family that has eight 

segments in the core instead of four, forms a dimer. (Fig. 1.8d) (Lizarbe et al., 2013). 

Although Annexin A6 displays a broad range of functions in diverse tissue types (described 

below) and is involved in coordinating multiple signaling pathways, little is still known about 

how this protein functions during early embryogenesis.  
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Figure 1.8 Annexins associate with cell membranes. (A) A schematic drawing of an 

Annexin that is attached to the inner leaflet of the plasma membrane through bound calcium 

ions (blue). (B) The Annexin core generated via the Protein Data Bank (PDB). Each Annexin 

repeat (colored differently) contains five alpha helices that are connected by short loops or 

turns. (C) Ribbon structure of Annexin A6 shows that it contains eight repeats. The two 

halves of the protein, which each consist of a core possessing four Annexin repeats, are 

connected by a linker (dark green, arrow). Image modified from (Gerke et al., 2005). 

 

1.5a Annexin A6: A scaffold between the plasma membrane and the actin cytoskeleton 
	
Plasma membrane-associated Annexin A6 interacts with F-actin and remodels and stabilizes 

the cortical actin cytoskeleton (Monastyrskaya et al., 2009). Actin cross-linking is an 
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essential component of cell migration, in which protrusive bodies containing actin bundles 

are formed to polarize cell edges, and, in turn, provides cytoskeletal “stiffness” to generate 

internal propulsive forces for locomotion. The disruption of the actin cytoskeleton by 

Latrunculin A perturbs the interaction of Annexin A6 with actin such that Annexin A6 is no 

longer membrane-bound but instead becomes soluble in the cytosol. Interestingly, the actin 

cytoskeleton has a crucial role in regulating store-operated calcium entry (SOCE) into cells. 

The localization of Annexin A6 to the plasma membrane leads to the accumulation of F-actin 

and a reduction in SOCE, thus impacting calcium homeostasis via the actin cytoskeletal 

network (Monastyrskaya et al., 2009). Annexin A6 is also a component of the cardiac 

myocyte sarcolemma, binding to F-actin filaments with its N-terminal domain and regulating 

physiological effects on the sarcolemma in the presence of calcium (Locate et al., 2008) (Fig. 

1.9). During smooth muscle contraction, Annexin A6 regulates sarcolemmal organization by 

acting as a calcium-sensitive linker between caveolar domains of the sarcolemma and the 

actin cytoskeleton (Monastyrskaya et al., 2007). Finally, Annexin A6 physically interacts 

with sarcomeric alpha-actinin in rat cardiomyocytes, and this interaction is crucial for 

cardiomyocyte contractility, playing a role in the excitation and contraction process (Mishra 

et al., 2011) (Fig. 1.9).  
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Figure 1.9 Annexin A6 functions as a cellular scaffold. Annexin A6 interacts with the 

actin cytoskeleton and the actin binding protein alpha-actinin as cells migrate and form 

connections with other cells. Annexin A6 also associates with the endocytic as well as 

exocytic machinery within the secretory pathway. Finally, Annexin A6 interacts with 

adherens junction molecules as well as the inner leaflet of the lipid bilayer. 

1.5b Annexin A6: A role in endocytosis and membrane trafficking 
	
Annexins can associate with the inner plasma membrane leaflet, and this localization 

depends on the cell type, function, and existing physiological conditions. For example, 

vascular endothelial cadherin and actin both interact with Annexin A2, localized to 
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cholesterol rafts, in human umbilical endothelial cells. Moreover, down-regulation of 

Annexin A2 re-localizes these cadherins from the membrane to the cytosol where they 

appear in puncta, thereby de-stabilizing cadherin-based junctions (Heyraud et al., 2008). 

Likewise, Annexin A6 has many well-documented roles in membrane trafficking. Co-

immunoprecipitation experiments identified an interaction between Annexin A6 and 

dynamin in clathrin-coated vesicles (CCVs) (Fig. 1.9) isolated from adrenocortical tissue, 

suggesting specific protein-lipid interactions during CCV function (Turpin et al., 1998). 

Another study in rat hepatocytic cells revealed Annexin A6 in Rab5-positive endosomes 

(Fig. 1.9) (Ortega et al., 1998). In smooth muscle cells, at elevated calcium concentrations, 

Annexin A6 is displaced from the sarcoplasmic reticulum to a caveolae-enriched fraction of 

the sarcolemma (Babiychuk et al., 1999). In addition, Annexin A6 is thought to be involved 

in the remodeling of the spectrin cytoskeleton during receptor-mediated endocytosis, 

facilitating the release of CCVs from the plasma membrane. This mechanism is based on the 

interaction between Annexin A6 and β-spectrin. The region of β-spectrin with which 

Annexin A6 interacts contains an F-actin binding site, which is masked when Annexin A6 

binds to β-spectrin. Thus, the formation of Annexin A6-β-spectrin complexes inhibits the 

cross-linking activity of β-spectrin with F-actin and facilitates endocytosis. Ultimately this 

would lead to a reversible dissociation of the β-spectrin and F-actin protein scaffold 

(Watanabe et al., 1994). A study by Sakwe et al. (2011) demonstrated an increase in N-

cadherin upon Annexin A6 downregulation in breast cancer cells, with these cells displayed 

reduced motility (Sakwe et al., 2011). Thus, the association of Annexin A6 with the lipid 

bilayer, early, and late endosomal compartments, plus the cytosolic pool of Annexin A6 in a 

wide variety of cell types indicates that, depending on the cell type and an organism, 
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Annexin A6 could fulfill more than one function in different subcellular compartments (Fig. 

1.9).  

 

1.5c Annexin A6: Interactions with the lipid bilayer to initiate signaling 
	
One of the least studied roles of Annexin A6 is its binding to the inner leaflet of cell 

membrane, specifically interaction with negative phosphotidylserine groups on the inner 

plasma membrane leaflet, and activation of subsequent signaling cascades. These portions of 

membrane are also cholesterol rich, thereby confirming prior studies that show the presence 

of Annexin A6 in caveolin membrane fractions that are also rich in cholesterol (Garcia-

Melero et al., 2016) (Cubells et al., 2007). Other data show that alterations in the distribution 

of intracellular phospholipids and cholesterol depletion seem to modify the affinity with 

which Annexin A6 binds endosomal membranes, such that the intracellular localization of 

Annexin A6 is determined by the lipid composition at the cell membrane (de Diego et al., 

2002) (Fig. 1.9). 

 Annexin A6 is an important component of lipid rafts. In normal cells, lipid rafts are 

observed in early and recycling endosomes as well as the trans-Golgi network; however, late 

endosomes and lysosomes do not accumulate them. In Niemann-Pick cell (NPC) disease, a 

lipid storage disorder characterized by accumulation of lipids in the late endosome/lysosome 

compartment caused by NPC1 or NPC2 protein dysfunction, increased lipid raft domains in 

early and late endosomes in skin fibroblasts are noted. This accumulation of cholesterol and 

sphingolipids in late endosomes/lysosomes induces excessive formation of lipid raft domains 

in liver cells, leading to an imbalance in cell membrane dynamics. Under the influence of 

calcium, Annexin A6 in these NPC cells associates with the raft domains within late 
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endosomes and lysosomes, suggesting a role for Annexin A6 in the organization of these 

microdomains. Intriguingly, sphingomyelin is elevated in these lipid rafts during NPC 

disease, with Annexin A6 physically interacting with NPC1 in late endosomal and lysosomal 

fractions (Domon et al., 2011). Elevated Annexin A6 levels also increase the localization of 

cholesterol to late endosomes and decreases cholesterol on both the Golgi and plasma 

membranes, which, in turn, impairs Influenza A virus replication and propagation. Thus, 

Influenza A virus replication is dependent upon maintaining cellular cholesterol balance, and 

Annexin A6 is an important factor linking viral life cycle to cholesterol homeostasis (Musiol 

et al., 2013).  

 

1.5d Annexin A6: A role in nervous system development 
	
Members of the Annexin protein superfamily have played a role in the development and 

physiology of the peripheral nervous system throughout evolution (Kerschbaum et al., 1997). 

Studies have revealed the presence of Annexin-like proteins in invertebrate gastropod snails, 

where Annexin 1-like proteins localize to neurons of cerebral, buccal, and abdominal 

ganglia, and Annexin 5-like proteins are observed in cerebral, buccal, visceral, and left and 

right parietal ganglia within the central nervous system (Kerschbaum et al., 1997). Neurons 

in the dorsal root ganglia and spinal cord of adult rats differentially express Annexins A1-6, 

with Annexin A6 observed in dorsal root ganglion neurons (Naciff et al., 1996). In addition, 

loss of Annexin A2, which is expressed in mouse primary sensory neurons, causes 

neuropathic pain (Foulkes et al., 2006), while Annexin A5 possesses a role in the 

pathogenesis of autoimmune sensory neuropathy in humans (Doubell et al., 1991). Cultured 

mouse olfactory and hippocampal neurons gradually concentrate Annexin A6 into maturing 
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axons, and these neurons show enhanced branching upon Annexin A6 overexpression 

(Yamatani et al., 2010). In the chick, Annexin A6 impacts chick cranial neural crest cell 

migration through effects on premigratory neural crest cell cadherins (Cadherin-6B and N-

cadherin) during neural crest cell EMT (Wu and Taneyhill, 2012). Intriguingly, later in chick 

development, Annexin A6 is expressed in trigeminal and epibranchial placode cell-derived 

neuroblasts and is maintained in these neurons throughout ganglia assembly (Shah and 

Taneyhill, 2015) (see Chapter 3).  

 

1.6 Conclusions 
	
Changes in cellular junctions, the cytoskeleton, and overall cell morphology help drive cell 

migration and intercellular interactions. Members of the Annexin protein superfamily 

facilitate these processes by interacting with the phospholipid bilayer, membrane-associated 

protein complexes, and the actin cytoskeleton. Early in chick development, Annexin A6 

plays a critical role in generating early migratory cranial neural crest cells. During later 

embryogenesis, however, placode cell-derived neurons express Annexin A6 during their 

migration and later condensation with migratory neural crest cells to form the cranial ganglia 

(Chapter 3). However, the role of Annexin A6 during the assembly of the cranial ganglia of 

the peripheral nervous system has not been documented. To this end, the goal of this 

dissertation was to interrogate the function of Annexin A6 in the forming cranial ganglia 

through gene perturbation experiments in the developing chick embryo (Chapter 4). Our 

results as described in the subsequent chapters of this dissertation show that Annexin A6 

plays an important role in the morphological changes accompanying sensory neurons during 

cranial gangliogenesis.  
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Chapter 2. Materials and Methods 

2.1 Chick embryos  
	
Fertilized chicken eggs (Gallus gallus) were obtained from B&E (York Springs, PA) and 

Centurion Poultry (GA), and incubated at 37°C in humidified incubators (EggCartons.com, 

Manchaug, MA, USA). Embryos were staged by the Hamburger-Hamilton (HH) staging 

method (Hamburger and Hamilton, 1992). 

2.2 Annexin A6 MO and expression constructs 
	
A 3′ lissamine-tagged antisense Annexin A6 morpholino (MO) (5’-

GTAAACCTTTCCTTTGGGTGCCATG-3’), along with a 5 base pair (bp) mismatch (shown 

in lower case) lissamine-tagged antisense Annexin A6 control MO (5′- 

GTAtAgCTTTgCTTTcGcTGCCATG-3′), was designed to target Annexin A6 according to 

the manufacturer's criteria (GeneTools, LLC). These MOs were used at a concentration of 

500 µM to prevent translation of Annexin A6 mRNA (in the case of the antisense Annexin A6 

MO). The full-length cDNA for chick Annexin A6 was PCR-amplified from HH14-16 

dissected chick trigeminal ganglia and cloned into the pCIG expression construct. Primers 

were chemically synthesized and PAGE-purified by Integrated DNA Technologies, 

Coralville, Iowa, USA. All clones were sequenced to ensure sequence accuracy. The control 

(pCIG) or pCIG-Annexin A6 expression construct was introduced into the embryo at a 

concentration of 2.5 µg/µl.  

2.3 5ʹ and 3ʹ RACE 
	
Rapid amplification of cDNA ends (RACE) was carried out using the SMARTer RACE 5'/3' 

Kit according to the manufacturer’s instructions (Takara Bio USA, Mountain view, CA, 
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USA). All RACE reactions and controls were performed using both total cellular RNA 

collected from HH15-17 trigeminal ganglia and enriched poly(A) mRNA from HH15-17 

heads (NucleoTrap® mRNA, Takara Bio USA). Two gene-specific primers (5'-

GATTACGCCAAGCTT-CCTGGTTGGTGCGGGAGGCGAGGATCTC-3' and 5'-

GATTACGCCAAGCTT-CATCCGATAGGCCACCTGCGCTGCCTCC-3') were designed 

with 5' fusion overhangs (underlined) and used to amplify 5' ends from 5' RACE-ready 

cDNAs. One gene specific primer was used to amplify the 3' end (5'-

GATTACGCCAAGCTT-GGCAGCGCAGGTGGCCTATCGGATGTGG-3') (Integrated 

DNA Technologies, Coralville, Iowa, USA). Twenty-four 5' RACE clones and ten 3’ RACE 

clones were sequenced to identify consensus transcriptional variants (Genewiz, South 

Plainfield, NJ, USA). 

 

2.4 In ovo ectodermal electroporation technique 
	
MOs or expression constructs were introduced into the placodal ectoderm at HH8-10 (prior 

to placode cell ingression) in order to target both placode cells and their eventual neuronal 

derivatives in the ganglionic anlage. Electroporations were carried out as described in (Shiau 

et al., 2008). 1 mm x 0.75 mm 4” glass needles were used, along with straight wired 

electrodes that were 0.5mm thickness. The eggs were set on their sides and covered with a 

piece of tape. 5 mls albumen was removed with 18 gauge needle/10 ml syringe. The top shell 

of the egg was then cut open into a window. The embryos were than visualized using India 

ink (Pelikan) diluted in Ringer’s + penicillin/streptomycin (5 drops of ink to Ringer’s with 

penicillin/streptomycin). Ringers buffer with Pennicillin/Streptomycicn was used to keep the 

bacterial growth at bay.   Also, Ringer’s with penicillin/streptomycin was put in the 35 mm 
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plate for use in between electroporations to rinse electrodes. After flooding the top surface of 

the embryo with Ringer’s + penicillin/streptomycin, a 27 1/2 gauge needle was used to make 

a hole at an approximate 45 degree diagonal and outside area opaca to the embryo head, 

aligning with the ectoderm edge. The glass needle containing the MO or DNA construct was 

inserted through the vitelline membrane over and parallel to the embryo ectoderm just above 

the heart. The needle was then lowered into the area, and the MO or DNA was blown out of 

the needle to cover the entire dorsal/anterior surface of the embryo. Electrodes were rinsed in 

Ringer’s + penicillin/streptomycin and the tips, not the heels, were placed on the ectoderm 

around the desired region of electroporation. Due to the lissamine tag, the MO is slightly 

positively charged, so the electrode side with more bubbles (and is thus negative) was placed 

underneath the embryo. Conversely, DNA is negative, so the electrode that generates more 

bubbles (and is therefore positive) was placed on top of the embryo ectoderm. The 

electroporator was set at the following parameters: 30 ms on, 200 ms off, 9V, 3 pulses.  

Embryos were electroporated, and 1-2 mls of albumin was removed after a 3-second rest 

period to allow embryos to recover post-electroporation. Eggs were resealed with tape and 

parafilm and reincubated for approximately 18-24 hours to reach HH13-14, approximately 

28-36 hours to reach HH15-16, or approximately 40-52 hours to reach HH17-19, prior to 

harvesting for further experimentation. 

2.5 Immunoblotting 
	
Protein extraction and immunoblotting was performed as described in (Schiffmacher et al., 

2014). At 24 hours post-transfection, trigeminal ganglia containing electroporated placodal 

neurons were excised, pooled, pelleted, flash-frozen in liquid nitrogen, and stored at -80˚C 

until needed for immunoblot analysis. Pellets were thawed on ice and lysed in lysis buffer 
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(50 mM Tris pH 8.0, 150 mM NaCl, 1% IGEPAL CA-630) supplemented with cOmplete 

protease inhibitor cocktail (Roche, Basel, Switzerland) and 1 mM PMSF for 30 minutes at 

4˚C with periodic mixing. Soluble fractions were collected following centrifugation at max g 

for 15 minutes at 4˚C, and protein concentration was quantified by Bradford assay (Thermo 

Fisher Scientific, Rockford, IL, USA). Equivalent amounts of protein per sample were boiled 

at 100 °C for 5 minutes in 4X reducing Laemmli sample buffer and then centrifuged at max g 

for 5 minutes at room temperature. Supernatants were processed by SDS-PAGE (Thermo 

Fisher Scientific) and then transferred to 0.45-µm BioTrace PVDF membrane (Pall, Port 

Washington, NY).  Primary antibodies used for immunoblotting were: Annexin A6 (1:2000, 

PAB18085, ABNOVA, Taipei City, Taiwan)) and GAPDH (1:2500, MA515738, Thermo 

Fisher Scientific). Immunoblot images for figures were gamma-modified and processed 

using Photoshop 9.0 (Adobe Systems, San Jose, CA, USA). Immunoblot band volumes 

(intensities) were calculated from unmodified immunoblot images using Image Lab software 

(Bio-Rad, Hercules, CA, USA), and relative protein levels were calculated by normalizing 

Annexin A6 band volumes to GAPDH band volumes. Differences in the amount of Annexin 

A6 were assessed by comparing normalized ratios between control MO- and Annexin A6 

MO-treated samples, with the control MO-treated sample set at one.  

2.6 Immunohistochemistry and TUNEL assay 
	
Embryos were collected at the documented stages for wildtype or post-electroporation 

immunohistochemical detection, and fixed in 4% paraformaldehyde (PFA) overnight at 4° C. 

The embryos were permeabilized in fresh Phosphate-buffered saline (PBS) containing 0.5% 

TX-100 (0.5% PBSTX), gelatin-embedded and transverse-sectioned at 12µm, as described in 

previous studies (Shah and Taneyhill, 2015). Antigen retrieval (required for use of the 
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Annexin A6 antibody) was performed by incubating de-gelatinized sections at 94° C for 20 

minutes in 0.1 M sodium citrate. The following primary antibodies and concentrations were 

prepared through dilution in 0.1% TX-100 + 1X PBS (0.1% PBSTX) + 5% sheep serum: 

Annexin A6 (1:100, Abnova, PAB18085), Islet-1 (1:250, DSHB, 40.2D6), Snail2 (1:200, 

Cell Signaling Technologies, C19G7), HNK-1 (Developmental Studies Hybridoma Bank, 

1:100), HuC/D (Life Technologies, 1:200), Neurofilament-M (Life Technologies, 1:200), 

phospho-histone H3 (Millipore, 1:200), and GFP (Invitrogen, 1:250) and Tubb3 (1:500, 

Covance, MMS-435P and Abcam). The following secondary antibodies from Life 

Technologies were obtained and used at a 1:200 dilution (with the exception of TuJ1, which 

was used at 1:500) in 0.1 % PBSTX+ 5% sheep serum: Goat anti-rabbit IgG (Annexin A6), 

goat anti-mouse IgG2a (Pax3 and TuJ1), goat anti-mouse IgG1 (Islet-1), and goat anti-rabbit 

IgG (Snail2). Sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) to mark cell 

nuclei using DAPI-containing mounting media (Fluoromount G, SouthernBiotech, AL). The 

TUNEL assay (Roche, TMR red and fluorescein) was performed on de-gelatinized sections 

to detect apoptotic cells as in (Wu et al., 2014) using a Zeiss LSM710 and LSM800 confocal 

microscopes, and data processing was conducted using Adobe Photoshop 9.0.  

2.7 Confocal imaging  
	
For all experiments, images of at least five serial transverse sections through a minimum of 

eight embryos (unless indicated otherwise) were acquired with the LSM Zeiss 710 and 

LSM800 microscopes (Carl Zeiss Microscopy, Thornwood, NY, USA) at 40X and 63X 

magnifications. Where possible, the laser power, gain, and offset were kept consistent for the 

different channels throughout experiments. The “Range Indicator” control box in the 

Dimensions tab was activated every time to mark overexposed (too bright) areas in the live 
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image in red and underexposed (too dark) areas in blue. This was to ensure that the images 

were all captured at a consistent exposure. The pinhole was always set to one airy unit. The 

Z-section optical images were acquired between 0.25-0.4 µm per optical section and 

reconstituted in 3D composites using the Zen software (Zeiss). 

2.8 Measurement of neuronal processes 
	
To measure the length of neuronal processes upon Annexin A6 depletion, confocal imaging 

of the trigeminal ganglionic anlage containing both control MO- and Annexin A6 MO-

positive cells was performed at 63X magnification. Measurements of each of the two 

morphological types of neurons (control MO: bipolar; Annexin A6 MO: short projections) 

were performed using the Zeiss Zen 2.0 software from Z-stacks generated from at least five 

serial sections through a minimum of five each control MO- and Annexin A6 MO- 

electroporated embryos. The long bipolar projections were measured with the spline function 

on Zen 2.0 software- Graphics à Spline where the line was drawn beginning at the edge of 

the nucleus to the end of an individual projection. Distance was measured in µm.  Results are 

reported as means +/- standard deviation, with statistical significance of data established 

using an unpaired student’s t test (Schiffmacher et al., 2014) (Wu et al., 2014).  

 
 
 
 
 
 
 
 
 
 
 
 
 



	
	

27	

Chapter 3. Differential expression pattern of Annexin A6 in chick neural crest and placode 
cells during cranial gangliogenesis 

 
 

Adapted from the following article published in the journal 
Gene Expression Patterns 
 
Shah A., Taneyhill LA (2015). Differential expression pattern of Annexin A6 in chick neural 
crest and placode cells during cranial gangliogenesis. Gene Expr Patterns 18: 21-28.	
	
3.1 Summary 
 
The cranial trigeminal and epibranchial ganglia are components of the peripheral nervous 

system that possess an important somatosensory role. These ganglia arise from the 

intermixing and coalescence of two different migratory cell types, neural crest cells and 

neurogenic placodes cells, and thus typify the phenomena of cell migration and intercellular 

interactions for their creation. The underlying molecular mechanisms of ganglia formation, 

however, are still poorly understood. To address this, we have analyzed the spatio-temporal 

expression profile of Annexin A6 during chick gangliogenesis, as Annexin proteins play 

important, conserved roles in ganglia development and physiology. We observe Annexin A6 

protein in cranial neural crest cells prior to, during and after their emergence from the neural 

tube. Fully migratory cranial neural crest cells, however, are devoid of Annexin A6. 

Interestingly, we note Annexin A6 protein in trigeminal and epibranchial placode cells as 

these cells ingress from the ectoderm to initiate ganglia formation. This expression is also 

maintained in the sensory placodes later on when they coalesce with neural crest cells to 

assemble the cranial ganglia. These results suggest that the dynamic expression of Annexin 

A6 in various embryonic cell types may allow Annexin A6 to serve distinct functions 

throughout embryonic development. 
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3.2 Results 

3.2a Annexin A6 protein localizes to neural crest cells prior to, during and after EMT 

but then declines in migratory neural crest cells 

We established the protein expression profile for Annexin A6 in the chick head from stages 

prior to EMT up to the formation of the cranial ganglia. Immunohistochemistry on chick 

cranial sections prior to (HH8), during (HH8-9) and post (HH9) EMT stages (Fig. 3.1) shows 

Annexin A6 expression throughout the neural tube (NT, red, Fig. 3.1A, C, E). Premigratory 

neural crest cells residing in the dorsal neural folds express Annexin A6 (Fig. 3.1A, A’, 

caret) (identified by immunohistochemistry for Snail2 on adjacent sections, Fig. 3.1B, B’, 

green, arrow, HH8). Annexin A6 expression is maintained (Fig. 3.1C, C’, caret, HH8+; Fig. 

3.1E, E’, caret, HH9) in Snail2-positive premigratory neural crest cells as these cells round 

up during EMT (Fig. 3.1D, D’, arrow) as well as after these cells delaminate from the dorsal 

neural tube (Fig. 3.1F, F’, arrow), respectively. Furthermore, we observe localization of 

Annexin A6 to the chick heart (data not shown), corroborating prior studies showing that 

Annexin A6 is a major protein in atrial myocytes(Doubell et al., 1991). Interestingly, 

Annexin A6 expression (Fig. 3.2A) is absent in HNK-1-positive migratory neural crest cells 

by HH10 (Fig. 3.2B, C, C’, green, arrowheads). Neural tube expression of Annexin A6, 

however, still persists at this stage (Fig. 3.2A, caret).  
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Figure 3.1 Cranial neural crest cells at pre-EMT, during EMT and post-EMT express 

Annexin A6. Representative transverse sections taken through the chick midbrain at various 

stages followed by immunohistochemistry for Annexin A6 (A, C, E, red). 

Immunohistochemistry was also performed for the premigratory and migratory neural crest 

cell marker Snail2 (B, D, F, green) on adjacent sections, as double immunohistochemistry 

could not be performed due to both antibodies being raised in rabbit. The dorsal neural folds 

boxed in each image (A-F) are shown at a higher magnification in (A’-F’). Arrows in B’, D’ 

and F’ indicate neural crest cells at premigratory (D’), EMT (E’), and newly emigrating (F’) 
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stages. Annexin A6 is expressed by premigratory neural crest cells residing in the dorsal 

neural folds (caret, A’), by neural crest cells undergoing EMT (caret, C’), and by newly 

emigrating neural crest cells (caret, E’). The neural tube (NT) shows persistent Annexin A6 

expression throughout all documented stages. DAPI (blue) labels cell nuclei. Scale bar, 50µm 

(A-F) and 125µm (A’- F’).  

 

Figure 3.2 Annexin A6 expression is lost in the fully migratory neural crest cell 

population at HH10. Representative transverse sections taken through the chick midbrain 

followed by immunohistochemistry for Annexin A6 (A, red) and the migratory neural crest 

cell marker HNK-1 (B, green), with a corresponding merge image (C). A higher 

magnification image of the boxed region in (C) is shown in (C’). The caret and arrowhead 

indicate Annexin A6 and HNK-1 expression, respectively.  Annexin A6 expression is lost in 

migratory neural crest cells (B, C’, arrowhead). The neural tube (NT) still expresses Annexin 

A (A, caret). DAPI (blue) labels cell nuclei. Scale bar, 50µm (A-C) and 125µm (C’). 

Ectoderm is denoted by e. 

3.2b Annexin A6 expression is absent in migratory neural crest cells but present in the 

placode cells that form the trigeminal and epibranchial ganglia 

Although migratory cranial neural crest cells originating from the chick midbrain and 

hindbrain are devoid of Annexin A6, placode cells that begin to ingress from the ectoderm at 



	
	

31	

HH13 to form the trigeminal and the epibranchial ganglia express Annexin A6 (Fig. 3). 

Trigeminal (Fig. 3.3A-D’), geniculate (Fig. 3.3E-H’), petrosal (Fig. 3.3I-L’) and nodose 

(Fig. 3.3M-P’) placode cells, identifiable by their Islet-1 immunoreactivity (Fig. 3.3C, G, K, 

O, purple, arrow), all express Annexin A6 (Fig. 3.3A, E, I, M, red, caret). Conversely, neural 

crest cells forming the proximal portion of the trigeminal (Fig. 3.3B, HNK-1, green, 

arrowhead), geniculate (Fig. 3.3F, HNK-1, green, arrowhead), petrosal (Fig. 3.3J, HNK-1, 

green, arrowhead) and nodose (Fig. 3.3N, HNK-1, green, arrowhead) ganglia at HH13 are 

not immunoreactive for Annexin A6. Islet-1- and Annexin A6-double-positive trigeminal and 

epibranchial placode cells are also revealed at a higher magnification (Fig. 3.3D’, trigeminal; 

Fig. 3.3H’, geniculate; Fig. 3.3L’, petrosal; Fig. 3.3P’ nodose, #). 
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Figure 3.3 Annexin A6 is absent in migratory neural crest cells but present in the 

placode cells contributing to the developing trigeminal and epibranchial ganglia at 

HH13. Representative transverse sections taken through the chick trigeminal (A-D’), 

geniculate (E-H’), petrosal (I-L’), and nodose (M-P’) ganglia at HH13 followed by 

immunohistochemistry for Annexin A6 (A, E, I, M, red), HNK-1 (B, F, J, N, green) and 
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Islet-1 (C, G, K, O, purple), with corresponding merge images shown (D, H, L, P). Carets, 

arrowheads, and arrows indicate Annexin A6-, HNK-1-, and Islet-1-positive cells, 

respectively. Annexin A6- and Islet-1-double-positive cells are shown by # in the merge 

images (D, H, L, P; higher magnification shown in (D’, H’, L’, P’). HNK-1-positive 

migratory neural crest cells (arrowhead) in the trigeminal (B), geniculate (F), petrosal (J), and 

nodose (N) ganglia are all Annexin A6-negative. DAPI (blue) labels cell nuclei. Scale bar, 

50µm (A-L) and 125µm (C’-L’).  Rhombomeres 1 and 2 are denoted by r1 and r2, 

respectively. 

3.2c Annexin A6 expression is absent in migratory neural crest cells but present in the 

placode cells during later stages of trigeminal and epibranchial ganglia assembly 

The placode cells that coalese and condense with neural crest cells at HH17 to form the 

trigeminal and the epibranchial ganglia express Annexin A6 (Fig. 3.4). Trigeminal (Fig. 

3.4A-D’), geniculate (Fig. 3.4E-H’), petrosal (Fig. 3.4I-L’) and nodose (Fig. 3.4M-P’) 

placode cells, identifiable by the Islet-1 placodal marker (Fig. 3.4C, G, K, O, purple, arrow), 

all express Annexin A6 (Fig. 3.4A, E, I, M, red, caret). As observed at HH13, neural crest 

cells forming the trigeminal (Fig. 3.4B, HNK-1, green, arrowhead), geniculate (Fig. 3.4F, 

HNK-1, green, arrowhead), petrosal (Fig. 3.4J, HNK-1, green, arrowhead) and nodose (Fig. 

3.4N, HNK-1, green, arrowhead) ganglia at HH17 continue to be devoid of Annexin A6 

protein. Islet-1- and Annexin A6-double-positive trigeminal and epibranchial placode cells 

are also revealed at a higher magnification (Fig. 3.4D’, trigeminal; Fig. 3.4H’, geniculate; 

Fig. 3.4L’, petrosal; Fig. 3.4P’ nodose, #). Importantly, the expression of Annexin A6 in 

placode cells, and its absence in neural crest cells, is observed throughout cranial 

gangliogenesis (HH13-17; HH14, 15 and 16 not shown). 
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Figure 3.4 Annexin A6 is absent in migratory neural crest cells but present in the 

placode cells contributing to the developing trigeminal and epibranchial ganglia at 

HH17. Representative transverse sections taken through the chick trigeminal (A-D’), 

geniculate (E-H’), petrosal (I-L’) and nodose (M-P’) ganglia at HH17 followed by 

immunohistochemistry for Annexin A6 (A, E, I, M, red), HNK-1 (B, F, J, N, green) and 

Islet-1 (C, G, K, O, purple), with corresponding merge images shown (D, H, L, P). Carets, 
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arrowheads, and arrows indicate Annexin A6-, HNK-1-, and Islet-1-positive cells, 

respectively. Annexin A6- and Islet-1-double-positive cells are shown by # in the merge 

images (D, H, L, P; higher magnification shown in (D’, H’, L’, P’).  HNK-1-positive 

migratory neural crest cells (arrowhead) in the trigeminal (B), geniculate (F), petrosal (J), and 

nodose (N) ganglia are all Annexin A6-negative. DAPI (blue) labels cell nuclei. Scale bar, 

50µm (A-L) and 125µm (C’-L’).  Rhombomeres 1 and 2 are denoted by r1 and r2, 

respectively. 

3.2d Ophthalmic and maxillomandibular placode cells express Annexin A6 during early 

stages of trigeminal ganglia formation 

Although migratory neural crest cells are devoid of Annexin A6, ophthalmic (opV) and 

maxillomandibular (mmV) placode cells that will intermingle with them to form the different 

lobes of the trigeminal ganglia both express Annexin A6 (Fig. 3.5, HH13). These placode 

cells were distinguished by immunostaining for Pax3 (opV marker only) and Islet-1 

(differentiating opV and mmV marker). Annexin A6 (Fig. 3.5A, caret; Fig. 3.5D, #) is noted 

in a few Pax3- (Fig. 3.5B, green, arrowhead) and Islet-1- (Fig. 3.5C, purple, arrow) double-

positive opV placode cells ingressed into the mesenchyme. Likewise, Annexin A6 (Fig. 

3.5E, caret; Fig. 3.5H, #) is observed in Pax-3-negative (Fig. 3.5F, *) and Islet-1-positive 

(Fig. 3.5G, purple, arrow) mmV placode cells ingressing from the ectoderm and coalescing 

with neural crest cells.  
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Figure 3.5 Annexin A6 is expressed in the trigeminal placode cells during early 

trigeminal gangliogenesis. (A-H) High magnification images of the boxed regions shown in 

(I), which is a representative transverse section taken through the forming trigeminal ganglia 

at HH13 followed by immunohistochemistry for Annexin A6 (A, E, red, carets), the opV 

placode cell marker Pax3 (B, green, arrowhead), and the placode cell differentiation marker 

Islet-1 (C, G, purple, arrow). The opV and mmV placode cell populations are shown in (A-

D) and (E-H), respectively. Pax3- (B) and Islet-1- (C) double-positive opV cells are Annexin 

A6-positive (A, caret), also visible in the merge image (D, #). Likewise, Pax3-negative (F, *) 

and Islet-1-positive (G) mmV cells are Annexin A6-positive (E, caret), also apparent in the 

merge image (H, #). DAPI (blue) labels cell nuclei. Scale bar, 125µm (A-H) and 50µm (I). 

Ectoderm is denoted by e.  
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 3.2e Ophthalmic and maxillomandibular placode cells express Annexin A6 at later 

stages of trigeminal ganglia formation 

In the trigeminal ganglia at HH16, opV (Fig. 3.6A-D) and mmV (Fig. 3.6E-H) placode cells 

condensing with neural crest cells are immunoreactive for Annexin A6. As such, Annexin A6 

(Fig. 3.6A, red, caret; Fig 3.6D, #) is observed in Pax3- (Fig. 3.6B, green, arrowhead) and 

Islet-1- (Fig. 3.6C, purple, arrow) double-positive opV placode cells in the mesenchyme. 

Similarly, Annexin A6 (Fig. 3.6E, red, caret; Fig. 3.6H, #) is noted in Pax-3-negative (Fig. 

3.6F, *), Islet-1-positive (Fig. 3.6G, purple, arrow) mmV placode cells coalescing with 

neural crest cells.  
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Figure 3.6 Annexin A6 is expressed in the trigeminal placode cells during later 

trigeminal gangliogenesis. (A-H) High magnification images of the boxed regions shown in 

(I), which is a representative transverse section taken through the forming trigeminal ganglia 

at HH16 followed by immunohistochemistry for Annexin A6 (A, E, red, carets), the opV 

placode cell marker Pax3 (B, green, arrowhead), and the placode cell differentiation marker 

Islet-1 (C, G, purple, arrow). The opV and mmV placode cell populations are shown in (A-

D) and (E-H), respectively. Pax3- (B) and Islet-1- (C) double-positive opV cells are Annexin 
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A6-positive (A, caret), also visible in the merge image (D, #). Likewise, Pax3-negative (F, *) 

and Islet-1-positive (G) mmV cells are Annexin A6-positive (E, caret), also apparent in the 

merge image (H, #). DAPI (blue) labels cell nuclei. Scale bar, 125µm (A-H) and 50µm (I). 

Ectoderm is denoted by e.  

3.2f Dorsal root ganglia neurons express Annexin A6 

Interestingly, when we scanned the vestibulocochlear VIIIg ganglia (derived from just otic 

placode cells), we observed no Annexin A6 expression (data not shown), implying specific 

functions for Annexin A6 in sensory ganglia formed at different axial levels. Intriguingly, 

though, a subset of TuJ1-positive, post-mitotic neurons at the core of the forming neural crest 

cell-derived dorsal root ganglia express Annexin A6 (Fig. 3.7).  

 

Figure 3.7 Annexin A6 is expressed in neurons found in the core of developing dorsal 

root ganglia. A representative transverse section taken through an HH20 chick trunk 

followed by immunohistochemistry for Annexin A6 (A, red, caret), the migratory neural 

crest cell marker HNK-1 (B, green, arrowhead), and the differentiating neuronal marker TuJ1 

(C, purple, arrow), with a corresponding merge image (D). A higher magnification image of 

the boxed region in (D) is shown in (D’). Annexin A6 expression is present in a subset of 

post-mitotic neurons at the core of the developing dorsal root ganglia, indicated by TuJ1- and 

Annexin A6-double-positive cells (D, D’, white, #). A few of the TuJ1-positive neurons (C, 
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gray arrow) are Annexin A6-negative (A, gray caret; D, D’, yellow, #). The neural tube (NT) 

still expresses Annexin A6, but the expression is confined to the lateral zone of 

differentiating neurons (A-D’). DAPI (blue) labels cell nuclei. Scale bar, 50µm (A-D) and 

125µm (D’). Ectoderm is denoted by e. 

3.3 Conclusions 
 
The dynamic spatio-temporal expression of Annexin A6 during chick cranial gangliogenesis 

sheds light on how embryos re-deploy proteins during different developmental times and in 

diverse embryonic cell types. Our results demonstrate a conserved role for Annexin A6 in 

cranial sensory placodes and may have implications for general tissue formation during 

vertebrate development. 
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Chapter 4. Annexin A6 controls neuronal membrane dynamics throughout chick cranial 
sensory gangliogenesis 
 
 
Adapted from the following article under re-review at the journal 
Developmental Biology 
 
Shah A., Schiffmacher AT, Taneyhill LA (2017). Annexin A6 controls neuronal membrane 
dynamics throughout chick cranial sensory gangliogenesis. 

4.1 Summary 

Cranial sensory ganglia are components of the peripheral nervous system that possess a 

significant somatosensory role and include neurons within the trigeminal and epibranchial 

nerve bundles. Although it is well established that these ganglia arise from interactions 

between neural crest and neurogenic placode cells, the molecular basis of ganglia assembly is 

still poorly understood. Members of the Annexin protein superfamily play key roles in 

sensory nervous system development throughout metazoans. Annexin A6 is expressed in 

chick trigeminal and epibranchial placode cell-derived neuroblasts and neurons, but its 

function in cranial ganglia formation has not been elucidated. To this end, we interrogated 

the role of Annexin A6 using gene perturbation studies in the chick embryo. Our data reveal 

that placode cell-derived neuroblasts lacking Annexin A6 ingress and migrate normally to the 

ganglionic anlage, where neural crest cell corridors correctly form around them. Strikingly, 

while placode cell-derived neurons with reduced levels of Annexin A6 still express mature 

neuronal markers, they fail to form two long processes, which are considered morphological 

features of mature neurons, and no longer innervate their designated targets due to the 

absence of this bipolar morphology. Moreover, overexpression of Annexin A6 causes some 

placode cell-derived neurons to form extra protrusions alongside these bipolar processes. 

These data demonstrate that the molecular program associated with neuronal maturation is 
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distinct from that orchestrating changes in neuronal morphology, and, importantly, reveal 

Annexin A6 to be a key membrane scaffolding protein during sensory neuron membrane 

biogenesis. Collectively, our results provide novel insight into mechanisms underscoring 

morphological changes within placode cell-derived neurons that are essential for cranial 

gangliogenesis.  

4.2 Results 

4.2a Two Annexin A6 transcript variants exist in the chick head 

Computational searches for chick Annexin A6 mRNA sequences in ENSEMBL and NCBI 

databases yielded multiple predicted and referenced sequences with highly variable 5' UTRs, 

which precluded the design of a universal Annexin A6 morpholino (MO). To first verify the 

sequences in these databases, we performed 5' and 3' RACE. From all 5' RACE reactions 

generated from either HH14-17 trigeminal ganglia total cellular RNA or HH14-17 head poly 

(A) mRNA and 2 gene-specific primers, we identified two distinct noncoding 5' UTRs that 

compose alternate first exons (Fig. 4.1A). Exon 1A is identical to a previously validated 

Annexin A6 sequence (NCBI Accession NM_204730.1), although 12% of these clones 

possessed an additional 14-21 nucleotides at the 5' end. The 3' half of the exon 1B sequence 

is conserved with predicted variant sequences (NCBI Accessions XM_015293732.1 and 

XM_015293733.1) but is truncated at the 5' end. Both exons 1A and 1B share a common 

splice acceptor site to the conserved exon 2, which contains the ATG start codon. Sequences 

for 3' RACE yielded a single 3' UTR identical to NCBI Accession NM_204730.1.        

Because both variants possess a common ATG start codon and upstream sequence 

found in exon 2, we designed a translation-blocking MO that would target both transcript 

variants. This MO is specific to Annexin A6, as demonstrated by a search of the chick 
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genome, which revealed a lack of targeting to all documented chick Annexin transcripts (Fig. 

4.1B). To verify that our MO did not have any effects on other transcripts besides Annexins, 

we searched the entire chick genome, performing a global alignment with the Annexin A6 

sequence to which the MO was targeted. As per the recommendations of Gene Tools, in 

order for a translation-blocking MO to be functional, it should possess a minimum of 14 

consecutive nucleotides that are complementary to a potential targeting sequence and reside 

in the 5’ UTR region and/or within the first 25 bp of the coding sequence (including the ATG 

start site of translation). After this alignment, we did not uncover any sequences in the chick 

that would potentially be targeted by our Annexin A6 MO.  In further support of this, we 

explored the chick in situ hybridization database (GEISHA) to identify other possible 

Annexins that the Annexin A6 MO could potentially target. Although expressed in the chick, 

we found that Annexins A1, A2, A4-like, A5, and A11 are not observed in trigeminal and 

epibranchial placode cells. The expression for the remaining three in this database (Annexins 

A7, A8, and A10) have not been examined at the older embryo stages we have used in our 

studies; however, these Annexins are not at all expressed in placodal precursor cells (HH8: no 

expression for Annexins A7 and A8; HH10: no expression for Annexins A7, A8, and A10). 

Furthermore, the primary Annexins that function in the rat and mouse during nervous system 

development are Annexin A2 (Ning et al., 2012) (Avenali et al., 2014) (Yamanaka et al., 

2016) and A7 (Lessner et al., 2010) (Rick et al., 2005), which, as discussed above, are not 

expressed in the appropriate spatio-temporal pattern to play a role in the formation of the 

chick cranial sensory ganglia. Taken together, these data indicate that our translation-

blocking MO to Annexin A6 targets its two transcript variants. 
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To examine the efficacy of the Annexin A6 MO in depleting Annexin A6 protein, we 

electroporated a 5 bp mismatch Annexin A6 control MO, or the Annexin A6 MO, and 

collected electroporated tissue after 6-8 hours in order to examine the degree of Annexin A6 

knockdown by immunoblotting (Fig. 4.1C), as in (Wu and Taneyhill, 2012). Immunoblotting 

for Annexin A6 reveals a 34% reduction in Annexin A6 protein, consistent with what we 

have observed in prior studies with a similar translation-blocking MO targeting Annexin A6 

(Wu and Taneyhill, 2012). This MO was then used for the studies described below to address 

the function of Annexin A6 during gangliogenesis. 

 

 

Figure 4.1 Two transcriptional variants of Annexin A6 are expressed in the chick head 

and trigeminal ganglia and are reduced with a translation-blocking morpholino. (A) 

Diagram of the two transcriptional variants of Annexin A6 identified through 5’ and 3’ RACE 
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on RNA extracted from both HH17 heads and excised trigeminal ganglia. Transcriptional 

variant 1 contains a unique first exon (exon 1A) with solely 5’ UTR sequence that aligns with 

a confirmed NCBI sequence (accession NM_204730.1) but possesses an additional 21 

nucleotides. Variant 2 contains an alternate 5’ UTR first exon (exon 1B) that aligns with two 

predicted NCBI variant sequences. Both variants share a conserved exon 2 splice acceptor 

site (exon 2 in bold), open reading frame, and 3’ UTR. (B) A translation-blocking Annexin 

A6 MO was designed to target the conserved start codon of both variants in (A). This MO 

shares 44% or less similarity with other putative Annexin target sites (only conserved 

nucleotides are shown) and also does not target other genomic sequences (described earlier). 

(C) Knockdown efficiency of the Annexin A6 MO was assessed as previously described (Wu 

et al. 2012). Immunoblot analysis reveals a 34% reduction in Annexin A6 protein as 

compared with the control MO-treated lysate. 

4.2b Annexin A6 depletion from trigeminal placode cells does not affect their 

ingression, differentiation, or position within the ganglionic anlage 

Our previous studies demonstrated that Annexin A6 is expressed predominantly on the 

membrane of placodal sensory precursors in the ectoderm and their neuronal derivatives that 

have ingressed into the mesenchyme (Shah and Taneyhill, 2015). To determine the function 

of Annexin A6 within cranial sensory neurons, we used an ectodermal electroporation 

method described previously (Shiau et al., 2008) to introduce the control or Annexin A6 MO 

into the precursor sensory ectoderm at Hamburger-Hamilton (HH) 10. Embryos were then 

reincubated to assess effects on the ingression of trigeminal placode cell-derived neurons as 

well as their differentiation (Fig. 4.2). Knockdown of Annexin A6 in trigeminal placode cells 

reveals that their neuronal derivatives ingress normally into the mesenchyme from the 
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trigeminal ectoderm (Fig. 4.2E, H’, arrows), and that these neurons get correctly positioned 

in the ganglionic anlage (Fig. 4.2G), as noted for control MO-treated embryos (Fig. 4.2A, C, 

arrows). Importantly, Annexin A6 MO-containing neurons have reduced signal for Annexin 

A6 protein (Fig. 4.2F, H’, arrowheads, n = 11 ganglia) compared to neurons in the control 

MO-containing embryo (Fig. 4.2B, D’, arrowheads, n = 9 ganglia), further validating the 

specificities of the Annexin A6 MO and antibody. We also observe comparable results for 

epibranchial neurons reduced for Annexin A6 since they possess a similar pattern of Annexin 

A6 expression and subsequent neurogenesis (see (Shah and Taneyhill, 2015) (Smith et al., 

2015); data not shown). Collectively, our results indicate that depletion of Annexin A6 from 

trigeminal or epibranchial neuronal precursors does not adversely affect trigeminal or 

epibranchial neuron ingression, differentiation, or position.  

 

 

Figure 4.2 Morpholino-mediated depletion of Annexin A6 in trigeminal neurons has no 

adverse effect on their ingression, differentiation, and position within the ganglionic 
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anlage. Representative transverse section of the forming trigeminal ganglion anlage at HH15 

after electroporation of a 5 bp mismatch control Annexin A6 (A-D’) or Annexin A6 (E-H’) 

MO at HH10. Trigeminal placode cells electroporated with the control MO ingress normally 

into the ganglionic anlage (A, arrows) and maintain Annexin A6 as they differentiate into 

neurons (B, arrowheads). Similarly, those placode cells possessing Annexin A6 MO get 

correctly positioned into the ganglionic anlage (E, arrows) but lack Annexin A6 (F, 

arrowheads), also noted in the higher magnification merge images (D', H', arrows, 

arrowheads). DAPI (blue) labels cell nuclei. e, ectoderm. Scale bar, 50µm (A-H) and 25µm 

(D’, H’). 

4.2c Knockdown of Annexin A6 impacts projection outgrowth from cranial sensory 

neurons  

As neuronal morphology is an important component of placodal neurogenesis (Smith et al., 

2015), we next examined the morphology of sensory neurons that have reduced levels of 

Annexin A6 within the ganglionic anlage. Using the above Annexin A6 MO knockdown 

approach, we electroporated placodal ectoderm at HH9-10 and collected embryos at HH16-

17 when trigeminal and epibranchial (here the geniculate) bipolar neurons are forming nerves 

within the ganglia. To evaluate neuronal and overall ganglion morphology, we performed 

immunohistochemistry for Tubb3 (Moody et al., 1989) (Shiau et al., 2008) (Wu et al., 2014), 

the class III β-tubulin in neurons either in their last stage of, or upon their exit, from the cell 

cycle (Moody et al., 1989), and examined tissue sections of forming trigeminal and 

geniculate ganglia (Figs. 4.3, 4.5), and the trigeminal ganglion in lateral, whole-mount views 

(Fig. 4.5), in the presence or absence of Annexin A6. 
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Trigeminal (Fig. 4.3A-C’) and geniculate (Fig. 4.3G-I’) neurons at HH16 containing 

control MO exhibit a bipolar morphology with neuronal processes marked by Tubb3 

(trigeminal, Fig. 4.3B-C’, n = 9 ganglia; geniculate, Fig. 4.4H-I’, n = 9 ganglia; Smith et al., 

2015). Trigeminal (Fig. 4.3D-F’) and geniculate (Fig. 4.3J-L’) neurons containing Annexin 

A6 MO and exhibiting a reduction in Annexin A6, however, possess a few short or even no 

projections, and many in fact appear round (trigeminal, Fig. 4.3E-F’, n = 10 ganglia; 

geniculate, Fig. 4.3K-L’, n = 10 ganglia). Overall, more than 95.5 % of neurons with reduced 

Annexin A6 levels possess short or no projections (Fig. 4.4) (n = 7 ganglia, 779 neurons 

counted; p = 7.45E-22; see Table 1). Furthermore, trigeminal (Fig. 4.3C’, arrows) and 

geniculate (Fig. 4.3I’, arrows) neurons containing control MO possess neuronal processes 

that form nerve bundles with the neighboring neurons. Conversely, those neurons containing 

Annexin A6 MO (trigeminal, Fig. 4.3F’, arrows; geniculate, Fig. 4.3L’, arrows) are 

positioned correctly within the ganglionic anlage but have shorter, or even lack, neuronal 

processes arising from their cell bodies, and therefore are likely not to form subsequent nerve 

bundles.  

We next quantified the length of neuronal processes of Annexin A6 MO- and control 

MO-containing trigeminal neurons using Tubb3 as a marker (Fig. 4.5). The average process 

length of control MO-containing trigeminal neurons (Fig. 4.5A, A’, arrows) is almost three 

times longer (25.1 µm +/- 9.27 µm (standard deviation) or +/- 1.49 µm (standard error of the 

mean); n = 5 ganglia, 39 neurons measured) than the Annexin A6 MO-containing trigeminal 

neurons (9.49 µm +/- 3.12 µm (standard deviation) or +/- 0.551 µm (standard error of the 

mean); n = 5 ganglia, 32 neurons measured) (Fig. 4.6, Table 2), and this result is highly 

statistically significant (p = 1.71E-13). Furthermore, many of the Annexin A6 MO-
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containing neurons possess truncated processes emanating from their cell bodies, or none at 

all (Fig. 4.5B, B’’, arrows).  

Given the drastic morphology change observed in sensory neurons reduced for 

Annexin A6, we performed confocal imaging of whole embryo heads electroporated with the 

control or Annexin A6 MO to examine gross trigeminal ganglion morphology. Embryos 

treated with the control MO exhibit a condensed, compact trigeminal ganglion, with forming 

nerve bundles (Fig. 4.7A-C, arrows, n = 5 ganglia in 4 embryos). Conversely, we observe a 

disruption in overall trigeminal ganglion morphology in embryos with reduced Annexin A6 

levels (Fig. 4.7D-F, arrows, n = 11 ganglia in 6 embryos; stage-matched with control MO-

treated embryos). Specifically, the neurons appear disorganized and dispersed, and the 

overall ganglion is less condensed due to the absence of nerve bundles (attributed to the short 

to no processes now present upon Annexin A6 depletion), when compared to control MO-

treated embryos (100% of Annexin A6 MO-treated ganglia show an altered morphology 

compared to 0% of control MO-treated ganglia). Taken together, these data suggest that 

Annexin A6 may have a role in the outgrowth of neuronal processes during cranial sensory 

neurogenesis. 
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Figure 4.3 Annexin A6 knockdown in sensory placode cells alters the morphology of 

their neuronal derivatives. Representative transverse section of the forming trigeminal and 

geniculate ganglion at HH16 after electroporation of a 5 bp mismatch control Annexin A6 

(trigeminal, A-C’; geniculate, G-I’) or Annexin A6 (trigeminal, D-F’; geniculate, J-L’) MO 

at HH10. Trigeminal and geniculate neurons electroporated with the control MO exhibit a 
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bipolar morphology as seen by Tubb3 immunostaining (trigeminal, B-C’, arrows; geniculate 

H-I’, arrows), while those possessing Annexin A6 MO show few to no processes (trigeminal, 

E-F’, arrows; geniculate K-L’, arrows). DAPI (blue) labels cell nuclei. Scale bar, 50µm (A-

L) and 25µm (C’, F’, I’, L’). 

 

Figure 4.4 Annexin A6 knockdown in trigeminal placode precursors alters their 

morphology. Approximately 95.5% of Annexin A6 MO-containing neurons possess short or 

no projections, which is highly statistically significant when compared to neurons containing 

control MO (*p = 7.45E-22, n = 7 ganglia, 779 neurons examined).  
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Table 1. Annexin A6 MO-containing sensory neurons exhibit very short to no neuronal projections. 

Ganglion Section #

Number of 
electroporated 

neurons

Number of 
electroporated 

bipolar 
neurons

Number of 
electroporated 
neurons with 

short/no 
processes Ganglion Section #

Number of 
electroporated 

neurons

Number of 
electroporated 

bipolar 
neurons

Number of 
electroporated 
neurons with 

short/no 
processes

1 1 40 40 0 1 1 25 0 25
2 22 22 0 2 28 0 28
3 15 15 0 3 29 3 26

4 24 0 24
2 1 29 29 0 5 20 1 19

2 20 20 0
3 25 25 0 2 1 6 0 6
4 25 25 0 2 7 0 7

3 11 1 10
3 1 18 18 0 4 13 1 12

2 23 23 0 5 25 4 21
3 33 33 0 6 29 3 26
4 29 29 0 7 20 1 19
5 40 40 0 8 20 2 18
6 24 24 0 9 25 1 24

4 1 21 21 0 3 1 30 2 28
2 19 19 0 2 26 1 25
3 25 25 0 3 12 0 12
4 32 32 0 4 12 0 12
5 30 30 0 5 10 0 10

5 1 22 22 0 4 1 22 1 21
2 31 31 0 2 24 0 24
3 28 28 0 3 25 0 25
4 36 36 0 4 20 0 20
5 29 29 0

5 1 19 0 19
6 1 27 27 0 2 23 0 23

2 25 25 0 3 25 2 23
3 30 30 0 4 30 1 29
4 18 18 0 5 32 0 32
5 19 19 0 6 36 3 33

7 1 18 18 0 6 1 21 3 18
2 17 17 0 2 20 1 19
3 23 23 0 3 15 1 14
4 24 24 0 4 7 0 7
5 19 19 0 5 10 1 9

6 11 0 11

7 1 11 0 11
2 13 0 13
3 12 2 10
4 12 0 12
5 10 0 10
6 9 0 9

Number of neurons 836 836 0 779 35 744
examined
Percent of MO-containing neurons 100 0 4.49 95.5
with two or short/no protrusions
Standard Deviation 6.41 0.00 1.11 7.56
SEM 0.222 0.187 0.277
Unpaired student's t test 7.45E-22

Control MO Annexin A6 MO
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Table 1. Annexin A6 morpholino-containing sensory neurons exhibit very short to no 

neuronal projections. Cell counts of the number of neurons electroporated with either 

control MO or Annexin A6 MO at HH16-HH17, along with the number of these cells 

possessing two or short/no processes, analyzed from serial sections through the trigeminal 

ganglia. At this stage, all control MO-containing neurons are bipolar, as seen in wildtype 

embryos. The number of ganglia is also indicated. The percentage of Annexin A6 MO-

containing neurons with each phenotype is presented, along with calculations of the standard 

deviation and standard error of the mean.  
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Figure 4.5 Annexin A6 reduction results in neurons possessing few to no neuronal 

processes. Representative confocal images of trigeminal neurons containing a 5 bp mismatch 

control Annexin A6 (A, A’) or Annexin A6 (B-B’’) MO at HH16. Trigeminal neurons 
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electroporated with the control MO show bipolar projections, as seen by Tubb3 

immunostaining (A), which were measured in their entirety (A’, arrows), while those 

possessing Annexin A6 MO show few (B, B’, arrows) to no (B, B’’, boxed regions) 

processes. DAPI (blue) labels cell nuclei. Scale bar, 25µm (A, B) and 12.5µm (A’, B’, B’’).  

 

Figure 4.6 Knockdown of Annexin A6 results in neurons possessing few short to no 

neuronal processes. The average process length of control MO-containing trigeminal 

neurons is almost three times longer than Annexin A6 MO-containing trigeminal neurons, 

being highly statistically significant (p = 1.71E-13).
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Table 2. Placodal neurons with reduced Annexin A6 exhibit a decrease in the 
lengths of their neuronal processes.

Ganglion Section # Length (µm) Ganglion Section # Length (µm)
1 1 26.0 1 1 7.20

2 36.5 2 15.5
36.2 6 12.0

3 29.3 7.69
4 16.7 8 7.30

19.5
21.1 2 1 6.33

5 35.8 2 7.66
7.31

2 1 41.4 9.93
2 41.7 14.7

21.4 3 10.7
3 36.9 4 6.01
4 18.0

13.9 3 3 14.6
5 43.8 8.64

12.6
3 1 21.1 13.7

2 33.0 4 8.14
18.2 7.61
29.8 10.3

3 36.6
4 20.1 4 1 5.89
5 24.8 11.1

19.3 2 8.48
4 16.6

4 1 17.6
20.3 5 1 8.62
31.5 5.79

2 37.8 6.14
3 18.3 11.3
4 20.7 2 12.1

21.4 8.06
5 40.6 3 5.66

9.24
5 1 16.2 6.88

17.0
13.3
18.6

2 17.3
17.7
14.8
17.5

Number of neurons measured 39 32
Average length 25.2 9.49
Standard deviation 9.28 3.12
SEM 1.49 0.551
Unpaired student's t test 1.71E-13

Annexin A6 MOControl MO
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Table 2. Placodal neurons with reduced Annexin A6 levels exhibit a decrease in the 

lengths of their neuronal processes. Measurements of processes (from the cell body to the 

end of each protrusion) from individual neurons electroporated with either control MO or 

Annexin A6 MO, analyzed from serial sections through the trigeminal ganglia. The number 

of ganglia and neurons measured is indicated. The average, standard deviation, and standard 

error of the mean are also shown. 

 

 

 

Figure 4.7 Annexin A6 knockdown in sensory placode cells alters the morphology of the 

trigeminal ganglion. Representative lateral views of the forming trigeminal ganglion in an 

HH16 chick head after electroporation of a 5 bp mismatch control Annexin A6 (A-C) or 

Annexin A6 (D-F) MO at HH10. Trigeminal ganglia electroporated with the control MO 

exhibit a condensed, organized morphology, with forming nerve bundles, as seen by Tubb3 
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immunostaining (arrows), while those electroporated with the Annexin A6 MO possess a 

disorganized and dispersed morphology, with neurons present throughout the embryo head 

(arrows). Scale bar, 50µm (A) applies to all images.  

4.2d Sensory neurons with decreased Annexin A6 fail to innervate their designated 

targets later in development 

Trigeminal placode cells differentiate into sensory neurons of cranial nerve V and innervate 

the sensory apparati in the muscles of the eye region, upper and lower jaw, as well as the 

tongue (Gillig and Sanders, 2010b). Based on our results above revealing truncated to absent 

outgrowth of processes in neurons lacking Annexin A6, we next examined older embryos 

when these neurons are innervating their targets. We electroporated placodal ectoderm at 

HH9-10 and collected embryos at HH19-20, when the maxillary and mandibular branches of 

the trigeminal bipolar neurons have made their way ventrally to innervate the pharyngeal 

arches. To evaluate the formation of processes in these neurons upon Annexin A6 depletion, 

we performed Tubb3 immunohistochemistry (Fig. 4.8), which, at this stage of development, 

will only label placodal neurons since neural crest cells do not differentiate until HH22-24 

(D'Amico-Martel and Noden, 1980). Control MO-containing trigeminal neurons (Fig. 4.8A-

C’) with neuronal processes (Fig. 4.8B, C) form nerves that innervate the pharyngeal arches 

(Fig. 4.8C’, arrows, n = 7 ganglia, 91 neurons counted +/- 1.49 (standard deviation) or +/- 

0.156 (standard error of the mean)). Although Annexin A6 MO-containing trigeminal 

neurons (Fig. 4.8D-F’) travel to the pharyngeal arches and maintain their proper identity, as 

seen by Tubb3 in their cell bodies (Fig. 4.8E-F’), these neurons still possess few short to no 

processes and thus will not innervate the sensory apparati in the muscles (Fig. 4.8F’, arrows, 

n = 8 ganglia). Quantification reveals that 94.2% of Annexin A6 MO-containing neurons that 
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reach the pharyngeal arches do not possess a bipolar morphology (Fig. 4.9; Table 3, n = 5 

ganglia, 103 neurons counted +/- 1.64 (standard deviation) or +/- 0.166 (standard error of the 

mean); p = 1.80E-14; see Table 3). Altogether, these results further corroborate that Annexin 

A6 functions during the formation of processes within these cranial sensory neurons.  

 

 

Figure 4.8 Sensory neurons with reduced levels of Annexin A6 lack processes to 

innervate their designated targets. Representative transverse section of the forming 

trigeminal ganglion at HH20 after electroporation of a 5 bp mismatch control Annexin A6 

(A-C’) or Annexin A6 (D-F’) MO at HH10. Maxillary and mandibular branches of the 

trigeminal neurons electroporated with the control MO possess neuronal processes, as seen 

by Tubb3 immunostaining (B-C’), and form nerves with neighboring neurons to innervate 
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the pharyngeal arch (C’, arrows). Trigeminal neurons possessing Annexin A6 MO show few 

to no processes (E-F’) and, consequently, do not form nerves to innervate the pharyngeal 

arches (F’, arrows). DAPI (blue) labels cell nuclei. PA, pharyngeal arch. Scale bar, 50µm (A-

F) and 25µm (C’, F’). 

Figure 4.9 Sensory neurons with decreased levels of Annexin A6 do not possess 

processes to innervate their targets. Approximately 94.2% of Annexin A6 MO-containing 

neurons do not innervate their target pharyngeal arches due to lack of projections, with a 

highly statistically significant difference observed when compared to neurons containing 

control MO that innervate the arches (*p = 1.80E-14).  
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Table 3. Sensory neurons with reduced Annexin A6 fail to innervate their target tissues due to the absence of a  
bipolar morphology.

Ganglion Section #

Number of 
electroporated 

neurons 

Number of 
electro-
porated 
bipolar 

neurons 

Number of 
electroporated 
neurons with 

short/no 
processes  Ganglion Section #

Number of 
electroporated 

neurons

Number of 
electro-
porated 
bipolar 

neurons 

Number of 
electroporated 
neurons with 

short/no 
processes 

1 1 6 6 0 1 1 5 0 5
2 5 5 0 2 4 0 4
3 3 3 0 3 5 1 4

4 3 0 3
2 1 5 5 0 5 3 1 2

2 7 7 0
3 4 4 0 2 1 6 0 6
4 5 5 0 2 7 0 7

3 5 1 4
3 1 2 2 0 4 6 0 6

2 3 3 0 5 4 0 4
3 3 3 0 6 4 0 4
4 4 4 0
5 2 2 0 3 1 4 1 3
6 1 1 0 2 8 1 7

3 5 0 5
4 1 4 4 0 4 3 0 3

2 5 5 0 5 2 0 2
3 3 3 0
4 2 2 0 4 1 3 0 3
5 4 4 0 2 4 0 4

3 2 0 2
5 1 5 5 0 4 1 0 1

2 6 6 0
3 5 5 0 5 1 4 0 4
4 3 3 0 2 5 0 5
5 4 4 0 3 4 1 3

4 2 0 2
5 3 0 3
6 1 0 1

Number of neurons 91 91 0 103 6 97
examined
Percent of MO-containing neurons 100 0 5.83 94.17475728
with two or short/no protrusions
Standard Deviation 1.49 0 0.430 1.64
SEM 0.156 0.175 0.166
Unpaired student's t test 1.807E-14

Control MO Annexin A6 MO

 
 

Table 3. Sensory neurons with reduced Annexin A6 levels fail to innervate their target tissues 

due to the absence of a bipolar morphology. Cell counts of total number of neurons 

electroporated with either control MO or Annexin A6 MO, along with the number of those 
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cells possessing bipolar or short/no processes at HH19-20, analyzed from serial sections 

through the trigeminal ganglia. At this stage, all control MO-containing neurons are bipolar, 

as seen in wildtype embryos. The number of ganglia is also indicated. The percentage of 

Annexin A6 MO-containing neurons with each phenotype is presented, along with 

calculations of the standard deviation and standard error of the mean. 

4.2e Sensory neurons with reduced Annexin A6 levels express neuronal maturation 

markers despite having an altered morphology  

An important feature exhibited by a sensory neuron during its maturation is the change from 

a multipolar to bipolar morphology. This morphological transition is correlated with the 

onset of expression of specific markers and is referred to generally as “neuronal maturation” 

(Smith et al., 2015). As Annexin A6-reduced neurons do not adopt a bipolar morphology, we 

wondered whether these neurons in fact mature from a molecular standpoint. To this end, we 

examined these neurons for expression of HuC/D (Fig. 4.10) and Neurofilament-M (NFM) 

(Fig. 4.11), additional markers of mature neurons. HuC/D is an RNA binding protein that is 

only expressed in mature, post-mitotic neurons (Blentic et al., 2011) (Smith et al., 2015), 

whereas NFM is a component of intermediate filaments comprising the axoskeleton of 

mature neurons that mediates radial projection growth and intracellular transport to axons 

(Perrot et al., 2008) (Smith et al., 2015). We electroporated placodal ectoderm at HH9-10 and 

collected embryos at HH16-17, when the trigeminal neurons should be morphologically 

bipolar. Trigeminal neurons containing control MO (Fig. 4.10A-D’) marked by Tubb3 (Fig. 

4.10C, D) express HuC/D (Fig. 4.10B, D, D’, arrows, n = 7 ganglia). Interestingly, 

trigeminal neurons reduced for Annexin A6 (Fig. 4.10E-H’) also express HuC/D (Fig. 

4.10F, H, H’, arrows), even when these neurons possess few short to no processes as seen by 
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Tubb3 in their cell bodies (Fig. 4.10G, H, n = 8 ganglia). Likewise, trigeminal neurons 

containing either control MO (Fig. 4.11A-C’) or Annexin A6 MO (Fig. 4.11D-F’) express 

NFM (Fig. 4.11B-C’, arrows, n = 5 ganglia; Fig. 4.11E-F’, arrows, n = 7 ganglia; 

respectively). Thus, our data indicate that Annexin A6 knockdown has no effect on the 

expression of neuronal maturation markers even though these neurons possess shorter or no 

processes, revealing that the expression of these mature neuronal markers is distinct from the 

morphology change that accompanies “neuronal maturation,” as currently defined for 

petrosal placode cell-derived neurons (Smith et al., 2015). 

 

 

Figure 4.10 Trigeminal neurons with decreased Annexin A6 express the neuronal 

maturation marker HuC/D. Representative transverse section of the forming trigeminal 

ganglion at HH16 after electroporation of a 5 bp mismatch control Annexin A6 (A-D’) or 

Annexin A6 (E-H’) MO at HH10. Control MO-treated placode cell-derived neurons (A, D, 
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D’), noted by Tubb3 (C, D), express HuC/D (B, D, D’, arrows). Annexin MO-containing 

cells (E, H, H’) show few to no processes as noted by Tubb3 immunostaining (G, H), yet still 

express HuC/D (B, H, H’, arrows). DAPI (blue) labels cell nuclei. e, ectoderm. Scale bar, 

50µm (A-H) and 25µm (D’, H’).  

 

 

Figure 4.11 Trigeminal neurons with reduced levels of Annexin A6 express the neuronal 

maturation marker NFM. Representative transverse section of the forming trigeminal 

ganglion at HH16 after electroporation of a 5 bp mismatch control Annexin A6 (A-C’) or 

Annexin A6 (D-F’) MO at HH10. Control MO-treated placode cell-derived neurons (A, C, 

C’) express NFM (B-C’, arrows). Annexin MO-containing cells (D, F, F’) also express NFM 

(E-F’, arrows). DAPI (blue) labels cell nuclei. e, ectoderm. Scale bar, 50µm (A-F) and 25µm 

(C’, F’).  
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4.2f Sensory neurons possessing reduced levels of Annexin A6 have no adverse effects 

on the surrounding neural crest cells during ganglia assembly 

During cranial ganglia assembly, neural crest cells provide a favorable local environment for 

migrating sensory neurons by forming a pocket or corridor. This corridor surrounds and 

encloses the sensory neurons while they send out processes and assemble the nerves (Freter 

et al., 2013). Importantly, interactions between neural crest cells and sensory neurons are 

required for proper corridor formation and subsequent ganglia assembly (Freter et al., 2013) 

(Shiau et al., 2008). To evaluate potential effects on cranial neural crest cells surrounding 

sensory neurons with reduced Annexin A6 levels, we performed Annexin A6 knockdown in 

the precursor placode cell population as described previously and examined migratory neural 

crest cells through immunohistochemistry for HNK-1 (Fig. 4.12). Embryos electroporated 

with the control MO within trigeminal (Fig. 4.12A-D’) and geniculate (Fig. 4.12I-L’) 

neurons at HH16 exhibit normal neural crest cell corridors surrounding these neurons 

(trigeminal, Fig. 4.12B, D, D’, arrows, n = 10 ganglia; geniculate, Fig. 4.12J, L, L’, arrows, 

n = 7 ganglia), with the core bipolar sensory neurons marked by Tubb3 (trigeminal, Fig. 

4.12C-D’; geniculate, Fig. 4.12K-L’). Interestingly, embryos in which trigeminal and 

geniculate neurons are reduced for Annexin A6 (Fig. 4.12E-H’ and Fig. 4.12M-P’, 

respectively) also form intact neural crest cell corridors (trigeminal, Fig. 4.12F, H, H’, 

arrows, n = 11 ganglia; geniculate, Fig. 4.12N, P, P’, arrows, n = 8 ganglia), despite these 

neurons having few short to no processes (trigeminal, Fig. 4.12G-H’; geniculate, Fig. 4.12O-

P’). Collectively, our data reveal that the absence of Annexin A6, and subsequent loss of 

neuronal processes, has no impact on the ability of the surrounding neural crest cells to form 

intact corridors around these sensory neurons.
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Figure 4.12 Neural crest cell corridors remain intact around sensory neurons with 

reduced Annexin A6 levels. Representative transverse section of the forming trigeminal (A-

H’) and geniculate (I-P’) ganglion at HH16 after electroporation of a 5 bp mismatch control 

Annexin A6 (A-D’; I-L’) or Annexin A6 (E-H’; M-P’) MO at HH10. Control MO-treated 
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placode cell-derived neurons possess normal neural crest cell corridors (B-D, J-L; higher 

magnification images in D’, L’, arrows), as shown by HNK-1 immunostaining. This is also 

observed upon depletion of Annexin A6 (F-H, N-P; higher magnification images H’, P’, 

arrows). Annexin MO-containing cells possess short to no processes, as noted by Tubb3 

immunostaining (G-H’, O-P’) and described previously. DAPI (blue) labels cell nuclei. e, 

ectoderm. Scale bar, 50µm (A-P) and 25µm (D’, H’, L’, P’).  

4.2g Trigeminal neurons overexpressing Annexin A6 are positioned correctly within the 

ganglionic anlage but in some instances possess alterations in membrane morphology 

Since trigeminal and epibranchial neurons with reduced Annexin A6 levels showed few to no 

projections using Tubb3, we next examined effects of Annexin A6 overexpression in these 

neurons. Using the above described electroporation approach, we electroporated placodal 

ectoderm at HH9-10 and collected embryos at HH16-17 when the trigeminal bipolar neurons 

have begun to form nerves within the ganglia. To evaluate neuronal morphology, we 

performed immunohistochemistry for Tubb3. Trigeminal (Fig. 4.13A-D’) neurons at HH16 

electroporated with the control vector (Fig. 4.13A) exhibit a bipolar morphology with 

neuronal processes marked by Tubb3 (Fig. 4.13B, D, D’), which co-localizes with 

endogenous Annexin A6 (Fig. 4.13C-D’, arrows, n = 15 ganglia). Trigeminal (Fig. 4.13E-

H’) neurons overexpressing Annexin A6 (Fig. 4.13E) also possess bipolar neuronal 

processes, are positioned correctly within the ganglionic anlage, and express Tubb3 (Fig. 

4.13G-H’, arrows, n = 15 ganglia), and are therefore likely to later form nerves and innervate 

their designated targets. Intriguingly, some of these electroporated neurons possess extra 

protrusions emanating from their membranes that are Annexin A6-positive but not always 

immunoreactive for Tubb3 (Fig. 4.13H, H’, arrowheads; see also Fig. 4.14, with arrows 
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showing these neurons at a higher magnification, and Table 4). Although this phenotype is 

observed, on average, in 35.2% of the electroporated sensory neurons analyzed (Fig. 4.15) 

(138 neurons with pCIG-Annexin A6 having multiple protrusions +/- 3.05 (standard 

deviation) or +/- 0.259 (standard error of the mean)), all of the examined ganglia (n = 7 

ganglia, 392 neurons counted) possess cells with these additional protrusions upon Annexin 

A6 overexpression, while none of the analyzed neurons exhibit this phenotype in control 

embryos (n = 7 ganglia, 337 neurons counted; 0 neurons with pCIG having multiple 

protrusions;  p = 5.42E-11; see Table 4). Given their normal positioning in the ganglionic 

anlage and the fact that only a minority of the sensory neurons overexpressing Annexin A6 

possesses extra protrusions, we were unable to detect any changes in overall ganglion 

organization and morphology in lateral views of whole embryo heads after Annexin A6 

overexpression (data not shown). Taken together with our knockdown studies, these results 

implicate Annexin A6 in controlling membrane outgrowth in placode cell-derived neurons, 

and overall sensory neuron morphology, during cranial gangliogenesis. 
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Figure 4.13 Annexin A6 overexpression in sensory placode cells does not affect placode 

cell ingression, differentiation, and position within the ganglionic anlage. Representative 

transverse section of the forming trigeminal and ganglion at HH16 after electroporation of 

pCIG control (A-D’) or pCIG-Annexin A6 (E-H’, pCIG AnA6) expression construct at 

HH10. Trigeminal neurons electroporated with the control pCIG (A, GFP, false-colored in 

purple) exhibit a bipolar morphology as seen by Tubb3 immunostaining (B, D, D’, arrows), 

while those overexpressing Annexin A6 (E, GFP, pseudo-colored in purple) also show two 

processes through Tubb3 (F, H, H’, arrows). Some neurons containing pCIG-Annexin A6 

(G-H’) possess extra tiny protrusions emanating from their neuronal cell bodies and the 

membranes of their bipolar processes (H’, arrowhead). DAPI (blue) labels cell nuclei. e, 

ectoderm. Scale bar, 50µm (A-H) and 25µm (D’, H’). 
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Figure 4.14 Annexin A6 overexpression leads to the formation of multiple tiny 

protrusions, in addition to bipolar processes, in some sensory neurons. Representative 

images of trigeminal neurons containing control pCIG (A, A’) or pCIG-Annexin A6 (B, B’, 

C, C’, pCIG AnA6) at HH16. Trigeminal neurons electroporated with the control pCIG 

vector (A, A’) show bipolar processes, as seen by Tubb3 (arrows) and Annexin A6 (arrows) 

immunostaining, as do those possessing pCIG-Annexin A6 (B, B’, arrow). In addition, some 

neurons show multiple tiny protrusions from their bipolar processes (B’, arrowheads) or cell 
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bodies (C’, arrowheads). DAPI (blue) labels cell nuclei. Scale bar, 25µm (A-C) and 12.5µm 

(A’-C’).  

Figure 4.15 A subpopulation of Annexin A6-overexpressing neurons possess extra tiny 

protrusions from their membranes. Approximately 35.2% of the Annexin A6-

overexpressing neurons possess additional protrusions, with a highly statistically significant 

difference observed when compared to those neurons containing control pCIG vector (*p = 

5.42E-11).  
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Table 4. Sensory neurons overexpressing Annexin A6 exhibit a bipolar morphology and extra 
protrusions.

Ganglion Section #

Number of 
electroporated 

bipolar 
neurons

Number of 
bipolar 

neurons with 
extra 

protrusions Ganglion Section #

Number of 
electroporated 

bipolar 
neurons

Number of 
bipolar 

neurons with 
extra 

protrusions
1 1 9 0 1 1 19 9

2 11 0 2 20 8
3 8 0 3 6 2
4 13 0 4 25 6

5 22 8
2 1 9 0 6 18 10

2 11 0 7 23 9
3 12 0
4 12 0 2 1 6 1
5 5 0 2 7 0
6 7 0 3 9 2

4 8 1
3 1 7 0 5 7 0

2 10 0 6 4 0
3 7 0
4 11 0 3 1 8 3
5 7 0 2 6 3

3 9 4
4 1 5 0 4 7 3

2 14 0
3 13 0 4 1 12 4
4 9 0 2 11 4

3 4 1
5 1 15 0 4 4 1

2 13 0
3 8 0 5 1 22 9
4 12 0 2 20 8
5 11 0 3 13 5
6 4 0 4 8 2
7 9 0

6 1 14 6
6 1 8 0 2 18 9

2 7 0 3 10 4
3 5 0 4 8 3
4 8 0 5 6 2
5 13 0
6 8 0 7 1 9 3

2 8 2
7 1 7 0 3 6 1

2 11 0 4 9 3
3 10 0 5 6 2
4 8 0

Number of neurons 337 0 392 138
examined
Percent of neurons 0 35.2
with extra protrusions
Standard Deviation 0 3.05
SEM 0.259
Unpaired student's t test 5.42E-11

pCIG pCIG-Annexin A6

 
 

Table 4: Sensory neurons overexpressing Annexin A6 exhibit a bipolar morphology and 

extra protrusions. Cell counts of total number of neurons electroporated with either pCIG 
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(control) or pCIG-Annexin A6, along with the number of those cells possessing bipolar 

processes or bipolar processes with extra protrusions, analyzed from serial sections through 

the trigeminal ganglia. The number of ganglia is also indicated. The percentage of pCIG-

Annexin A6-containing neurons with extra protrusions is presented, along with calculations 

of the standard deviation and standard error of the mean.  

4.2h Annexin A6 perturbation does not impact cell death and cell proliferation in the 

trigeminal neurons during ganglia formation 

With our Annexin A6 knockdown and overexpression results showing changes in cell 

morphology, including truncated to absent or additional neuronal processes, respectively, in 

the sensory neurons, and subsequent loss of target innervation after Annexin A6 depletion, 

we wanted to rule out any potential non-specific effects that might be caused by introduction 

of the Annexin A6 MO or expression construct. As such, we performed cell proliferation 

(phospho-histone H3 immunohistochemistry) and cell death (TUNEL) assays (Wu et al., 

2014) (Fig. 4.16). To this end, we electroporated trigeminal placodes at HH9-10 and 

collected embryos at HH15-16. We observe no change in the amount of cell death after 

electroporation of the control MO (Fig. 4.16A, arrows; n = 5 ganglia, 716 electroporated 

neurons counted; 6 neurons are double-positive for control MO and TUNEL +/- 0.407 

(standard deviation) or +/- 0.166 (standard error of the mean); 0.838% of control MO-

containing neurons are TUNEL-positive) or Annexin A6 MO (Fig. 4.16B, arrows; n = 5 

ganglia, 894 electroporated neurons counted; 10 neurons are double-positive for Annexin A6 

MO and TUNEL +/- 0.492 (standard deviation) or +/- 0.156 (standard error of the mean); 

1.12% of Annexin A6 MO-containing neurons are TUNEL-positive, also see Fig. 4.17, 

Table 5; p = 0.158). Furthermore, electroporation of both control vector (Fig. 4.16C, arrows; 
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n = 5 ganglia, 514 electroporated neurons counted; 1 neuron is double-positive for pCIG and 

TUNEL +/- 0.196 (standard deviation) or +/- 0.196 (standard error of the mean); 0.275% of 

pCIG-containing neurons are TUNEL-positive) and the Annexin A6 expression construct 

(pCIG-Annexin A6, Fig. 4.16D, arrows; n = 5 ganglia, 473 electroporated neurons counted) 

also show a similar amount of cell death (p = 0.313; none of the pCIG-Annexin A6-

containing neurons is TUNEL-positive; see Table 5). Likewise, we note no difference in cell 

proliferation in control (Fig. 4.16E, arrows; n = 5 ganglia, 636 neurons counted; 5 neurons 

are double-positive for control MO and phospho-histone H3 +/- 0.396 (standard deviation) or 

+/- 0.177 (standard error of mean); 0.78% of control MO-containing neurons are phospho-

histone H3-positive) or neurons with reduced Annexin A6 levels (Fig. 4.16F, arrows; n = 5 

ganglia, 724 neurons counted; 7 neurons are double-positive for Annexin A6 MO and 

phospho-histone H3 +/- 0.447 (standard deviation) or +/- 0.169 (standard error of mean); 

0.96% of Annexin A6 MO-containing neurons are phospho-histone H3-positive; see Fig. 

4.18; Table 5; p = 0.552). Comparable amounts of cell proliferation are also observed in 

neurons containing pCIG (Fig. 4.16G, arrows; n = 5 ganglia, 363 electroporated neurons 

counted; 1 neuron is double-positive for pCIG and phospho-histone H3 +/- 0.196 (standard 

deviation) or +/- 0.196 (standard error of mean); 0.195% of pCIG-containing neurons are 

phospho-histone H3-positive) and pCIG-Annexin A6 (Fig. 4.16H, arrows; n = 5 ganglia, 546 

electroporated neurons counted; p = 0.322; none of the pCIG Annexin A6-containing 

neurons is phospho-histone H3-positive; see Table 5). Altogether, these results indicate that 

the morphology change observed in these mature sensory neurons upon loss or 

overexpression of Annexin A6 is likely due to the inherent requirement of Annexin A6 for 
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membrane outgrowth during placodal neurogenesis and ganglia assembly as opposed to any 

changes in overall cellular activities such as cell death or proliferation.  

 

 

Figure 4.16 Electroporation of morpholino or expression constructs does not alter cell 

death and cell proliferation in the trigeminal sensory neurons. Representative transverse 

section through the forming trigeminal ganglion at HH16 after electroporation of a 5 bp 

mismatch control Annexin A6 MO (A, E), Annexin A6 MO (B, F), pCIG (C, G), or pCIG-

Annexin A6 (G, H) at HH10. Arrows indicate TUNEL (A-D)- and phospho-histone H3 

(PH3, E-H)-positive nuclei, with a comparable number in the presence of either MO or 

expression constructs. The majority of these TUNEL and PH3-positive cells are in fact not 

electroporated. DAPI (blue) labels cell nuclei. e, ectoderm. Scale bar in (A) is 50µm and 

applies to all images.  
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Figure 4.17 Annexin A6 reduction does not induce cell death in the trigeminal neurons. 

Approximately 1.12% of Annexin A6 MO-containing neurons are TUNEL-positive 

compared to 0.838% of control MO-containing neurons; this result is not statistically 

significant (*p < 0.158).  
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Figure 4.18 Annexin A6 reduction does not induce cell proliferation in the trigeminal 

neurons. Approximately 0.967% of Annexin A6 MO-containing neurons are phospho-

histone H3-positive compared to 0.786% of control MO-containing neurons; this result is not 

statistically significant (*p < 0.552).  
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Table 5. Placode-cell derived neurons show no change in cell death and cell division upon perturbation 
of Annexin A6.

Ganglion Section #

Number of 
electroporated 
(EP) neurons

Number of 
TUNEL-

positive EP 
neurons 

Number of 
TUNEL-

positive non-
EP cells Ganglion

Section 
#

Number of 
electroporate

d (EP) 
neurons

Number of 
TUNEL-

positive EP 
neurons 

Number of 
TUNEL-

positive non-
EP cells

1 1 40 0 9 1 1 6 0 3
2 39 0 12 2 9 0 4
3 45 0 8 3 8 0 5
4 34 0 10 4 5 0 6
5 36 1 12 5 9 0 7
6 55 0 15

2 1 40 1 15
2 1 3 0 8 2 46 0 14

2 10 1 12 3 30 1 14
3 9 0 13 4 30 0 17
4 10 0 7 5 38 1 19
5 13 0 5 6 35 0 20
6 14 1 5
7 14 0 6 3 1 26 0 12

2 35 0 10
3 1 38 0 28 3 33 0 9

2 35 1 25 4 35 0 8
3 36 0 26 5 40 0 5
4 30 1 20
5 39 0 19 4 1 40 1 16

2 45 1 14
4 1 36 0 15 3 43 1 18

2 35 0 15 4 40 0 19
3 30 0 18 5 29 0 14
4 32 0 17
5 28 0 12 5 1 45 1 15
6 25 0 14 2 47 0 14

3 46 1 19
5 1 5 0 8 4 45 1 25

2 5 0 9 5 49 1 21
3 6 0 7 6 40 0 22
4 4 0 6
5 5 1 10
6 5 0 5

Number of neurons 716 6 376 894 10 365
examined
Percent of EP cells positive for TUNEL0.838 1.12
Standard Deviation 0.407 0.492
SEM 0.166 0.156
Unpaired student's t test 0.158

Knockdown TUNEL
Control MO Annexin A6 MO
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Ganglion Section #

Number of 
electroporated 
(EP) neurons

Number of 
TUNEL-

positive EP 
neurons 

Number of 
TUNEL-

positive non-
EP cells Ganglion

Section 
#

Number of 
electroporate

d (EP) 
neurons

Number of 
TUNEL-

positive EP 
neurons 

Number of 
TUNEL-

positive non-
EP cells

1 1 17 0 5 1 1 10 0 3
2 19 0 7 2 8 0 4
3 19 0 7 3 9 0 7
4 15 0 8 4 9 0 6
5 19 0 6 5 7 0 8

2 1 23 0 19 2 1 9 0 7
2 26 0 15 2 7 0 9
3 23 0 20 3 10 0 5
4 23 1 19 4 8 0 9
5 22 0 8 5 9 0 8

6 9 0 8
3 1 16 0 14

2 16 0 8 3 1 24 0 18
3 17 0 9 2 22 0 14
4 15 0 7 3 25 0 12
5 18 0 10 4 24 0 13

5 26 0 17
4 1 23 0 7

2 20 0 8 4 1 24 0 16
3 22 0 5 2 21 0 10
4 21 0 6 3 25 0 9
5 22 0 3 4 20 0 9

5 22 0 7
5 1 15 0 7

2 20 0 5 5 1 24 0 5
3 21 0 4 2 25 0 4
4 23 0 4 3 22 0 7
5 19 0 6 4 23 0 8
6 20 0 3 5 26 0 9

6 25 0 5

Number of neurons 514 1 220 473 0 237
examined
Percent of EP cells positive for TUNEL0.195 0
Standard Deviation 0.196
SEM 0.196
Unpaired student's t test 0.313

Overexpression TUNEL
pCIG pCIG-Annexin A6
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Ganglion Section #

Number of 
electroporated 
(EP) neurons

Number of 
PH3-

positive EP 
neurons 

Number of 
PH3-

positive non-
EP cells Ganglion

Section 
#

Number of 
electroporate

d (EP) 
neurons

Number of 
PH3-

positive EP 
neurons 

Number of 
PH3-positive 
non-EP cells

1 1 22 0 9 1 1 9 0 9
2 23 0 8 2 12 0 8
3 20 0 15 3 12 0 5
4 18 0 14 4 14 0 6
5 23 1 10 5 14 0 3

2 1 23 0 18 2 1 30 1 12
2 29 1 12 2 35 0 17
3 30 0 13 3 25 1 12
4 33 0 17 4 29 0 13
5 35 0 25 5 27 1 16
6 31 0 14 6 26 0 11

3 1 28 0 11 3 1 26 0 5
2 26 1 14 2 21 0 8
3 25 0 18 3 21 0 9
4 24 1 15 4 20 0 8
5 22 0 20 5 19 0 5

4 1 30 0 11 4 1 27 0 18
2 30 0 9 2 28 1 15
3 21 0 12 3 26 1 6
4 25 0 14 4 35 0 9
5 26 0 7 5 29 0 7
6 28 0 13

5 1 39 1 25
5 1 10 0 7 2 39 0 25

2 12 0 8 3 34 0 24
3 13 0 9 4 40 0 21
4 14 0 12 5 47 1 20
5 15 1 7 6 40 0 22

Number of neurons 636 5 342 724 7 339
examined
Percent of EP cells positive for PH3 0.786 0.967
Standard Deviation 0.396 0.447
SEM 0.177 0.169
Unpaired student's t test 0.522

Knockdown PH3
Control MO Annexin A6 MO
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Ganglion Section #

Number of 
electroporated 
(EP) neurons

Number of 
PH3-

positive EP 
neurons 

Number of 
PH3-

positive non-
EP cells Ganglion

Section 
#

Number of 
electroporate

d (EP) 
neurons

Number of 
PH3-

positive EP 
neurons 

Number of 
PH3-positive 
non-EP cells

1 1 22 0 14 1 1 10 0 8
2 23 0 12 2 18 0 7
3 26 0 14 3 21 0 14
4 28 0 17 4 14 0 12
5 20 0 10 5 19 0 10

2 1 18 0 5 2 1 14 0 14
2 16 0 4 2 15 0 16
3 15 0 2 3 10 0 13
4 14 1 6 4 8 0 11
5 19 0 8 5 16 0 12

6 11 0 11
3 1 6 0 14

2 8 0 12 3 1 20 0 12
3 7 0 15 2 21 0 11
4 9 0 14 3 25 0 13
5 5 0 7 4 22 0 13

5 26 0 12
4 1 13 0 7

2 12 0 9 4 1 23 0 12
3 14 0 5 2 22 0 11
4 17 0 8 3 24 0 9
5 20 0 7 4 26 0 9

5 22 0 17
5 1 5 0 8

2 6 0 9 5 1 40 0 18
3 9 0 6 2 36 0 19
4 11 0 4 3 33 0 10
5 12 0 6 4 26 0 13
6 8 0 12 5 24 0 15

Number of neurons 363 1 235 546 0 322
examined
Percent of EP cells positive for PH3 0.275 0
Standard Deviation 0.196 0
SEM 0.196
Unpaired student's t test 0.322

Overexpression PH3
pCIG pCIG-Annexin A6

Table 5. Placode-cell derived neurons show no change in cell death and cell division 

upon perturbation of Annexin A6. Cell counts of total number of neurons electroporated 

with control MO, Annexin A6 MO, pCIG, or pCIG-Annexin A6, along with the number of 
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those cells that are either TUNEL- or phospho-histone H3-positive, analyzed from serial 

sections through the trigeminal ganglia. The percentage of TUNEL- and phospho-histone 

H3-positive cells is presented in each instance, along with calculations of the standard 

deviation and standard error of the mean.  

4.2i Annexin A6 plays a role in generating neuronal processes during sensory 

neurogenesis  

In the chick, our results speculate on a molecular mechanism in which Annexin A6 binds to 

sensory neuronal membranes and acts as a scaffold to mediate the membrane changes 

required to generate neuronal processes (Rescher et al., 2004) (Gerke et al., 2005) (Fig. 

4.19). We note that chick trigeminal and geniculate sensory neurons exhibit a variety of cell 

shapes and membrane morphologies in a static section, including round cells lacking any 

projections, multipolar cells with several small processes (Smith et al., 2015), and bipolar 

cells with two distinct processes. The Annexin A6-mediated scaffold is necessary to generate 

membrane processes, which represent morphological structures required by these sensory 

neurons to innervate their target tissues (Fig. 4.19). 
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Figure 4.19 Annexin A6 controls the membrane dynamics, and subsequent morphology 

changes, accompanying the maturation of placode cell-derived neurons during chick 

cranial gangliogenesis. Cartoon diagram of the different morphologies adopted by sensory 

neurons over time. Sensory neuroblasts ingress from the precursor ectoderm either as cells 

that appear round with no processes (neuroblasts), or cells with tiny multipolar or two very 

short processes coming out of their cell bodies (multipolar neurons). Over the course of time, 

these cells mature molecularly and adopt a bipolar morphology due to the scaffolding 

function of Annexin A6, together with cytoskeletal rearrangements, later forming subsequent 

nerves.  

 

4.3 Conclusions 

Our data provide strong evidence for a scaffolding function for Annexin A6 within the 

plasma membrane of chick trigeminal and epibranchial sensory neurons. This Annexin A6-

mediated scaffold is necessary to generate membrane processes, which represent 

morphological structures required by these sensory neurons to innervate their target tissues 

(Fig. 4.19). Sensory neurons lacking Annexin A6 possess few short to no processes, while 
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those overexpressing Annexin A6 often exhibit additional protrusions that either arise from 

the membranes of bipolar projections or the neuronal cell bodies. Interestingly, these neurons 

continue to express mature neuronal markers despite perturbing Annexin protein levels, 

suggesting that the membrane changes necessary to generate fully mature, sensory neurons 

rely upon Annexin A6 function. Annexin A6 could be facilitating cell-cell interactions given 

the dispersed ganglion morphology apparent upon Annexin A6 knockdown. Collectively, 

these data shed additional light on molecules orchestrating sensory neurogenesis and reveal a 

unique role for the control of membrane dynamics by Annexin A6 during the formation of 

placode cell-derived neurons contributing to the cranial ganglia. 
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Chapter 5. Conclusions and Future Directions 

5.1 Conclusions 

One of the overarching goals of the Taneyhill lab is to understand the molecular pathways 

underlying neural crest cell and placode cell interactions during cranial ganglia formation. To 

this end, this dissertation aims to elucidate the molecular mechanisms underlying the 

dynamic membrane morphological changes that occur during sensory neurogenesis, 

mediated, in part, by the membrane scaffold protein Annexin A6. Our lab previously 

identified that Annexin A6 impacts chick cranial neural crest cell migration through effects 

on premigratory neural crest cell cadherins (Cadherin-6B, N-cadherin) (Wu and Taneyhill, 

2012). Given a role for Annexin A6 in early neural crest cell migration, we initially 

hypothesized that Annexin A6 would also be present in those migratory neural crest cells 

coalescing with placode cell-derived neurons during cranial ganglia assembly. To address 

this hypothesis, we first documented a detailed spatio-temporal expression profile of Annexin 

A6 in the developing chick embryo from neural crest cell EMT through the formation of the 

cranial trigeminal and epibranchial ganglia (Shah and Taneyhill, 2015). The spatio-temporal 

profile in Chapter 3 revealed the presence of Annexin A6 protein in premigratory neural crest 

cells, and those undergoing EMT, but strikingly a loss of Annexin A6 protein in fully 

migratory neural crest cells. We show that this absence of Annexin A6 in cranial neural crest 

cells persists throughout the formation of the cranial trigeminal and epibranchial ganglia. 

Intriguingly, we observed that the trigeminal and epibranchial placodal precursors begin 

expressing Annexin A6 at the onset of their ingression from the ectoderm into the adjacent 

mesenchyme, with expression maintained throughout all stages of trigeminal and 

epibranchial ganglia formation. When we scanned the vestibulocochlear VIIIg ganglia 
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(derived from just otic placode cells), however, we observed no Annexin A6 expression (data 

not shown), implying specific functions for Annexin A6 in sensory ganglia formed at 

different axial levels. Intriguingly, though, a subset of Tubb3-positive, post-mitotic neurons 

at the core of the forming neural crest cell-derived dorsal root ganglia express Annexin A6. 

Another interesting observation was that we noted persistent expression of Annexin A6 in the 

developing neural tube throughout all stages examined, and we speculate that this may be 

due to a general function for Annexin A6 in neuronal development (Shah and Taneyhill, 

2015). Thus, our results in Chapter 3 highlight the dynamic spatio-temporal expression of 

Annexin A6 during chick cranial gangliogenesis and suggest that one potential role of 

Annexin A6 could be in the development of embryonic cell types that possess neuronal 

characteristics and attributes. 

 In Chapter 4, we sought to demonstrate a functional role for Annexin A6 in the 

trigeminal and epibranchial (geniculate) placode cell-derived neurons during gangliogenesis. 

Herein, we first demonstrate that the chick embryo head contains two Annexin A6 transcripts 

with a common translational start site, allowing both variants to be targeted by the same 

translation-blocking MO to address Annexin A6 function. Although we observed a 34% 

reduction in Annexin A6 protein, cranial sensory neurons still ingress into the mesenchyme, 

differentiate, and become properly positioned within the ganglionic anlage. Additionally, we 

observe that cranial neural crest cells continue to surround sensory trigeminal and 

epibranchial neurons with reduced Annexin A6 levels, forming corridors that are essential for 

correct ganglion assembly. The highlight of Chapter 4 is our data revealing that trigeminal 

and geniculate sensory neurons reduced for Annexin A6 undergo major membrane and 

subsequent cell shape changes. Trigeminal and geniculate neurons with reduced Annexin A6 
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levels possess few tiny processes that are significantly shorter than their wildtype (or control 

MO-treated) counterparts. These neurons have short or even no processes, as observed by 

class III β-tubulin distribution. Prior work has shown that a sensory neuron is termed 

“mature” both when it expresses particular neuronal markers and exhibits a bipolar 

morphology. On the basis of this knowledge, we observe that these neurons with reduced 

Annexin A6 do not attain a “mature” bipolar morphology consisting of two long processes 

emanating from their cell bodies, but still mature, from a molecular standpoint, because they 

express the neuronal markers Tubb3, HuC/D, and NFM. Over the course of sensory 

gangliogenesis, the first of the trigeminal neurons derived from the maxillary-mandibular 

branch to arrive at the pharyngeal arches are termed pioneer neurons. Remarkably, we show 

that pioneer trigeminal neurons with reduced Annexin A6 levels travel ventrally to the 

pharyngeal arches, albeit possessing no bipolar processes. This absence of a bipolar 

morphology in sensory neurons with reduced Annexin A6, in the presence of mature 

neuronal markers, indicates that these two events during neurogenesis are distinct from a 

molecular standpoint. These observations further validate our results and indicate that 

Annexin A6 impacts the formation of neuronal processes, and eventual nerves, with its loss 

negatively affecting innervation of target tissues. This is all the more striking given that 

Annexin A6 loss does not influence the migration, differentiation, position, or maturation of 

these neurons. Given that we only achieved a partial knockdown of Annexin A6, it is 

possible that Annexin A6 may play an even larger role in placodal gangliogenesis than is 

presented herein. However, there are many factors the could alter the knockdown efficiency 

of a MO, including cell type being used, developmental timing of MO introduction, and the 

time of examination post-electroporation. Differences in MO uptake can also occur within a 
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given cell population, meaning that not every cell in the embryo will take up the same 

amount of MO. This mosaic nature of MO electroporation is a common occurrence in the 

chick embryo. One way to overcome this issue and ‘normalize’ the knockdown levels would 

be to measure Annexin A6 levels in each MO-containing cell within the same section 

through quantification of fluorescence levels after immunohistochemistry. This method also 

has inherent problems associated with it, though, as it is important to control for any potential 

changes that might occur during the immunohistochemistry reaction that are unrelated to MO 

knockdown. 

Next, we show that trigeminal neurons with overexpressing Annexin A6 possess long 

bipolar neuronal processes with no adverse effects on tubulin distribution or expression. 

When observed later in development, these pioneer trigeminal neurons still travel ventrally to 

the pharyngeal arches and form nerves with neighboring neurons to innervate their targets. 

Interestingly, a small population (35%) of Annexin A6-overexpressing, bipolar neurons with 

normal tubulin expression form multiple, tiny protrusions emanating from the membranes of 

their projections. Furthermore, those sensory neurons overexpressing Annexin A6 in the 

ganglionic anlage, which have yet to form bipolar processes (with Tubb3 only in their cell 

bodies), also possess tiny protrusions from their cell bodies. Furthermore, some of these 

additional neuronal processes do not express Tubb3, implying that Annexin A6 and Tubb3 

function independently of each other, with Annexin A6 controlling membrane dynamics to 

facilitate morphology changes required in these neurons. These gain-of-function results, 

together with our knockdown data, indicate that Annexin A6 itself is impacting the 

membrane structure of chick trigeminal sensory neurons in the absence of any effects on 

cytoskeletal elements such as tubulin. Our results in Chapter 4 are also in line with a prior in 
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vitro study conducted on mouse lateral olfactory tract neurons, where Annexin A6 

accumulates in the initial axon segment, and its overexpression significantly enhances axonal 

branching. Notably, our results in Chapter 4 highlight that precise Annexin A6 expression in 

developing placode cell-derived sensory neurons is critical for controlling cell membrane 

dynamics and overall morphology of these neurons, permitting the formation of neuronal 

processes and eventual sensory gangliogenesis.   

5.2 Significance 

The pathways that control the differentiation and maturation of placode cells into sensory 

neurons, as well as the mechanisms underlying cell morphology changes and subsequent 

neural crest-placode cell interactions during ganglia assembly, are not well defined. This 

dissertation has advanced our understanding into the mechanisms underscoring 

morphological changes within placode cell-derived neurons that are essential for cranial 

gangliogenesis. Earlier studies show the importance of Annexin A6 in neuronal development 

across metazoan. We demonstrate that chick trigeminal and geniculate sensory neurons 

exhibit a variety of cell shapes and membrane morphologies in a static section, including 

round cells lacking any projections, multipolar cells with several small processes, and bipolar 

cells with two distinct processes. Altogether, our study in the context of this dissertation 

reveals the presence of a wide range of cell morphologies during sensory neurogenesis, at 

least at the axial levels examined herein for chick trigeminal and geniculate sensory neurons, 

in contrast to a more linear progression of cell shape changes from multipolar to bipolar as 

these neurons mature. Thereby, our data further call for a reassessment of the definition of 

“neuronal maturation” in the context of the formation of chick trigeminal and geniculate 
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sensory neurons, with Annexin A6 serving as one of the key molecules to mediate membrane 

changes necessary for the adoption of a bipolar morphology.  

5.3 Future Directions 

5.3a Annexin A6: Interactions with the cytoskeleton 

Since Annexin A6 has various documented roles including cell migration and cytoskeletal 

remodeling (discussed in Chapter 1), and that the neurons with reduced Annexin A6 levels 

undergo major membrane and subsequent cell shape changes, we speculate that Annexin A6 

physically interacts with the neuronal cytoskeleton and cell membrane. Studies employing 

synthetic peptides have shown that a conserved motif LIRIMVS located in the fourth repeat 

within the human Annexin A6 sequence appears to be involved in actin filament bundling. 

Intriguingly, chick Annexin A6 possesses a similar motif, LIHIMVS, but this has not yet 

been shown to bind actin (our unpublished data). If chick Annexin A6 does bind to cytosolic 

actin through this putative motif, a mutant of Annexin A6 at this sequence could be created. 

Using this mutant in vitro/in vivo, along with immunoprecipitation and 

immunohistochemistry assays, could provide evidence as to whether the putative actin motif 

in Annexin A6 does actually mediate actin binding. Alternatively, immunoprecipitation 

followed by liquid chromatography-mass spectrometry could identify individual 

peptide(s)/protein(s) that can interact with Annexin A6, further shedding light into its 

function. 

5.3b Annexin A6: Interactions with the lipid bilayer 

One of the very interesting but less studied roles of Annexin A6 is during phospholipid 

bilayer binding and the subsequent activation of signaling cascades. Annexin A6 possesses a 
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calcium-dependent membrane-binding domain in its C-terminus that interacts with 

phosphotidylserine groups on the inner plasma membrane, a region rich in cholesterol and 

termed lipid rafts. Previous in vitro studies have demonstrated Annexin A6 to be a membrane 

scaffold that links membrane microdomains to the cytoskeleton, a likely function that it is 

also fulfilling in chick sensory neurons given our data (Chapter 4). Furthermore, lipid 

biogenesis plays a key role in the formation of sensory nerves; for example, both rat and 

mouse trigeminal nerves have axonal membranes enriched in lipid rafts (Benes et al., 1973) 

(Gnanasekaran et al., 2011). Many studies have shown the importance of lipid rafts and 

cholesterol in neuronal function, including the role of cholesterol and lipid rafts in synaptic 

complex formation and axon guidance. Rafts are enriched in glycosylphosphatidylinositol-

anchored proteins, and the Annexin family mainly binds phosphatidyleserine, phosphatidic 

acid, phosphotidylglycerol, or phosphatidylinositol at physiological pH. Annexin proteins are 

known to interact with phosphatidylinositol 4,5-biphosphate, phosphatidylethanolamine, fatty 

acids, ceramides and lipid-derived metabolites (Babiychuk and Draeger, 2000) (Lizarbe et 

al., 2013). Importantly, axon guidance is one of the key features of neuronal migration, in 

which neurons use cues from the surrounding environment to properly migrate. One future 

experiment would entail analyzing cholesterol content on membranes of these sensory 

neurons, and how Annexin A6 contributes and/or changes membrane cholesterol during 

neurogenesis. Annexin A6-Filipin staining during gangliogenesis to see co-localization 

would facilitate these studies. Alternatively, cholesterol manipulation in chick ganglia 

explants would be useful to assess effects on neuronal migration after cholesterol removal. 

This could also be achieved by inhibiting cholesterol synthesis using HMG-CoA reductase 

inhibitors.  
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In the chick, our results speculate on a molecular mechanism in which Annexin A6 binds to 

sensory neuronal membranes and acts as a scaffold to mediate the membrane changes 

required to generate neuronal processes. In support of this, a reduction in Annexin A6 has 

drastic effects on membrane biogenesis in sensory neurons with reduced Annexin A6 levels, 

leading to their inability to form bipolar processes. Conversely, the membrane protrusion 

phenotype observed in our Annexin A6 gain-of-function studies can be ascribed to 

rearrangements of membrane microdomains or cytoskeletal elements, as suggested for other 

cell types overexpressing Annexin A6 (Yamatani et al., 2010). This mechanism, in which 

Annexin A6 functions by changing cell membrane structure, is consistent with the role of 

Annexin A6 in the plasma membrane of muscle cells after injury. In this system, Annexin A6 

is recruited to the membrane, leading to the formation of a “repair cap” that allows for 

membrane reorganization and eventual re-sealing, thereby healing the injury (Swaggart et al., 

2014). This property of membrane repair also extends to another Annexin, Annexin A1, in 

epithelia and immune cells, where it orchestrates repair mechanisms during mucosal 

homeostasis (Leoni and Nusrat, 2016). Similarly, in mammalian myofibers, several Annexins 

(A1, A2, A5, A6) form a tight repair cap complex that is actin-dependent, in response to 

plasma membrane injury (Demonbreun et al., 2016). Interestingly, the repair of membranes 

upon muscle cell injury relies on the ordered assembly of cytosolic Annexin A6 at the 

membrane, creating a special scaffold to repair damaged sarcolemma (Roostalu and Strahle, 

2012). Overall, our results strongly suggest that precisely regulated levels of Annexin A6 are 

required for the dynamic membrane restructuring events that also occur in sensory neurons 

during cranial gangliogenesis. 
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5.3c Annexin A6: Regulator of mitochondrial morphogenesis 

Another fairly unexplored question in neurogenesis is the role of mitochondrial homeostasis, 

particularly with respect to meeting cellular energy demands, shaping calcium signals, and 

determining susceptibility to apoptosis. Studies have shown that Annexin A6 plays a critical 

role in this process by regulating mitochondrial fission (Chlystun et al., 2013). Cells lacking 

Annexin A6 have fragmented mitochondria, and cellular respiration is impaired. On the other 

hand, cells overexpressing Annexin A6 have extensive mitochondrial fusion. These results 

can be explained by the observation that Annexin A6 interacts with Dynamin related protein 

1 (Drp1), a mitochondrial GTPase involved in fission and inhibits its action, and this is 

important for shaping calcium responses in both normal cells and those lacking Annexin A6. 

In keeping with these findings, Annexin A6 null mice (discussed in further detail below) 

display reduced mitochondrial calcium uptake, high cellular calcium transients, and increased 

contractility in their cardiomyocytes (Song et al., 2002). The precise role for Annexin A6 in 

the mitochondria of sensory neurons is not known, and it would be interesting to document 

an expression profile for mitochondrial markers in these cells upon Annexin A6 perturbation. 

This data would provide further evidence for a conserved role of Annexin A6 in 

mitochondrial morphogenesis in sensory neurons.   

5.3d Annexin A6: Role in cadherin endocytosis  

Based on the number of different studies showing the association of Annexin proteins with 

the plasma membrane, with early and late endosomal compartments, and its presence in the 

cytosol, Annexin A6 is likely to fulfill multiple functions depending upon its sub-cellular 

localization. One study has shown an increase in N-cadherin upon Annexin A6 

downregulation in breast cancer cells (Sakwe et al., 2011), with cells exhibiting a reduction 
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in motility. Another report has demonstrated localization of vascular endothelial cadherin 

within cytoplasmic puncta upon Annexin A2 downregulation (Heyraud et al., 2008). Our 

previous results revealed that premigratory neural crest cells with reduced Annexin A6 levels 

maintain N-cadherin expression and, as a result, this negatively impacts their migration. 

While placode cell-derived sensory neurons require intercellular N-cadherin-based junctions 

at later stages as the ganglia are coalescing (Shiau and Bronner-Fraser, 2009), cell junctions 

must also be dismantled earlier to allow placodal neurons to ingress and intermingle with 

neighboring neural crest cells. As such, the membranes of these neurons are in a state of 

constant flux, with adhesion molecules constantly recycled. Hence, one question that remains 

is whether Annexin A6 modulates N-cadherin endocytosis in these placodal neurons during 

gangliogenesis. One way to address this question would be to perform an 

immunoprecipitation assay to evaluate an interaction between Annexin A6 and N-cadherin. 

5.3e Annexin A6 function: Insights from Annexin A6 knockout and transgenic mice 

While Annexin A6 plays a critical role in sensory neuron formation in the chick, the Annexin 

A6 knockout mouse does not appear to have any gross morphological defects or affect 

viability. However, it is not clear from the report whether sensory ganglia formation was 

even examined in these mice (Hawkins et al., 1999). This result is contrary to data from an 

earlier study involving transgenic mice overexpressing Annexin A6 in the heart, which 

revealed an array of heart defects, such as large hearts, acute myocarditis, and moderate-to-

severe fibrosis (Gunteski-Hamblin et al., 1996). Despite the cardiovascular phenotypes 

present in these Annexin A6 transgenic mice, the Annexin A6 knockout mice display normal 

cardiovascular physiology (Hawkins et al., 1999). Upon further examination, though, 
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primary cardiomyoctyes isolated from Annexin A6 knockout mice exhibit higher 

contractility (Song et al., 2002). These observations are in good agreement with a previous 

report in which transient knockdown of Annexin A6 in cardiomyocytes by shRNA 

significantly enhances contractile function (Mishra et al., 2011). The potential lack of 

phenotype in sensory ganglia formation in the Annexin A6 knockout mice could suggest that 

other Annexins (novel or known) may play a role in sensory gangliogenesis in this species, 

implying a degree of redundancy within this protein family. This is not surprising, given that 

Annexins A2 and A5 function in mouse and rat to carry out nervous system formation.  

In conclusion, this dissertation reveals a unique scaffolding function ascribed to Annexin A6 

during chick cranial sensory neurogenesis. This work provides important insight into the 

dynamic cellular and molecular changes these neurons undergo, along with the diverse set of 

shapes they can adopt, before attaining their final bipolar morphology to successfully relay 

sensory information. Our results demonstrate a role for Annexin A6 in controlling neuron 

morphology by inducing changes in membrane architecture. Importantly, we now provide 

evidence indicating that the molecular program regulating neuronal gene expression is 

distinct from that orchestrating neuronal morphology, implying that neuronal maturation 

itself is a highly complex process and that the pathways underlying neuronal ‘maturation’ 

may need to be re-defined during cranial gangliogenesis.  

 

 

 



	 96	

Bibliography 
Avenali, L., Narayanan, P., Rouwette, T., Cervellini, I., Sereda, M., Gomez-Varela, D., 
Schmidt, M., 2014. Annexin A2 regulates TRPA1-dependent nociception. J Neurosci 34, 
14506-14516. 
Babiychuk, E.B., Draeger, A., 2000. Annexins in cell membrane dynamics. Ca(2+)-regulated 
association of lipid microdomains. J Cell Biol 150, 1113-1124. 
Babiychuk, E.B., Palstra, R.J., Schaller, J., Kampfer, U., Draeger, A., 1999. Annexin VI 
participates in the formation of a reversible, membrane-cytoskeleton complex in smooth 
muscle cells. J Biol Chem 274, 35191-35195. 
Baker, C.V., Bronner-Fraser, M., 2000. Establishing neuronal identity in vertebrate 
neurogenic placodes. Development 127, 3045-3056. 
Baker, C.V., Bronner-Fraser, M., 2001. Vertebrate cranial placodes I. Embryonic induction. 
Dev Biol 232, 1-61. 
Begbie, J., Ballivet, M., Graham, A., 2002. Early steps in the production of sensory neurons 
by the neurogenic placodes. Mol Cell Neurosci 21, 502-511. 
Begbie, J., Brunet, J.F., Rubenstein, J.L., Graham, A., 1999. Induction of the epibranchial 
placodes. Development 126, 895-902. 
Begbie, J., Graham, A., 2001. Integration between the epibranchial placodes and the 
hindbrain. Science 294, 595-598. 
Benes, F., Higgins, J.A., Barrnett, R.J., 1973. Ultrastructural localization of phospholipid 
synthesis in the rat trigeminal nerve during myelination. J Cell Biol 57, 613-629. 
Betancur, P., Bronner-Fraser, M., Sauka-Spengler, T., 2010. Genomic code for Sox10 
activation reveals a key regulatory enhancer for cranial neural crest. Proc Natl Acad Sci U S 
A 107, 3570-3575. 
Black, J.A., Dib-Haji, S., Baker, D., Newcombe, J., Cuzner, M.L., Waxman, S.G., 2000. 
Sensory neuron-specific sodium channel SNS is abnormally expressed in the brains of mice 
with experimental allergic encephalomyelitis and humans with multiple schlerosis., PNAS 
97:21, 11598-11602. 
Blentic, A., Chambers, D., Skinner, A., Begbie, J., Graham, A., 2011. The formation of the 
cranial ganglia by placodally-derived sensory neuronal precursors. Mol Cell Neurosci 46, 
452-459. 
Bolande, R.P., 1997. Neurocristopathy: its growth and development in 20 years. Pediatr 
Pathol Lab Med 17, 1-25. 
Bronner, M.E., Simoes-Costa, M., 2016. The Neural Crest Migrating into the Twenty-First 
Century. Curr Top Dev Biol 116, 115-134. 
Bronner-Fraser, M., Fraser, S., 1988. Cell lineage analysis shows multipotentiality of some 
avian neural crest cells. Nature 335, 161-164. 
Chlystun, M., Campanella, M., Law, A.L., Duchen, M.R., Fatimathas, L., Levine, T.P., 
Gerke, V., Moss, S.E., 2013. Regulation of mitochondrial morphogenesis by annexin A6. 
PLoS ONE 8, e53774. 
Crane, J.F., Trainor, P.A., 2006. Neural crest stem and progenitor cells. Annu Rev Cell Dev 
Biol 22, 267-286. 
Cubells, L., Vila de Muga, S., Tebar, F., Wood, P., Evans, R., Ingelmo-Torres, M., Calvo, 
M., Gaus, K., Pol, A., Grewal, T., Enrich, C., 2007. Annexin A6-induced alterations in 
cholesterol transport and caveolin export from the Golgi complex. Traffic 8, 1568-1589. 



	
	

97	

D'Amico-Martel, A., Noden, D.M., 1980. An autoradiographic analysis of the development 
of the chick trigeminal ganglion. J Embryol Exp Morphol 55, 167-182. 
D'Amico-Martel, A., Noden, D.M., 1983. Contributions of placodal and neural crest cells to 
avian cranial peripheral ganglia. Am J Anat 166, 445-468. 
de Diego, I., Schwartz, F., Siegfried, H., Dauterstedt, P., Heeren, J., Beisiegel, U., Enrich, C., 
Grewal, T., 2002. Cholesterol modulates the membrane binding and intracellular distribution 
of annexin 6. J Biol Chem 277, 32187-32194. 
Demonbreun, A.R., Quattrocelli, M., Barefield, D.Y., Allen, M.V., Swanson, K.E., McNally, 
E.M., 2016. An actin-dependent annexin complex mediates plasma membrane repair in 
muscle. J Cell Biol 213, 705-718. 
Domon, M.M., Besson, F., Bandorowicz-Pikula, J., Pikula, S., 2011. Annexin A6 is recruited 
into lipid rafts of Niemann-Pick type C disease fibroblasts in a Ca2+-dependent manner. 
Biochem Biophys Res Commun 405, 192-196. 
Donkelaar H.J., L.M., Hori A., 2006. Development and developmental disorders of the 
human central nervous system, Clinical Neuroembryology. Springer. 
Doubell, A.F., Bester, A.J., Thibault, G., 1991. Annexins V and VI: major calcium-
dependent atrial secretory granule-binding proteins. Hypertension 18, 648-656. 
Duband, J.L., 2010. Diversity in the molecular and cellular strategies of epithelium-to-
mesenchyme transitions: Insights from the neural crest. Cell Adh Migr 4, 458-482. 
Dutton, K.A., Pauliny, A., Lopes, S.S., Elworthy, S., Carney, T.J., Rauch, J., Geisler, R., 
Haffter, P., Kelsh, R.N., 2001. Zebrafish colourless encodes sox10 and specifies non-
ectomesenchymal neural crest fates. Development 128, 4113-4125. 
Erickson, C.A., Weston, J.A., 1983. An SEM analysis of neural crest migration in the mouse. 
J Embryol Exp Morphol 74, 97-118. 
Etchevers, H.C., Amiel, J., Lyonnet, S., 2006. Molecular bases of human neurocristopathies. 
Adv Exp Med Biol 589, 213-234. 
Foulkes, T., Nassar, M.A., Lane, T., Matthews, E.A., Baker, M.D., Gerke, V., Okuse, K., 
Dickenson, A.H., Wood, J.N., 2006. Deletion of annexin 2 light chain p11 in nociceptors 
causes deficits in somatosensory coding and pain behavior. J Neurosci 26, 10499-10507. 
Freter, S., Fleenor, S.J., Freter, R., Liu, K.J., Begbie, J., 2013. Cranial neural crest cells form 
corridors prefiguring sensory neuroblast migration. Development 140, 3595-3600. 
Garcia-Melero, A., Reverter, M., Hoque, M., Meneses-Salas, E., Koese, M., Conway, J.R., 
Johnsen, C.H., Alvarez-Guaita, A., Morales-Paytuvi, F., Elmaghrabi, Y.A., Pol, A., Tebar, 
F., Murray, R.Z., Timpson, P., Enrich, C., Grewal, T., Rentero, C., 2016. Annexin A6 and 
Late Endosomal Cholesterol Modulate Integrin Recycling and Cell Migration. J Biol Chem 
291, 1320-1335. 
Gerke, V., Creutz, C.E., Moss, S.E., 2005. Annexins: linking Ca2+ signalling to membrane 
dynamics. Nat Rev Mol Cell Biol 6, 449-461. 
Gillig, P.M., Sanders, R.D., 2010a. Cranial Nerves IX, X, XI, and XII. Psychiatry (Edgmont) 
7, 37-41. 
Gillig, P.M., Sanders, R.D., 2010b. The Trigeminal (V) and Facial (VII) Cranial Nerves: 
Head and Face Sensation and Movement. Psychiatry (Edgmont) 7, 25-31. 
Gnanasekaran, A., Sundukova, M., van den Maagdenberg, A.M., Fabbretti, E., Nistri, A., 
2011. Lipid rafts control P2X3 receptor distribution and function in trigeminal sensory 
neurons of a transgenic migraine mouse model. Mol Pain 7, 77. 



	 98	

Graham, A., Begbie, J., 2000. Neurogenic placodes: a common front. Trends Neurosci 23, 
313-316. 
Gunteski-Hamblin, A.M., Song, G., Walsh, R.A., Frenzke, M., Boivin, G.P., Dorn, G.W., 
2nd, Kaetzel, M.A., Horseman, N.D., Dedman, J.R., 1996. Annexin VI overexpression 
targeted to heart alters cardiomyocyte function in transgenic mice. Am J Physiol 270, H1091-
1100. 
Hall, B.K., 2008. The neural crest and neural crest cells: discovery and significance for 
theories of embryonic organization. J Biosci 33, 781-793. 
Hamburger, V., 1961. Experimental analysis of the dual origin of the trigeminal ganglion in 
the chick embryo. J Exp Zool 148, 91-123. 
Hamburger, V., Hamilton, H.L., 1992. A series of normal stages in the development of the 
chick embryo. 1951. Dev Dyn 195, 231-272. 
Hawkins, T.E., Roes, J., Rees, D., Monkhouse, J., Moss, S.E., 1999. Immunological 
development and cardiovascular function are normal in annexin VI null mutant mice. Mol 
Cell Biol 19, 8028-8032. 
Heyraud, S., Jaquinod, M., Durmort, C., Dambroise, E., Concord, E., Schaal, J.P., Huber, P., 
Gulino-Debrac, D., 2008. Contribution of annexin 2 to the architecture of mature endothelial 
adherens junctions. Mol Cell Biol 28, 1657-1668. 
Jidigam, V.K., Gunhaga, L., 2013. Development of cranial placodes: insights from studies in 
chick. Dev Growth Differ 55, 79-95. 
Jones, N.C., Lynn, M.L., Gaudenz, K., Sakai, D., Aoto, K., Rey, J.P., Glynn, E.F., Ellington, 
L., Du, C., Dixon, J., Dixon, M.J., Trainor, P.A., 2008. Prevention of the neurocristopathy 
Treacher Collins syndrome through inhibition of p53 function. Nat Med 14, 125-133. 
Kerschbaum, H.H., Donato, R., Hermann, A., 1997. Annexin-immunoreactive proteins in the 
nervous system and eye of the gastropods, Aplysia and Helix. Brain Res 746, 133-140. 
Keyte, A., Hutson, M.R., 2012. The neural crest in cardiac congenital anomalies. 
Differentiation 84, 25-40. 
Krispin, S., Nitzan, E., Kassem, Y., Kalcheim, C., 2010. Evidence for a dynamic 
spatiotemporal fate map and early fate restrictions of premigratory avian neural crest. 
Development 137, 585-595. 
LaBonne, C., Bronner-Fraser, M., 2000. Snail-related transcriptional repressors are required 
in Xenopus for both the induction of the neural crest and its subsequent migration. Dev Biol 
221, 195-2005. 
Leoni, G., Nusrat, A., 2016. Annexin A1: shifting the balance towards resolution and repair. 
Biol Chem 397, 971-979. 
Lessner, G., Schmitt, O., Haas, S.J., Mikkat, S., Kreutzer, M., Wree, A., Glocker, M.O., 
2010. Differential proteome of the striatum from hemiparkinsonian rats displays vivid 
structural remodeling processes. J Proteome Res 9, 4671-4687. 
Lister, J.A., Cooper, C., Nguyen, K., Modrell, M., Grant, K., Raible, D.W., 2006. Zebrafish 
Foxd3 is required for development of a subset of neural crest derivatives. Dev Biol 290, 92-
104. 
Lizarbe, M.A., Barrasa, J.I., Olmo, N., Gavilanes, F., Turnay, J., 2013. Annexin-
phospholipid interactions. Functional implications. Int J Mol Sci 14, 2652-2683. 
Locate, S., Colyer, J., Gawler, D.J., Walker, J.H., 2008. Annexin A6 at the cardiac myocyte 
sarcolemma--evidence for self-association and binding to actin. Cell Biol Int 32, 1388-1396. 



	
	

99	

Mishra, S., Chander, V., Banerjee, P., Oh, J.G., Lifirsu, E., Park, W.J., Kim do, H., 
Bandyopadhyay, A., 2011. Interaction of annexin A6 with alpha actinin in cardiomyocytes. 
BMC Cell Biol 12, 7. 
Monastyrskaya, K., Babiychuk, E.B., Hostettler, A., Rescher, U., Draeger, A., 2007. 
Annexins as intracellular calcium sensors. Cell Calcium 41, 207-219. 
Monastyrskaya, K., Babiychuk, E.B., Hostettler, A., Wood, P., Grewal, T., Draeger, A., 
2009. Plasma membrane-associated annexin A6 reduces Ca2+ entry by stabilizing the 
cortical actin cytoskeleton. J Biol Chem 284, 17227-17242. 
Moody, S.A., Quigg, M.S., Frankfurter, A., 1989. Development of the peripheral trigeminal 
system in the chick revealed by an isotype-specific anti-beta-tubulin monoclonal antibody. J 
Comp Neurol 279, 567-580. 
Musiol, A., Gran, S., Ehrhardt, C., Ludwig, S., Grewal, T., Gerke, V., Rescher, U., 2013. 
Annexin A6-balanced late endosomal cholesterol controls influenza A replication and 
propagation. MBio 4, e00608-00613. 
Naciff, J.M., Kaetzel, M.A., Behbehani, M.M., Dedman, J.R., 1996. Differential expression 
of annexins I-VI in the rat dorsal root ganglia and spinal cord. J Comp Neurol 368, 356-370. 
Nelms, B.L., Pfaltzgraff, E.R., Labosky, P.A., 2011. Functional interaction between Foxd3 
and Pax3 in cardiac neural crest development. Genesis 49, 10-23. 
Nichols, D.H., 1981. Neural crest formation in the head of the mouse embryo as observed 
using a new histological technique. J Embryol Exp Morphol 64, 105-120. 
Nikitina, N., Sauka-Spengler, T., Bronner-Fraser, M., 2008. Dissecting early regulatory 
relationships in the lamprey neural crest gene network. Proc Natl Acad Sci U S A 105, 
20083-20088. 
Ning, L., Wang, C., Ding, X., Zhang, Y., Wang, X., Yue, S., 2012. Functional interaction of 
TRPV4 channel protein with annexin A2 in DRG. Neurol Res 34, 685-693. 
Ortega, D., Pol, A., Biermer, M., Jackle, S., Enrich, C., 1998. Annexin VI defines an apical 
endocytic compartment in rat liver hepatocytes. J Cell Sci 111 ( Pt 2), 261-269. 
Park, B., Saint-Jeannet, J., 2010. Induction and Segregation of the Vertebrate Cranial 
Placodes, in: Kessler, D.S. (Ed.), Colloquium Series on Developmental Biology. Morgan & 
Claypool Life Sciences, San Rafael, CA. 
Passos-Bueno, M.R., Ornelas, C.C., Fanganiello, R.D., 2009. Syndromes of the first and 
second pharyngeal arches: A review. Am J Med Genet A 149A, 1853-1859. 
Perrot, R., Berges, R., Bocquet, A., Eyer, J., 2008. Review of the multiple aspects of 
neurofilament functions, and their possible contribution to neurodegeneration. Mol Neurobiol 
38, 27-65. 
Rescher, U., Ruhe, D., Ludwig, C., Zobiack, N., Gerke, V., 2004. Annexin 2 is a 
phosphatidylinositol (4,5)-bisphosphate binding protein recruited to actin assembly sites at 
cellular membranes. J Cell Sci 117, 3473-3480. 
Rick, M., Ramos Garrido, S.I., Herr, C., Thal, D.R., Noegel, A.A., Clemen, C.S., 2005. 
Nuclear localization of Annexin A7 during murine brain development. BMC Neurosci 6, 25. 
Roostalu, U., Strahle, U., 2012. In vivo imaging of molecular interactions at damaged 
sarcolemma. Dev Cell 22, 515-529. 
Sadaghiani, B., Thiebaud, C.H., 1987. Neural crest development in the Xenopus laevis 
embryo, studied by interspecific transplantation and scanning electron microscopy. Dev Biol 
124, 91-110. 



	 100	

Sadaghiani, B., Vielkind, J.R., 1990. Distribution and migration pathways of HNK-1-
immunoreactive neural crest cells in teleost fish embryos. Development 110, 197-209. 
Saint-Jeannet, J.P., Moody, S.A., 2014. Establishing the pre-placodal region and breaking it 
into placodes with distinct identities. Dev Biol 389, 13-27. 
Sakai, D., Wakamatsu, Y., 2005. Regulatory mechanisms for neural crest formation. Cells 
Tissues Organs 179, 24-35. 
Sakwe, A.M., Koumangoye, R., Guillory, B., Ochieng, J., 2011. Annexin A6 contributes to 
the invasiveness of breast carcinoma cells by influencing the organization and localization of 
functional focal adhesions. Exp Cell Res 317, 823-837. 
Sasai, N., Mizuseki, K., Sasai, Y., 2001. Requirement of FoxD3-class signaling for neural 
crest determination in Xenopus. Development 128, 2525-2536. 
Sauka-Spengler, T., Bronner, M., Snapshot: neural crest. Cell 143, 486-486.e481. 
Sauka-Spengler, T., Bronner-Fraser, M., 2008a. Evolution of the neural crest viewed from a 
gene regulatory perspective. Genesis 46, 673-682. 
Sauka-Spengler, T., Bronner-Fraser, M., 2008b. A gene regulatory network orchestrates 
neural crest formation. Nat Rev Mol Cell Biol 9, 557-568. 
Schiffmacher, A.T., Padmanabhan, R., Jhingory, S., Taneyhill, L.A., 2014. Cadherin-6B is 
proteolytically processed during epithelial-to-mesenchymal transitions of the cranial neural 
crest. Mol Biol Cell 25, 41-54. 
Schlosser, G., 2005. Evolutionary origins of vertebrate placodes: insights from 
developmental studies and from comparisons with other deuterostomes. J Exp Zool B Mol 
Dev Evol 304, 347-399. 
Shah, A., Taneyhill, L.A., 2015. Differential expression pattern of Annexin A6 in chick 
neural crest and placode cells during cranial gangliogenesis. Gene Expr Patterns 18, 21-28. 
Shiau, C., Lwigale, P., Das, R., Wilson, S., Bronner-Fraser, M., 2008. Robo2-Slit1 dependent 
cell-cell interactions mediate assembly of the trigeminal ganglion. Nat Neurosci 11, 269-276. 
Shiau, C.E., Bronner-Fraser, M., 2009. N-cadherin acts in concert with Slit1-Robo2 signaling 
in regulating aggregation of placode-derived cranial sensory neurons. Development 136, 
4155-4164. 
Smith, A.C., Fleenor, S.J., Begbie, J., 2015. Changes in gene expression and cell shape 
characterise stages of epibranchial placode-derived neuron maturation in the chick. J Anat 
227, 89-102. 
Song, G., Harding, S.E., Duchen, M.R., Tunwell, R., O'Gara, P., Hawkins, T.E., Moss, S.E., 
2002. Altered mechanical properties and intracellular calcium signaling in cardiomyocytes 
from annexin 6 null-mutant mice. Faseb J 16, 622-624. 
Steventon, B., Mayor, R., Streit, A., 2014. Neural crest and placode interaction during the 
development of the cranial sensory system. Dev Biol 389, 28-38. 
Strobl-Mazzulla, P.H., Bronner, M.E., 2012. A PHD12-Snail2 repressive complex 
epigenetically mediates neural crest epithelial-to-mesenchymal transition. J Cell Biol 198, 
999-1010. 
Swaggart, K.A., Demonbreun, A.R., Vo, A.H., Swanson, K.E., Kim, E.Y., Fahrenbach, J.P., 
Holley-Cuthrell, J., Eskin, A., Chen, Z., Squire, K., Heydemann, A., Palmer, A.A., Nelson, 
S.F., McNally, E.M., 2014. Annexin A6 modifies muscular dystrophy by mediating 
sarcolemmal repair. Proc Natl Acad Sci U S A 111, 6004-6009. 



	
	

101	

Taneyhill, L.A., Coles, E.G., Bronner-Fraser, M., 2007. Snail2 directly represses cadherin6B 
during epithelial-to-mesenchymal transitions of the neural crest. Development 134, 1481-
1490. 
Theveneau, E., Mayor, R., 2012. Neural crest delamination and migration: From epithelium-
to-mesenchyme transition to collective cell migration. Dev Biol. 
Thiery, J.P., Acloque, H., Huang, R.Y., Nieto, M.A., 2009. Epithelial-mesenchymal 
transitions in development and disease. Cell 139, 871-890. 
Thiery, J.P., Duband, J.L., Delouvee, A., 1982. Pathways and mechanisms of avian trunk 
neural crest cell migration and localization. Dev Biol 93, 324-343. 
Trainor, P.A., 2015. Neural crest and placodes. Preface. Curr Top Dev Biol 111, xv-xvi. 
Turpin, E., Russo-Marie, F., Dubois, T., de Paillerets, C., Alfsen, A., Bomsel, M., 1998. In 
adrenocortical tissue, annexins II and VI are attached to clathrin coated vesicles in a calcium-
independent manner. Biochim Biophys Acta 1402, 115-130. 
Wahlbuhl, M., Reiprich, S., Vogl, M.R., Bosl, M.R., Wegner, M., 2012. Transcription factor 
Sox10 orchestrates activity of a neural crest-specific enhancer in the vicinity of its gene. 
Nucleic Acids Res 40, 88-101. 
Watanabe, T., Inui, M., Chen, B.Y., Iga, M., Sobue, K., 1994. Annexin VI-binding proteins 
in brain. Interaction of annexin VI with a membrane skeletal protein, calspectin (brain 
spectrin or fodrin). J Biol Chem 269, 17656-17662. 
Wu, C.Y., Hooper, R.M., Han, K., Taneyhill, L.A., 2014. Migratory neural crest cell alphaN-
catenin impacts chick trigeminal ganglia formation. Dev Biol 392. 
Wu, C.Y., Taneyhill, L.A., 2012. Annexin A6 modulates chick cranial neural crest cell 
emigration. PLoS ONE 7, e44903. 
Yamanaka, H., Kobayashi, K., Okubo, M., Noguchi, K., 2016. Annexin A2 in primary 
afferents contributes to neuropathic pain associated with tissue type plasminogen activator. 
Neuroscience 314, 189-199. 
Yamatani, H., Kawasaki, T., Mita, S., Inagaki, N., Hirata, T., 2010. Proteomics analysis of 
the temporal changes in axonal proteins during maturation. Dev Neurobiol 70, 523-537. 
 


