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ABSTRACT 

The neural crest is a multipotent, vertebrate-specific embryonic cell 

population that originates at the border of the developing central nervous system. 

Often referred to as the "fourth germ layer," the neural crest gives rise to diverse 

cell types, including craniofacial structures and components of the peripheral 

nervous system. Neural crest cells from specific axial levels in the embryo generate 

unique sets of progeny and migrate along distinct pathways, differing from those at 

other axial levels. During development, the formation of key structures within the 

vertebrate head, such as cranial ganglia and sense organs, requires coordinated 

migration and interactions between two distinct embryonic cell populations: the 

neural crest and the ectodermal placodes. The dual embryonic origin of cranial 

sensory ganglia has interested investigators for some time, yet surprisingly, little is 

still known about the neural crest–placode relationship. Despite extensive research, 

the process of cranial gangliogenesis, an intriguing example of how cell–cell 

interactions drive the assembly of complex structures in the developing embryo, 

remains incompletely understood. To address this gap, I aimed to advance our 

understanding of neural crest contributions to cranial sensory ganglia formation and 

investigate how interactions between these two distinct cell populations contribute 

to chick trigeminal gangliogenesis. 

 

To investigate this process, I focused on the early formation of the 

trigeminal ganglion, emphasizing on the transcriptional regulation of neural crest-

derived cells. Using a combination of lineage labeling and in situ hybridization in 

chick embryos, we demonstrated that the transcription factor Tlx3 is expressed in 

neural crest-derived cells contributing to the cranial trigeminal ganglion, coinciding 

with the onset of ganglion condensation. Notably, loss-of-function experiments 

revealed that Tlx3 deficiency results in smaller ganglia with fewer neurons. 

Conversely, ectopic expression in migrating cranial neural crest cells accelerates 

neuronal differentiation, underscoring its critical role in neural crest-derived 
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neuronal development. Taken together, these results demonstrate a pivotal role 

for Tlx3 in neural crest-derived cells during chick trigeminal gangliogenesis. 

 

As an additional candidate mediator, I investigated the potential role 

of Cxcl14. The concurrent expression of CXCL14 in placodal cells and its potential 

cognate receptor CXCR4 in neural crest cells raised the intriguing possibility that 

this ligand–receptor pair mediates signaling from placodal to neural crest cells, 

representing an additional form of their cell-cell interactions. Loss 

of Cxcl14 disrupts gangliogenesis and axonal projections, revealing an essential 

role for this chemokine in guiding neural crest-placode interactions during early 

ganglion formation. More specifically, perturbing Cxcl14 in the placodal 

population resulted in increased dispersion of neural crest-derived cells in the 

maxillomandibular lobe but not in the ophthalmic lobe of the trigeminal ganglion, 

highlighting its critical role in directing neural crest-placode interactions during 

early ganglion formation. 

 

In summary, the findings from my thesis advance our understanding of 

neural crest contributions to cranial sensory ganglia formation. By elucidating 

transcriptional and signaling mechanisms involved in trigeminal gangliogenesis, 

these results provide key insights into vertebrate neurodevelopment and lay the 

groundwork for further studies into neural crest biology. 
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Introduction  

 

 

 

 

 

 

  



2 

1.1  A brief history of the neural crest  

The neural crest (NC) is a transient, multipotent embryonic cell population 

unique to vertebrates that originates at the border of the developing central nervous 

system. Often described as the "fourth germ layer", the NC was first described over 

150 years ago, when Wilhelm His, Sr. first identified a region at the border of the 

neural tube and non-neural ectoderm in chick embryos that give rise to 

ectomesenchymal derivatives, including craniofacial structures and components of 

the peripheral nervous system (Hall, 2008, 2000, 1998; His, 1868; Le Douarin and 

Kalcheim, 1999; Le Douarin and Dupin, 2014; Shyamala et al., 2015; Trainor et 

al., 2003). This unique cell population, initially coined the Zwischenstrang (the 

intermediate cord) that was later referred to as the neural crest (Baker, 2008; 

Bronner and LeDouarin, 2012; Couly et al., 1993; His, 1868; Le Douarin and 

Dupin, 2018; Sauka-Spengler and Bronner-Fraser, 2008; Trainor et al., 2003; York 

and McCauley, 2020; Young et al., 2014). Its evolutionary significance is 

highlighted by the "new head hypothesis," which suggests that neural crest 

acquisition enabled brain expansion and vertebrate predation (Gans and Northcutt, 

1983; Northcutt, 2005).  

 

Pioneering work by Le Douarin and colleagues has shown the immense 

developmental potential of the avian NC, and how these populations differ in 

developmental potential along the rostrocaudal (anteroposterior) body axis. In 

addition, lineage tracing experiments in avian embryos provided further insight into 

NC cell fate, enhancing our understanding of their migratory pathways, derivatives, 

and their axial level of origin (Le Douarin, 1980, 1973; Le Douarin and Teillet, 

1974, 1973). As an amniotic system, the avian NC has served as an excellent model 

for understanding complex developmental processes, such as regulation of NC 

development by intricate gene regulatory networks (GRNs) and mechanisms 

governing multipotency and cell migration, and cell fate decisions (Dupin et al., 

2006; Dupin and Somer, 2012; Le Douarin and Teillet, 1974; Smith, 1990; Tucker, 

2004). Therefore, understanding how NC cells are specified, migrate throughout 
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the developing embryo, and differentiate can help us gain further insight into how 

these cells properly behave and function depending on their axial level of origin 

within the developing organism.  

 

1.2 Thesis overview 

In Chapter 2, I will discuss aspects of neural crest induction, migration and 

axial level differences, highlighting current knowledge on the molecular cues 

governing their formation, migratory behavior, and differentiation, with a particular 

focus on cranial sensory ganglia formation, while also emphasizing new 

technologies that have advanced our current understanding of the mechanisms 

underlying neural crest migration, its cessation, and the onset of differentiation.  

 

In Chapter 3, I examine the early development of the cranial sensory 

ganglia, with a particular emphasis on the trigeminal ganglion. During formation 

of this ganglion, neural crest and placodal cells migrate, interact, aggregate, and 

condense to form the first recognizable ganglion anlage. The trigeminal ganglion 

has served as the ideal model system for studying neural crest-placode interactions 

during ganglion assembly, due to its large size, distinct semi-lunar shape, and easy 

accessibility. Subsequent developmental processes, including neuronal and glial 

differentiation, axonal projections, and specification of neuronal subtypes and 

functions have been studied extensively. However, the transcriptional changes that 

govern gangliogenesis still remain understudied. To address this gap, we examine 

the expression and function of T-cell leukemia homeobox 3 (Tlx3) in the neural 

crest-derived component of the developing trigeminal ganglion. Using a 

combination of lineage labeling with in situ hybridization in the chick embryo, we 

demonstrate that neural crest-derived cells that contribute to the cranial trigeminal 

ganglion express Tlx3 at critical time points coinciding with the onset of ganglion 

condensation. Importantly, loss of Tlx3 function in vivo reduces the overall size and 

abundance of neurons within the trigeminal ganglion, whereas ectopic expression 

of Tlx3 in migrating cranial neural crest cells results in premature neuronal 
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differentiation. Taken together, these results highlight a crucial role for Tlx3 in 

neural crest-derived cells during chick trigeminal gangliogenesis. 

 

Finally in Chapter 4, I provide evidence that the orphan chemokine Cxcl14 

is expressed in the developing trigeminal ganglion of the chick embryo. Through a 

gene expression screen aimed at identifying factors whose onset of expression 

correlates ganglion condensation, we found that Cxcl14 is expressed at the onset of 

aggregation, a critical stage when neural crest and placodal cells are actively 

interacting. Intriguingly, expression of Cxcl14 was primarily restricted to 

ectodermal cells including the placodal precursors and migrating placode cells. In 

contrast, the receptor Cxcr4 was exclusively expressed by neural crest cells, while 

its proposed ligand, Cxcl12, was expressed in the branchial arches, positioned some 

distance from the forming ganglion primordium. Importantly, loss of Cxcl14, 

including specifically in placodal cells, disrupted ganglion formation, leading to 

defects in gangliogenesis as well as axonal projection.  Taken together, we propose 

that CXCL14, produced by placodal cells, binds to the receptor CXCR4 on cranial 

neural crest cells to properly guide the organization of the forming trigeminal 

ganglion. This work not only establishes a receptor-ligand interaction between 

CXCL14 and CXCR4 but also reveals a previously unrecognized role for this 

interaction in trigeminal neurogenesis.  
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Chapter 2 

From neural crest development to the onset of gangliogenesis 

A modified version of this chapter is currently in press as: 
 
Urrutia, H.A., Bronner, M.E. (2025). From neural crest migration to the onset of 
gangliogenesis. Current Topics in Developmental Biology. In press. 
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2.1  Introduction 

 

 The neural crest (NC) is a transient, highly migratory, and multipotent 

embryonic cell population that contributes to many defining features of vertebrates. 

As a uniquely vertebrate cell type, the neural crest is an excellent model for studying 

cell lineage and diversification during embryonic development because of its motility 

and multipotency. Often referred to as the fourth germ layer, the neural crest  originates 

from the ectoderm but has broad developmental potential to differentiate into a wide 

variety of distinct cell types, including ectomesenchymal cell types of the face and 

most of the peripheral nervous system (Hall, 2008, 2000, 1998; Le Douarin and 

Kalcheim, 1999; Le Douarin and Dupin, 2014; Shyamala et al., 2015). The unique 

capabilities of the neural crest have led to the “new head hypothesis”, which proposes 

that acquisition of the neural crest together with ectodermal placodes in ancestral 

vertebrates enabled expansion of the brain which in turn aided predation (Gans and 

Northcutt, 1983; Glenn Northcutt, 2005). 

 

Induction of the NC initiates during gastrulation at the border of the neural 

plate, juxtaposed between neural and non-neural ectoderm (Figure 2.1A). As the 

embryo develops, the neural crest cells undergo specification within the neural plate 

border, initially residing within the elevating neural folds during neurulation and 

subsequently positioned within the dorsal neural tube (Figure 2.1A-C) (Erickson and 

Reedy, 1998; Milet and Monsoro-Burq, 2012; Steventon et al., 2005). By the time 

these cells are fully specified to a neural crest fate, they express characteristic neural 

crest marker genes – FoxD3, Snai2, and Sox9, among others. Upon closure of the 

neural tube, avian NC cells undergo an epithelial-to-mesenchymal transition (EMT), 

whereby they lose their epithelial characteristics, such as apicobasal polarity and tight 

junctions, and assume invasive and migratory mesenchymal characteristics, thus 

becoming a mesenchymal population distinct from the neural tube or non-neural 

ectoderm (Figure 2.1C) (Duband and Thiery, 1982; Hall, 2009; Kerosuo and Bronner-

Fraser, 2012; Le Douarin and Kalcheim, 1999; Lim and Thiery, 2012; Sauka-Spengler 
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and Bronner-Fraser, 2008; Simoes-Costa and Bronner, 2016; Steventon et al., 2005; 

Théveneau et al., 2007; Theveneau and Mayor, 2012; Thiery and Sleeman, 2006).  

 

Following EMT and delamination from the neuroepithelium, NC cells 

emigrate from the dorsal neural tube, either collectively or individually. The process 

of neural tube closure initiates in the head and proceeds tailward, as the embryo 

develops. Following this rostral to caudal sequence, neural crest emigration extends 

along the body axis in a rostrocaudal wave (Figure 2.1D). Subsequently, NC cells 

migrate extensively throughout the embryo along well-defined routes (Figure 2.1D-

F), responding to local environmental and morphogenetic cues, enabling their invasion 

of distinct tissues, where they will differentiate into a wide range of cell types (Figure 

Figure 2.1 Generalized morphogenetic stages during early neural crest development. (A) Schematic diagram of 
transverse sections through chick embryo during neurulation. Prospective neural crest (NC) cells reside in the neural 
plate border (green), a territory between the neural plate and the non-neural ectoderm. NC is induced by signals 
(mainly BMPs, WNT, and/or FGFs) at the neural plate border. (B) As neurulation proceeds, the neural plate 
invaginates, resulting in the elevation of the neural folds, which contain NC precursors. (C) After neural tube closure, 
NC cells lose intercellular connections and undergo an epithelial to mesenchymal transition (EMT). (D) Schematic 
dorsal view of a stage 10 chicken embryo, showing the NC (green) in the vicinity of the midline. Dotted lines delimit 
the embryonic region represented in cross-section (E & F). (E-F) Schematic of migratory NC cells following 
stereotypical pathways to diverse destinations. HH: Hamburger and Hamilton developmental stages, 
AP: anteroposterior. 
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2.2) (Dupin et al., 2006; Grenier et al., 2009; Le Douarin and Teillet, 1974; Minoux 

and Rijli, 2010; Theveneau and Mayor, 2012).  

 

Pioneering work by Le Douarin and colleagues has shown that avian neural 

crest populations differ in developmental potential along the rostrocaudal 

(anteroposterior) body axis, such that they can be sub-categorized into four distinct 

regions, based on their axial level of origin (Figure 2.2). For example, the cranial NC, 

which arises from the cranial neural tube (posterior forebrain to the anterior hindbrain) 

migrate dorsolaterally between the presumptive epidermis and the mesodermal 

mesenchyme (Figure 2.1E) to populate the head, forming the craniofacial skeleton and 

contributing to cranial sensory ganglia (Figure 2.2) (Johnston, 1966; Noden, 1975). 

The vagal neural crest contributes to portions of the heart as well as the enteric ganglia 

and, in birds, the nerve of Remak of the gut (Johnston, 1966; Noden, 1975). The vagal 

NC population arises from the posterior hindbrain to somite 7 (Figure 2.2). Just below 

the vagal region is the trunk NC, arising from the presumptive spinal cord adjacent to 

somites 8-28. These NC cells contribute to the dorsal root ganglion, sympathetic 

ganglia, and the adrenal medulla (Figure 2.2) (Dupin et al., 2006; Grenier et al., 2009; 

Le Douarin and Teillet, 1974; Minoux and Rijli, 2010; Theveneau and Mayor, 2012). 

Finally, the lumbosacral neural crest arise posterior to the 28th somite and contributes 

to the enteric nervous system of the post-umbilical gut. 

 

The best studied of these neural crest subpopulations is the cranial (cephalic) 

neural crest (CNC) which arises from the dorsal side of the diencephalon (posterior 

forebrain) extending to the caudal rhombencephalon (hindbrain) in avian embryos 

(Figure 2.2 & 2.3) (Couly and Le Douarin, 1987). After delaminating, these cells 

predominantly migrate as one continuous wave from the dorsal midline of the neural 

tube, and then split into three discrete, segregated streams: first, ranging from the 

diencephalon to rhombomeres (r) 1 and r2; second, laterally from r4; third, laterally 

from r6-r8 (Figure 2.3). These streams populate specific regions of the developing 

craniofacial and neck region. In particular, the first cranial-most (mandibular) stream 

populates the frontal-nasal and periocular regions, along with the first branchial 
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(pharyngeal) arch (BA) (Figure 2.3). The second (hyoid) stream emerging from r4 

contributes extensively to BA2, while the third (branchial) stream originating from r6 

populates BA3, the heart and enteric nervous system (Figure 2.3) (Le Douarin and 

Kalcheim, 1999). 

 

 

 

Figure 2.2 Overview of NC subpopulations along the anteroposterior axis. (A) Schematic 
of NC subpopulations in an HH16 chick embryo. These populations are subdivided into several 
unique subpopulations along the body axis, designated on their axial level of origin - cranial, 
vagal, trunk, and sacral NC. The cranial NC includes NC cells that are formed between the 
forebrain and the 6th rhombomere of the hindbrain. The vagal crest emerges from the first 
seven somites. The trunk neural crest spans from the 8th to the 27th somite, while the sacral 
neural crest is positioned posterior to this boundary. (B) Major derivatives of NC 
subpopulations. 
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2.2  Neural crest induction and formation 

   

  The neural crest was first described in the literature over 150 years ago, when 

Wilhelm His, Sr. identified this strand of cells emerging from the dorsal neural tube. 

Initially, His coined the term Zwischenstrang (the intermediate cord) that was later 

referred to as the neural crest (Baker, 2008; Bronner and LeDouarin, 2012; Couly et 

al., 1993; His, 1868; Le Douarin and Dupin, 2018; Sauka-Spengler and Bronner-

Fraser, 2008; Trainor et al., 2003; York and McCauley, 2020; Young et al., 2014). The 

ectoderm of gastrulating embryos will form four distinct cell types – epidermal cells, 

placodal cells, cells of the nervous system, and neural crest cells (Bronner-Fraser, 

1995). Induction of the neural crest initiates at the neural plate border under the 

influence of extracellular signals like bone morphogenetic protein (BMP), fibroblast 

growth factor (FGF), Notch, retinoic acid, and WNT, which emanate from both the 

surrounding ectoderm and underlying mesoderm (Figure 2.1A) (Betancur et al., 2010; 

Bronner and LeDouarin, 2012; Sauka-Spengler and Bronner-Fraser, 2008; Simões-

Costa and Bronner, 2015; Thawani and Groves, 2020). Importantly, induction of the 

NC is governed by intermediate levels of BMP, controlled by BMP antagonists –

Chordin, Noggin or Follistatin, originating from the mesoderm (Sauka-Spengler and 

Bronner-Fraser, 2008; Teraoka et al., 2009).  

 

Neural tube closure (Figure 2.1A-C) progresses in an anteroposterior 

(rostrocaudal) sequence within the developing avian embryo (Figure 2.1D), a 

progression closely followed by neural crest specification. In response to the signaling 

cascades, neural plate border and neural crest specifiers are activated. This includes 

various transcription factors such as FoxD3, Pax3/7, and Tfap2, which in turn further 

solidify NC formation (Betancur et al., 2010; Bronner and LeDouarin, 2012; Sauka-

Spengler and Bronner-Fraser, 2008; Simões-Costa and Bronner, 2015). For instance, 

FoxD3 has been implicated in the induction and specification of pre-migratory NC 

cells (Lukoseviciute et al., 2018). In addition, Pax3/7 has been shown to be required 

for NC specification (Basch et al., 2006; Hong and Saint-Jeannet, 2007; Mayran et al., 

2018). Conversely, the pioneer factor, Tfap2 has been shown to affect chromatin 
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landscape, further solidifying NC specification (Kenny et al., 2021; Wang et al., 2011). 

Nevertheless, combinatorial expression of various other transcription factors (e.g., 

FoxD3, Id2, Pax3/7, Msx1/2, Sox9, Zic1/2) within these territories also regulate NC 

specification and actively repressed alternative fates. For example, FoxD3 mediates 

repression of neural and pre-placodal fates (Hochgreb-Hägele and Bronner, 2013; 

Lukoseviciute et al., 2018; Thomas and Erickson, 2009). Following specification, the 

NC are then positioned in the dorsal neural tube (Figure 2.1C).  

 

After induction and specification, the axial level-specific identity of NC cells 

is regulated by expression of different transcription factors. For instance, Dmbx1 and 

Otx2 play vital roles in specification of cranial NC identity, whereas anterior Hox 

genes, such as HoxA2 and HoxB2, influence NC cells within the anterior hindbrain, 

while subsequent Hox genes (e.g., HoxA3/4, HoxB3/4, HoxB5), along with Retinoic 

Acid receptors and Cdx1/2, establish vagal and trunk NC identity (Frith et al., 2018; 

Minoux and Rijli, 2010; Rothstein et al., 2018; Simoes-Costa and Bronner, 2016; 

Williams et al., 2019). These signals activate expression of gene regulatory networks 

that define NC territories, and the subsequent steps required for NC development 

(Marchant et al., 1998; Mayor et al., 1995, 1997; Prasad et al., 2012; Sauka-Spengler 

and Bronner-Fraser, 2008; Steventon et al., 2009; Stuhlmiller and García-Castro, 

2012). For example, ectopic expression of cranial crest-specific transcription factors 

(Sox8, Tfap2b and Ets1) in the trunk NC activates a partial reprogramming of avian 

trunk NC cells, resulting in formation of chondroblasts, a cell type that trunk neural 

crest cells normally are unable to make (Simoes-Costa and Bronner, 2016).  

 

The neural plate border not only gives rise to NC cells, but also placodal 

precursors which arise adjacent and lateral to the neural crest in the pre-placodal 

domain (Betancur et al., 2010; Bhattacharyya et al., 2004; LaBonne and Bronner-

Fraser, 1998; Pieper et al., 2011; Prasad et al., 2012; Streit, 2002; H. Xu et al., 2008). 

Whether presumptive neural crest and placode cells are predetermined within the 

neural plate border remains a matter of debate (Krispin et al., 2010; Roellig et al., 

2017; Williams et al., 2022). The distinction between these cell types becomes 
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apparent only at the end of neurulation when the midline of the ectoderm thickens and 

begins to invaginate, giving rise to the central nervous system (brain and spinal cord) 

along the body axis of the embryo (Figure 2.1B) (Bronner-Fraser, 1995). 

  

2.3  Neural crest EMT and onset of migration 

  Upon neural tube closure, pre-migratory neural crest cells undergo EMT, 

during which their transcriptional landscape and cellular properties change 

dramatically. They lose their epithelial characteristics and acquire mesenchymal 

properties to delaminate from the neural tube and migrate extensively throughout the 

developing embryo (Figure 2.1D-1F) (Betancur et al., 2010; Martik and Bronner, 

2017; Martinsen and Bronner-Fraser, 1998; Minoux et al., 2017; Minoux and Rijli, 

2010; Prasad et al., 2012; Sauka-Spengler and Bronner-Fraser, 2008; Simões-Costa 

and Bronner, 2015; Steventon et al., 2014; Theveneau and Mayor, 2012). Neural crest 

cells then emigrate from the dorsal neural tube in a rostrocaudal progression along the 

body axis with cells at the midline of the caudal forebrain and midbrain emerging prior 

to those adjacent to the hindbrain (Figure 2.1D). Extracellular matrix (ECM) 

remodeling and loss of adherens junctions occur during EMT, via changes in cadherin 

expression. In particular, neural crest specification is complete when these cells switch 

from type I cadherins (E- and N-cadherin) and begin expressing type II cadherins (e.g., 

Cadherin-6B/7/10/11), which are essential for acquisition of contact inhibition of 

locomotion (CIL) and cell repolarization (Dady et al., 2012; Piloto and Schilling, 

2010; Rogers et al., 2013; Scarpa et al., 2015; Theveneau et al., 2010; Théveneau et 

al., 2007).  

 

Cranial NC cells have been shown to collectively migrate, which is defined 

either as coordinated migration of tightly clustered cells or small loose groups of cells, 

where communication and cooperation between these cells contribute to their overall 

directionality (Etienne-Manneville, 2014; Revenu et al., 2014; Theveneau and Mayor, 

2012). Cadherin based contacts have been shown to control collective migration of 

cranial NC cells. These contacts act as key regulators of molecular communication, 

allowing cells to polarize, collectively migrate with high directionality, and coalesce 
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upon reaching their destination (Carmona-Fontaine et al., 2008; Desai et al., 2009; 

Dupin et al., 2009; Friedl and Gilmour, 2009; Revenu et al., 2014; Theveneau et al., 

2010).  

 

EMT is controlled by NC specifier genes; e.g., in the trunk region, Snai1/2, 

FoxD3, and Sox9/10 govern EMT. In contrast, these transcription factors work in 

conjunction with Ets1, Sox5 and p53 to mediate EMT in the cranial region (Cheung et 

al., 2005; del Barrio and Nieto, 2002; McKeown et al., 2013; Perez-Alcala et al., 2004; 

Rinon et al., 2011; Taneyhill et al., 2007; Théveneau et al., 2007). WNT signaling 

activates expression of Snai1/2, which is crucial for the initial delamination of NC 

cells via repression of cadherin molecules (Vallin et al., 2001; Yook et al., 2006). In 

Xenopus, cranial NC cells mainly express both type I E-cadherin and N-cadherin. At 

the onset of migration, E-cadherin expression is reduced while N-cadherin expression 

is only slightly reduced, through expression of the transcription factor, Twist. 

Similarly, expression of Sip1/Zeb2 in chick is required for two phases of neural crest 

EMT. This transcription factor actively represses expression of E-cadherin in the 

presumptive NC, thereby allowing detachment from the neural tube, and activation 

and maintenance of N-cadherin expression during migration (Barriga et al., 2013; 

Rogers et al., 2013; Theveneau et al., 2013).  

 

In chick, Snai2 is essential for cranial NC EMT as it transcriptionally represses 

Cadherin-6B, mainly by functioning in conjunction with Ets1 (Taneyhill et al., 2007; 

Théveneau et al., 2007). NC specifiers FoxD3 and Sox10 repress N-cadherin 

expression (Cheung et al., 2005; Dottori et al., 2001). In addition, FoxD3 has been 

shown to further contribute to EMT by repressing other transmembrane proteins, like 

Tspan18, which is crucial for establishment and maintenance of tight cell junctions 

(Fairchild et al., 2014; Fairchild and Gammill, 2013). Conversely, as expression of 

type I cadherins is reduced, type II cadherins (e.g., Cadherin-7/11/19/20) are 

upregulated in migratory NC (Chalpe et al., 2010; Faulkner-Jones et al., 1999; Moore 

and Larue, 2004; Nakagawa and Takeichi, 1995; Pla et al., 2001; Takahashi and 

Osumi, 2005; Wu et al., 2014; Wu and Taneyhill, 2019). Finally, upon completion of 
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EMT, NC cells begin receiving and integrating both positive and negative signals from 

surrounding tissues, via cell-cell and cell-ECM contact interactions, allowing these 

cells to migrate extensively, exhibiting both collective and individual migratory 

behaviors (Hall, 2008; Le Douarin and Kalcheim, 1999). 

  

2.4  Cranial neural crest migration 

 

  Although the general sequence of induction, delamination, and initiation of 

migration appear similar along most of the anteroposterior axis, NC migration and the 

range of derivatives vary among different axial regions and in different species 

(Alfandari et al., 2010; Hall, 2009; Le Douarin and Kalcheim, 1999; Minoux and Rijli, 

2010; Théveneau et al., 2007). Various lineage tracing methods marking different 

populations of NC cells have significantly enhanced our understanding of the 

migratory paths and derivatives these cells form.  

 

In avian embryos, advent of the quail-chick chimeras by Le Douarin and 

colleagues (Le Douarin, 1973; Le Douarin and Teillet, 1974, 1973) enabled precise 

mapping of neural crest migratory paths, axial levels of origin, and range of 

derivatives. Neural crest migration has also been extensively studied in Xenopus and 

zebrafish embryos. In frogs, cranial neural crest cells undergo collective migration, 

whereas in chick and zebrafish, they migrate more as individual cells that have leader 

and follower cells (Kulesa and Gammill, 2010; Kuriyama and Mayor, 2008; Olsson 

and Hanken, 1996; Richardson et al., 2016; Schroeder, 1970). Tracing neural crest cell 

behavior by both static and live imaging has provided invaluable insight into their 

migratory patterns (Davis and Trinkaus, 1981; Le Douarin and Kalcheim, 1999; 

Newgreen et al., 1982). Moreover, comparative studies across different species have 

highlighted the complexity of cranial NC migratory behaviors, the nature of their 

migratory streams with respect to individual or collective cell migration, and the role 

of environmental cues in providing attractive and repulsive signals (Bronner-Fraser, 

1993; Erickson, 1985; Erickson et al., 1980; Le Douarin, 1982; Newgreen, 1989; 

Noden, 1975; Thiery et al., 1982; Tosney, 1982). 
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Cranial neural crest cells emerge from the length of the posterior forebrain 

(diencephalon) to the rostral hindbrain (rhombencephalon) (Figure 2.2 & 2.3). These 

cells predominantly migrate along a dorsolateral route, under the presumptive 

ectoderm (Figure 2.1E), and eventually occupy the craniofacial/frontonasal region and 

branchial arches (BA) of the developing avian embryo (Figure 2.3) (Bajpai et al., 

2010; Creuzet et al., 2002; Johnston, 1966; Kerosuo and Bronner, 2016; Kulesa et al., 

2010; Le Douarin, 1973; Noden, 1975; Weston, 1963; Weston and Butler, 1966). 

Cranial NC migrate in three distinct streams. The mandibular stream emerges from 

the level of the posterior forebrain to rhombomere (r) 2, with a small contribution from 

the adjacent region, r3, which is predominantly NC-free (Figure 2.3). The cells in this 

stream migrate dorsolaterally for the initial portion of their migration to populate the 

frontal-nasal and periocular regions, along with BA1 (Figure 2.3). The hyoid stream 

of cranial NC cells arises from r4 and eventually populates BA2, with neural crest 

cells migrating downward from r3 and upward from r5 contributing small portions to 

this stream (Figure 2.3). The branchial cranial NC stream originates from r6-r8, with 

contribution from both r5 and r7, and populates BA3 and BA4 (Figure 2.3) (Kuriyama 

and Mayor, 2008; Le Douarin and Kalcheim, 1999). In part, the main reason for these  

Figure 2.3 Overview of cranial neural crest migratory route. Beginning 
at stage 10, cranial NC cells migrate dorsolaterally, between the ectoderm 
and the underlying paraxial mesoderm. The major migratory streams of the 
cranial NC originate from rhombomeres 2, 4 and 6 (r2, r4, r6; gray arrows) 
to populate the branchial arches 1, 2 and 3 (BA1, BA2, BA3), respectively. 
Some NC cells from r3 and r5 (red arrows) contribute minimally to BA1, 
BA2 and BA3. mb: midbrain. 
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well-segregated streams is the lack of NC cells originating and migrating from r3 and 

r5, due to the existence of focal apoptosis mainly mediated by BMP4, although some 

aspects of this proposed signaling cascade have been challenged (Farlie et al., 1999; 

Lumsden et al., 1994; Smith and Graham, 2001). BMP receptors BMPR1A and 

BMPR2 are expressed in both the hindbrain and NC cells that arise from these axial 

levels, but BMP4 is only expressed at the level of r3 and r5. Studies have shown that 

when r4 NC cells are transplanted to either r3 or r5, they failed to properly migrate, 

suggesting that these spaces are devoid of NC due to environmental cues rather than 

cell-autonomous effects (Farlie et al., 1999). In vivo time-lapses have shown that NC 

cells emerging from r3 or r5 rarely migrate, instead rounding up and collapsing their 

filopodia and lamellipodia, and reversing their migration to join adjacent NC streams 

(Kulesa and Fraser, 2000, 1998). 

 

The combination of high resolution live imaging using vital dyes or transgenics 

together with molecular/genetic perturbations, has illuminated the molecular 

mechanisms governing the migratory behavior of NC cells. Largely focusing on the 

cranial neural crest in chick, Xenopus, and zebrafish embryos, several studies have 

shown that the cranial NC navigates through complex environments. Migrating neural 

crest cells are influenced by factors secreted by neighboring cells including the cranial 

placodes, rhombomeres and surrounding mesenchyme (Baker, 2008; Minoux and 

Rijli, 2010; Steventon et al., 2014; Szabó et al., 2019; Theveneau and Mayor, 2012). 

  

Three main mechanisms provide guidance to the cranial neural crest as they 

navigate through their environment and interact with neighboring neural crest and 

other cell types. These mechanisms – contact inhibition of locomotion (CIL), co-

attraction, and chemotaxis – function cooperatively to pattern the cranial NC into their 

migratory streams. In particular, the collective migration of the cranial NC depends 

on co-attraction and contact inhibition of locomotion (Carmona-Fontaine et al., 2008; 

Rogers et al., 2013; Scarpa et al., 2015). CIL, first described in an in vitro study of 

fibroblast cells, has been shown to be important for explaining neural crest migration 

(Abercrombie and Heaysman, 1953). This phenomenon is best described as when a 
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cell ceases moving in the same direction upon contact with another cell and instead 

moves away in the opposite direction (Abercrombie, 1979). Mayor and colleagues, 

using live imaging in both Xenopus and zebrafish embryos, have shown the 

importance of CIL during the directional migration of CNC cells both in vitro and in 

vivo (Carmona-Fontaine et al., 2011, 2008). They found that the leading edge of 

Xenopus NC explants stopped their migration upon contact with NC cells from another 

NC explant, but were able to consume mesodermal explants, demonstrating that NC-

NC interactions are homotypic. Live time-lapse microscopy has shown that NC cells 

collapse their lamellipodia upon contact with other NC cells, an observation similarly 

shown in fibroblast cells (Carmona-Fontaine et al., 2011, 2008). Thus, NC cells 

exposed at the leading edge of the explants migrate away from the cluster, leading to 

directional migration of the entire explant. Similarly, live imaging of zebrafish neural 

crest has demonstrated collapse of protrusions and changes in migratory direction 

when two NC cells make contact in vivo. Altogether, both in vitro and in vivo studies 

have shown that the directionality of NC migration is highly dependent on cell-cell 

interactions, from either another NC or other cell types, and CIL is required for normal 

neural crest migration.  

 

The WNT/Planar Cell Polarity (PCP) pathway has been shown to mediates 

contact inhibition in Xenopus neural crest (Carmona-Fontaine et al., 2008; Mayor and 

Theveneau, 2014). Disruption of the PCP pathway results in failure of lamellipodial 

collapse when NC cells collide, resulting in maintenance of their direction of 

migration rather than CIL. N-cadherin plays a vital role in this process, mainly by 

inhibiting protrusion and Rac1 activity at sites of cell contact while increasing Rac1 

activity at the leading edges. The polarized distribution of Rac1 activity at the leading 

edge of the NC cell has also been shown to be crucial for responding to 

chemoattractants (Theveneau et al., 2010). In particular, the Stromal cell-derived 

factor 1 (Sdf1/Cxcl12) chemokine influences the migratory direction of NC cells in 

vivo, as demonstrated via loss-of-function experiments of either Cxcl12 or its receptor 

Cxcr4 in Xenopus embryos (Theveneau et al., 2010). Cxcl12 binds to Cxcr4 on the 

cell membrane and promotes intracellular Rac1, a key player in the activation and 
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stabilization of the cell motility structures (e.g., filopodia, pseudopodia) that promote 

cell movement. Consistent with this, N-cadherin function-blocking antibodies cause a 

loss of attraction toward Cxcl12, emphasizing the importance of N-cadherin in 

maintaining functional cell–cell contacts during NC migration (Theveneau et al., 

2013, 2010). Sdf1/Cxcl12 interactions stabilize the large cell protrusions present at the 

leading edge through an increase in Rac1 activity (Theveneau et al., 2013, 2010). 

Thus, Cxcl12 may amplify and stabilize contact-dependent cell polarity to result in 

directional collective migration. Moreover, Cxcl12 and its receptors Cxcr4 and Cxcr7 

not only direct cranial neural crest cells into the branchial arches but also play a role 

in the condensation of the ventral cartilages in zebrafish (Olesnicky Killian et al., 

2009). 

 

Another factor important for neural crest chemotaxis and collective migration 

in Xenopus is the complement factor C3a and its receptor C3aR (Carmona-Fontaine 

et al., 2011; Theveneau et al., 2010). These act together with Cxcl12/Cxcr4 to maintain 

co-attraction via cohesive clustering of migrating cranial crest cells. This phenomenon 

of co-attraction allows collective migration of neural crest cells despite low cell–cell 

adhesion and dispersion induced by CIL. As NC cells migrate, they may stray from 

the stream to which they belong. When this occurs, these cells are quickly attracted 

back to the stream via C3a-dependent chemotaxis which activates Rac1, polarizing 

the NC cells to return to the bulk of migratory stream.  

 

Other cell types also influence collective cell migration. For example, the 

presence of cranial ectodermal placodes help shape the migratory behavior of cranial 

NC cells as they migrate through the developing Xenopus head. Collective cell 

migration occurs when NC cells “chase” placodal cells that in turn “run” upon contact 

with NC cells (Theveneau et al., 2013, 2010). When cultured separately in vitro, NC 

cells migrate randomly whereas placodes cells remain stationary. However, when co-

cultured together, the placodal cells express the chemoattractant Cxcl12 that attracts 

NC cells, resulting in the formation of transient, but functional, cell–cell adhesion 

complexes between NC and placode cells. Similar to CIL and dependent on N-
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cadherin PCP signaling, placode cell protrusions become destabilized upon physical 

contact with NC cells and in turn the placode cells “run” from the NC. Thus, the 

“chase-and-run” interaction between NC and placodal cells also promotes NC 

migration and patterning of the placode. 

 

Another type of interaction between avian neural crest cells and the 

environment that results in the formation of segregated migratory “streams” is 

influenced by Ephrin-Eph signaling. These inhibitory signals parse NC cells into 

distinct streams such that they migrate through regions that lack the inhibitory Eph 

ligand (Gammill et al., 2007). For instance, neural crest cells expressing the tyrosine 

kinase receptor EphA4+/EphB1+ invade only BA3 and BA4, while neural crest cells 

expressing Ephrin-B2 are repelled and migrate into BA2 (Osborne et al., 2005). In 

Xenopus, cranial neural crest cells do not form distinct streams, but do not intermix as 

they migrate, due to Eph/ephrin signaling (Smith et al., 1997). In the mouse, Ephrin-

B2 is expressed in the ectoderm of the branchial arches and neural epithelium. Its 

knock down results in failure of neural crest cells to migrate and populate BA2, even 

though the migratory streams remain segregated (Adams et al., 2001). On the other 

hand, knock-down of Ephrin-B1 in cranial neural crest cells results in cells wandering 

between streams and migrating into BA3 and BA4 (Davy et al., 2004). It is not yet 

known which Eph receptors are involved or where they are expressed, but in situ 

hybridization in the chick suggests that complementary expression of EphA and B 

receptors on the cranial crest and Ephrin-B1 and EphB2 ligands on non-neural cells in 

the crest-free regions may play a role in segregating the streams thus promoting 

directional migration into the branchial arches (Mellott and Burke, 2008). Among 

other inhibitory signals, Semaphorins, Plexins, Neuropilins, and Slit-Robo interactions 

also influence NC migratory streams (reviewed in Minoux and Rijli, 2010).  

 

Endothelin signaling also influences migration and final localization of NC 

cells. Many migratory cranial and cardiac NC cells express Cxcr4 and endothelin 

receptors EdnrA/B. These cells are guided by neighboring tissues that express the 

cognate ligands, such as Edn3 and Sdf1/Cxcl12 (Square et al., 2020; Theveneau and 
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Mayor, 2012). These ligand-receptor pairs have been shown to guide the migration 

and development of NC-derived to the heart and gut, respectively, to form the enteric 

nervous system (Ling and Sauka-Spengler, 2019; Square et al., 2020; Theveneau and 

Mayor, 2012). Additionally, other chemoattractants implicated to NC migration 

include VEGF, which is critical for CNC migration in the avian embryos (McLennan 

et al., 2015) and GDNF, critical for migration of vagal neural crest cells in populating 

the enteric nervous system (Sasselli et al., 2012). These signals, both attractive and 

inhibitory, help prevent dispersion and maintain the high density of the NC cells within 

their migration routes as they reach to their final destinations. 

 

2.5 Trunk neural crest migration 

 

  In the trunk of the avian embryo, neural crest cells are thought to be specified 

by similar mechanisms as in the head but undergo different types of EMT and follow 

very different migratory pathways. Although avian cranial NC cells depart from the 

neural tube nearly all at once, the trunk NC delaminate progressively in a single 

chainlike manner after detaching from the neural tube (Cheung et al., 2005; Hall, 

2008; Johnston, 1966; Le Douarin and Kalcheim, 1999; Le Douarin and Teillet, 1974; 

Noden, 1975; Théveneau et al., 2007). Upon closure of the neural tube, the trunk NC 

cells delaminate and migrate away along two main routes – either dorsolaterally under 

the ectoderm or ventromedially along the side of the neural tube (Figure 2.1F). 

Interestingly, NC migration in the trunk is tightly linked with differentiation of the 

somites (Sela-Donenfeld and Kalcheim, 1999). Quail–chick chimeras have shown that 

the dorsolateral stream is primarily comprised of presumptive melanocytes. While the 

NC cells from the ventromedial stream mainly contribute to the sensory ganglia, 

sympathetic ganglia, adrenal medulla, aortic plexus, and some cells of the metanephric 

mesenchyme (George et al., 2010, 2007; Lefcort and George, 2007).  

 

Initial studies focused on the migratory routes taken by the ventromedially 

migrating NC cells came from analyses using the HNK1 antibody, which labels most 

migratory NC cells (Bronner-Fraser, 1986; Rickmann et al., 1985). These studies 
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revealed that avian trunk NC cells invade the sclerotomes and migrate throughout 

rostral half of each somitic sclerotome, while being restricted from the caudal half, 

resulting in segmental migration. These observations propelled a search for possible 

rostrally localized attractants and/or caudally localized repellants. The caudal 

sclerotome expresses Ephrins and Semaphorins, along with inhibitory ECM 

molecules, such as Versicans, and F-spondin (Newgreen et al., 1986; Newgreen and 

Gooday, 1985). Semaphorins expressed in the caudal half of each sclerotome appear 

to be the primary reason for exclusion of neural crest cells from the caudal sclerotome 

by interacting with Neuropilin2 receptors on neural crest cells, thus confining them to 

the rostral half of each somite which is repressor-free (Davy and Soriano, 2007; 

Gammill et al., 2007; Krull, 1998; Wang and Anderson, 1997). After migration, 

ventromedially migrating NC cells differentiate into dorsal root ganglia, with high 

levels of Notch promoting a glial fate, while high levels of Delta lead to a neuronal 

fate (Harris and Erickson, 2007; Krull, 1998; Krull et al., 1997; Wang and Anderson, 

1997; Yu and Moens, 2005). Migration of these cells is also controlled temporally in 

a chemotactic fashion by the levels of Cxcl12 along the ventro-dorsal axis, suggesting 

that a combination of attractive and repulsive cues guide trunk NC migration 

(Kasemeier-Kulesa et al., 2010). 

 

The dorsolateral pathway, located between the future epidermis and dorsal 

somite/dermomyotome, is followed by avian neural crest cells destined to become 

melanocytes (Tosney, 2004). Repressors like Slit1, Endothelin-3, and EphrinB1 are 

initially expressed under the epidermis on the dorsolateral route in the chick. Thus, 

early migrating trunk neural crest cells are initially excluded from this pathway. Later 

trunk NC cells, that express the receptor, EphB2, are able to migrate through these 

regions, as Ephrins are down-regulated. Cells moving along the dorsolateral pathway 

express FoxD3 which induces MITF, a transcription factor necessary for the 

differentiation of neural crest cells into melanocytes (Thomas and Erickson, 2009). 

Taken together, it is clear that various strategies guide neural crest cells along their 

migratory journey to their final destinations. The different mechanisms described 

above are under complex regulatory control that leads to intricate and stereotypic cell 
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behaviors unique to each axial level. These not only guide neural crest cells to the 

proper locations but also are instrumental in ensuring appropriate differentiation. 

Despite many studies on neural crest migration, open questions remain about what 

direct these cells away from the neural tube and what signals cause cessation of 

migration and the transition to differentiation. While several signaling systems have 

been identified, there are others likely to be discovered in the future. 

 

2.6 Onset of cranial neural crest ectomesenchymal differentiation 

 

  Following extensive migration throughout the developing embryo, guided by 

local environmental cues, neural crest cells progressively settle in diverse distal sites 

and utilize distinct gene regulatory networks to regulate their terminal differentiation. 

Although any given NC cell may have substantial flexibility to differentiate into 

various cell types, there is also evidence for lineage restrictions along the 

anteroposterior axis. The transition to a differentiated state is regulated by multiple 

transcription factors that co-bind to downstream loci to effectuate cell fate 

commitment and differentiation into a plethora of neural crest derivatives, ranging 

from chondrocytes, smooth muscle, peripheral neurons to glia, and melanocytes, 

among others (Le Douarin, 1982; Le Douarin and Kalcheim, 1999; reviewed in Martik 

and Bronner, 2017). Similar to NC induction, the gene regulatory networks for 

differentiation are highly dependent upon extracellular signaling cues. For example, 

chondrocyte differentiation is regulated by transforming growth factor (TGF-β) 

signaling (Furumatsu et al., 2005), while autonomic neurons are dependent on cues 

from BMP signaling (Morikawa et al., 2009) and melanocyte differentiation is 

regulated by WNT signaling  (Jin et al., 2001; Takeda et al., 2000). Interestingly, 

transcription factors are often reused reiteratively to drive various developmental 

lineages. For instance, Sox10, plus Mitf and Tfap2 regulate melanocyte differentiation 

in the periphery, while in the central nervous system, Sox10 with Olig1/2 mediate the 

differentiation of oligodendrocytes (Green et al., 2015; Potterf et al., 2001; Seberg et 

al., 2017; Simoes-Costa and Bronner, 2016; Soldatov et al., 2019). These 

environmental cues and distinct gene batteries result in the activation or repression of 
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effector genes, and in turn alter the transcriptional outputs of these cells (Simões-Costa 

and Bronner, 2015). Despite ample studies focused on how NC cells migrate to 

different regions of the embryo and how they are subjected to different spatial 

signaling cues, many open questions remain regarding what ultimately dictates their 

terminal fate commitment.  

 

  Classical lineage tracing approaches in chick have shown that the cranial 

neural crest contributes to cartilage and bone of the head, cranial nerves (CN), 

Schwann cells, the ossicles of the middle ear and periocular structures, smooth 

muscles, and connective tissues of the blood vessels. Additionally, these cells 

contribute to formation of the dermis of the head, teeth, melanocytes, and forebrain 

meninges (Figure 2.2) (Couly et al., 1993; Evans and Noden, 2006; Gross and Hanken, 

2008, 2005; Hall, 2008; Helms and Schneider, 2003; Le Douarin and Kalcheim, 1999; 

Le Lièvre, 1978; Minoux and Rijli, 2010; Moody and Heaton, 1983c, 1983b, 1983a; 

Trainor and Tam, 1995). Finally, these cells also form multiple parts of the teeth, 

including dentin which is deposited and mineralized by NC-derived odontoblasts  

(Graveson et al., 1997; Lumsden, 1988; Lumsden and Buchanan, 1986; Smith and 

Hall, 1990). These derivatives are exclusive to the cranial NC population. 

 

The cranial NC is thought to be a developmentally heterogeneous comprised 

of a combination of multipotent and partially fate-restricted cells (Cohen and 

Konigsberg, 1975; Dupin et al., 1990; Ito et al., 1993; Sieber-Blum, 1989; Sieber-

Blum and Cohen, 1980). For example, lineage tracing approaches in zebrafish have 

revealed a spatial correspondence between the time of emigration and final fate of 

cranial NC cells (Schilling and Kimmel, 1994). Whereas early-migratory cranial NC 

cells give rise to skeletal and connective tissue, late-migrating cranial NC tend to 

assume neuronal fates. In both avian and mice embryos, lineage tracing and clonal 

neural crest cell differentiation studies have shown that these cells have both 

ectomesenchymal and neural potential, providing evidence that cranial neural crest 

cells are multipotent but become fate-restricted as they migrate towards their final 

destinations (Calloni et al., 2009). Consistent with these findings, cranial NC cells 
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express Sox10 and FoxD3 (Britsch et al., 2001; Dottori et al., 2001) but these genes 

are down-regulated as the cells enter the branchial arches where expression of 

ectomesenchymal markers is upregulated.  

 

Unlike the cranial neural crest, avian trunk NC cells do not form cartilage and 

are unable to differentiate into cartilage when grafted to the cranial region (Chibon, 

1967; Le Douarin, 1982; Lwigale, 2001; Nakamura and Lievre, 1982; Simoes-Costa 

and Bronner, 2016). The core regulatory network driving chondrocyte differentiation 

involves TGF-β signaling and the expression of Sox5/6 and Sox9, which directly 

activate Col2a1 and Agc1, both cartilage differentiation markers (Bell et al., 1997; 

Furumatsu et al., 2005; Ito et al., 2002; Lefebvre et al., 1998).  

 

Taking advantage of this knowledge, Simões-Costa & Bronner utilized cranial versus 

trunk avian NC-specific enhancers to isolate pure populations of NC cells. 

Transcriptional profiling identified various transcription factors enriched in the cranial 

NC compared to the trunk NC: Brn3c, Lhx5, Dmbx1, Ets1, Sox8, and Tfap2b (Simoes-

Costa and Bronner, 2016). Through a series of loss-of-function and promoter-

chromatin immunoprecipitation (ChIP) assays, the regulatory linkage between these 

factors was established. It was revealed that ectopic expression of Ets1, Sox8, and 

Tfap2b in the trunk NC resulted in upregulation of chondrogenic genes, such as Alx1 

and Runx2, while concomitantly downregulating trunk NC genes, such as Dbx2 and 

Hes6. Following reprogramming and transplantation into the cranial region, these 

cells gave rise to ectopic cartilage nodules. This was among the first demonstration 

that neural crest cells from other axial levels can be successfully reprogrammed into 

a cranial-like fate in avian embryos (Simoes-Costa and Bronner, 2016). Murine single 

cell profiling of cranial NC revealed that this population may transiently reactivate 

Yamanaka pluripotency factors (Nanog, Oct4 and Sox2) before NC formation (Zalc et 

al., 2021). Thus, an in vivo programming event may be redirecting cranial NC towards 

multipotency via extensive epigenomic priming and chromatin remodeling and 

allowing these cells to generate ectomesenchymal derivatives and pattern the 

vertebrate head (Scerbo and Monsoro-Burq, 2020). 
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2.7 Cranial neural crest and placode contribution to peripheral nervous 

systems 

 

  Within the developing vertebrate head, the peripheral nervous systems (PNS) 

originates from two transient cell populations: the neural crest and ectodermal 

placode. Several cranial sensory ganglia are a mosaic of these two populations, 

organized together not only morphologically but also functionally as coherent 

structures. For example, both neural crest- and placode-derived cells contribute to 

distinct proximal and distal components, respectively, of facial (VII), 

glossopharyngeal (IX), and vagus (X) cranial nerves (Figure 2.4) (Barlow, 2002; 

D’Amico-Martel and Noden, 1983; Steventon et al., 2014). In the case of the 

trigeminal ganglion, placode cells give rise to sensory neurons mostly within the distal 

region, while neural crest cells generate neurons within the proximal region and glia 

throughout (Hamburger, 1961; Lwigale, 2001). 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Organization of cranial sensory ganglia. Schematic 
representing the ganglia and major nerve branches of the Vth, VIIth, VIIIth, 
IXth and Xth cranial nerves, as well as their embryonic origins (yellow, 
neural crest; blue, epibranchial placode). Neurons from the epibranchial, 
trigeminal, and otic placodes coalesce to form the distal aspects of the 
sensory ganglia (blue). Cranial NC cells form the proximal aspects (yellow), 
as well as ectomesenchymal cells, Schwann cells, melanocytes, and 
neurons. 
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During early development, placodal cells thicken within the ectoderm, 

delaminate, and migrate into the cranial mesenchyme, after neural crest migration is 

well underway. In cases where both populations contribute to the same ganglia, 

placodal cells are in close proximity to migratory cranial NC cells, while other 

placodal populations, such as the otic, potentially act as barriers shaping the migratory 

streams of NC cells emerging from the hindbrain and heading towards the branchial 

arches (reviewed in Steventon et al., 2014). On the other hand, cranial neural crest 

cells may physically segregate and individualize placode-derived ganglionic clusters, 

which in turn enables formation of the NC streams within the head (Szabó et al., 2019; 

Theveneau et al., 2013). These types of intercellular interactions are also thought to 

be governed by the “chase-and-run” which aid in the proper migration and shaping of 

each cell population into ganglia (Szabó et al., 2019; Theveneau et al., 2013, 2010). 

 

  More recently, biomechanical studies have identified mechanical forces as 

‘trigger and guidance’ cues for collective NC migration and differentiation (Barriga et 

al., 2018; Shellard and Mayor, 2021, 2019; Zhu et al., 2019). In particular, higher cell 

density of the cranial mesenchyme in Xenopus results in tissue stiffening, which neural 

crest cells detect. This in turn initiates collective cranial neural crest migration 

(Barriga et al., 2018). Furthermore, these studies have revealed that NC cells establish 

their migratory routes by detecting and following a stiffness gradient across adjacent 

tissues (Shellard and Mayor, 2021, 2019). In Xenopus embryos, this gradient is partly 

established by attractive signals from ventrally localized placode cells adjacent to 

cranial neural crest cells (Theveneau et al., 2013). Mechanical forces from placode 

cells also contribute to NC directional migration (Shellard and Mayor, 2021). Cranial 

NC cells ‘soften’ placode cells via N-cadherin interactions, thereby creating a 

collective durotaxis gradient that NC cells probe and follow during embryonic 

development. Ectopic stiffness gradients or absence of these gradients result in erratic 

NC migration in vivo (Shellard and Mayor, 2021). NC differentiation in mice is also 

affected by the rigidity of substrates. Stiff substrates result in smooth muscle 

differentiation whereas softer environments lead to glial differentiation (Li et al., 

2011; Zhu et al., 2019). Taken together, these results demonstrate that mechanical cues 



29 

drive collective migration and differentiation of NC cells. The molecular mechanisms 

driving the detection of these mechanical forces will be an interesting topic for further 

exploration. 

 

  Both modern and classical embryological experiments have demonstrated the 

interdependence of NC and placodal cell populations, both required for proper 

patterning of the cranial PNS (Bina et al., 2023; Gammill et al., 2007; Halmi et al., 

2024; Hines and Taneyhill, 2024; Shiau et al., 2008; Shiau and Bronner-Fraser, 2009; 

Theveneau et al., 2013, 2010; Urrutia et al., 2024; Wu and Taneyhill, 2019). Ablation 

of the NC population does not lead to loss of cranial ganglia, but rather causes 

inappropriate morphology and positioning of ganglion, with evident abnormal or 

absent proximal components that lack projections to the CNS (Begbie and Graham, 

2001; Cheng et al., 2000; Kuratani et al., 1991; Shiau et al., 2008; Yntema, 1944). 

Genetic ablation of the neural crest or perturbation of proper neural crest migration 

can lead to inappropriate fusions of otherwise physically separated ganglia in avian 

embryos (Bina et al., 2023; Gassmann et al., 1995; Golding et al., 2004; Hines and 

Taneyhill, 2024; Osborne et al., 2005; Schwarz et al., 2008; Shiau et al., 2008; Shiau 

and Bronner-Fraser, 2009; Urrutia et al., 2024; Wu and Taneyhill, 2019). On the other 

hand when placodes populations are ablated, NC cells are able to properly migrate but 

fail to produce cranial ganglia, with normal distal portions (Begbie and Graham, 2001; 

Cheng et al., 2000; Shiau et al., 2008). Finally, there is evidence that cranial NC cells 

actively guide placode cells by creating “corridors” that orchestrate the patterning of 

sensory neurons derived from both NC and placode cells (Freter et al., 2013). 

Altogether, these results point to the crucial role for NC and placode interactions 

during formation of cranial sensory ganglia.  

 

 2.7.1 Epibranchial ganglia 

 

  The epibranchial placodes contribute to sensory neurons in the distal portion 

of cranial ganglia VII, IXth and Xth (geniculate, petrosal and nodose placodes, 

respectively) (Figure 2.4). These neurons innervate the taste buds of the oropharyngeal 
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cavity, along with the heart, respiratory system, gastrointestinal tract and external ear. 

They relay vital sensory information via central projections to the hindbrain  

(D’Amico-Martel and Noden, 1983; Harlow et al., 2011; Harlow and Barlow, 2007; 

Schlosser and Northcutt, 2000). Lineage labeling with CM-DiI and CM-DiO of NC 

and placode cells, respectively, has revealed that placode-derived neurons overlap 

with neurogliogenic neural crest cells (Begbie and Graham, 2001). In addition to 

placodally derived neurons, NC cells contribute to proximal region of these ganglia, 

forming both peripheral glial cells (Schwann cells) and sensory neurons (D’Amico-

Martel and Noden, 1983; Harlow et al., 2011; Harlow and Barlow, 2007; Le Douarin 

et al., 1991; Le Douarin, 1986; Schoenwolf et al., 2009).   

 

  Classical embryological studies have provided a clear understanding of the 

cellular contributions of neural crest and placode cells in the formation of epibranchial 

ganglia. In particular, ablation of prospective geniculate ectoderm in the chick results 

in ventrolateral displacement and loss or reduction of the central connections to the 

CNS (Yntema, 1944). Similarly, ablation of the cardiac neural crest results in similar 

phenotypes in the petrosal and nodose ganglia. In these instances, the distal portion of 

the ganglia develops in complete isolation, but the proximal and central regions are 

entirely lost. Later studies also confirmed these observations in the chick (Begbie and 

Graham, 2001; Kuratani et al., 1991; Yntema, 1944). In addition, placode-derived 

neurons fail to internally migrate resulting in displaced ganglia (Begbie and Graham, 

2001). Thus, neural crest cells are required for accurate positioning of the epibranchial 

ganglia, as well as for establishing appropriate connections with the CNS.  

 

  In developing mouse embryos, proneural genes Neurog1 and Neurog2 are 

transiently expressed in distinct cranial ganglia. In particular, the geniculate and 

petrosal ganglia express Neurog2, while the nodose ganglia express both Neurog1 and 

Neurog2 (Fode et al., 1998; Ma et al., 1998 ). In Neurog2 null mutant mice, the 

delamination and differentiation of the geniculate and petrosal placode progenitors are 

altered, resulting in delayed development of the distal portion of the geniculate ganglia 

and loss of the petrosal ganglia, mainly due to epibranchial neuroblasts failing to 
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delaminate (Coppola, 2010). While the nodose ganglion remains unaffected with 

single mutants, Neurog1 and Neurog2 double mutants result in loss of the ganglion, 

suggesting that there may function redundantly (Espinosa-Medina et al., 2014; Fode 

et al., 1998; Ma et al., 1998; Takano-Maruyama et al., 2012). Thus, Neurog1/2 are 

proneural factors critical for initiating and balancing the neuronal differentiation of 

progenitors within the epibranchial ganglia (Bertrand et al., 2002; Huang et al., 2014). 

Coppola and colleagues (2010) observed not only a loss of the geniculate ganglia in 

Ngn2 knock-out mice, but also of the sphenopalatine sympathetic ganglion, raising 

the possibility that placodal neurons provide a survival signal for NC-derived neurons 

which they innervate. Together, these studies further point to reciprocal interaction 

between neural crest and placodes cells in the establishment of correct circuits within 

the peripheral nervous system. 

 

2.7.2 Trigeminal ganglia 

 

 There is rich literature regarding the reciprocal interactions between NC and 

placode cells that have also been investigated during formation of the trigeminal 

ganglion. Unlike the epibranchial ganglia, which have clear NC and placodal 

contribution to the proximal and distal regions, respectively, the trigeminal ganglion 

is comprised of a mixture of neurons derived from both embryonic populations (Baker, 

2006; Blentic et al., 2011; D’Amico-Martel, 1982; D’Amico-Martel and Noden, 1983; 

Hamburger, 1961; Jidigam and Gunhaga, 2013; Knecht and Bronner-Fraser, 2002; 

Lwigale, 2001; Saint-Jeannet and Moody, 2014; Shiau et al., 2008). As the largest of 

the cranial ganglia, the trigeminal ganglion is a bi-lobed structure comprised of 

ophthalmic (OpV) and maxillo-mandibular (MmV) branches, which contains sensory 

neurons originating from both NC and placodal cells, with the placode (the OpV and 

MmV placodes in amniotes) contributing predominantly to the distal regions of the 

ganglion, while neural crest cells contribute proximally, along with associated glia 

throughout in developing birds (D’Amico-Martel and Noden, 1983; Hamburger, 1961; 

Moody et al., 1989; Moody and Heaton, 1983a, 1983b, 1983c; Noden, 1975; 

Serbedzija et al., 1992; Shiau et al., 2008).  
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 The trigeminal ganglion arises from both migratory cranial NC cells and the 

trigeminal placode (D’Amico-Martel and Noden, 1983; Hamburger, 1961). In chick 

embryos, placodal cells begin to ingress ~HH12 as individuals or in short chains, 

maintaining contact with one another as they migrate into the cranial mesenchyme and 

immediately intermingle with HNK1+ migratory NC cells (Figure 2.5A, arrow) 

(D’Amico-Martel and Noden, 1983; Shiau et al., 2008). Prior to ingression, placodal 

cells begin to co-express neuronal markers such as Islet1 and β-neurotubulin (TUJ1) 

and continue to express these markers throughout gangliogenesis (Begbie et al., 2002; 

Moody et al., 1989; Shiau et al., 2008). While these cells express neuronal markers by 

the time they intermingle with NC cells, they are not necessarily post-mitotic, as these 

markers also label dividing neuroblasts (Begbie et al., 2002; Moody et al., 1989). At 

HH13, placode-derived neuroblasts exhibit short, randomly oriented axons primarily 

in the developing OpV lobe (Figure 2.5B, arrow) (Shiau et al., 2008). As development 

progresses, placodal cell ingression peaks between HH14–16 and ceases entirely at 

~HH21 (D’Amico-Martel and Noden, 1983). By HH14, the placode neuroblasts begin 

to organize within the OpV lobe of the trigeminal ganglion, while the most proximal 

region (asterisk) appears to be exclusively occupied by NC-derived cells (Figure 2.5C, 

arrow) (Shiau et al., 2008). Additionally, by this stage, a few placodal neurons from 

the MmV lobe have started to extend towards the base of the first pharyngeal arch 

(Figure 2.5C, dashed arrow). By HH15, some placodal neurons within the OpV lobe 

extend towards the posterior region of the eye, occasionally making contact with the 

epidermis near the eye (Figure 2.5D, arrowhead). Concurrently, additional neuroblasts 

from the maxillomandibular placode begin to emerge and cluster ventrally to the OpV 

placodal neurons (Figure 2.5D, arrow). By HH16, post-mitotic neurons derived from 

the placode first appear (Figure 2.5E), with the OpV neurons continuing to extend 

dorsomedially and anteriorly, reaching a position approximately halfway between the 

retina and the telencephalon (Figure 2.5E, dashed arrow) (D’Amico-Martel and 

Noden, 1983). 

 

 By HH17, the majority of placode-derived neurons have clustered around the 

peripheral and distal regions of the NC–derived ganglionic core (Figure 2.5F, 
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asterisk). At this stage, more neurons are typically present in the OpV lobe than in the 

MmV lobe, and the NC–derived cells have not yet begun to differentiate (Figure 2.5F, 

arrows). At these developmental stages, the trigeminal ganglion now appears more as 

a stereotypic, bi-lobed structure with clearly defined OpV and MmV branches aligned 

along the proximodistal axis, with the OpV lobe continuing to develop ahead of the 

MmV lobe. 

 

 At HH18, the trigeminal NC cells are entirely intermixed with placode neurons 

(Figure 2.5G) and have segregated from the rest of the migratory cranial NC stream 

that now surround the eye and occupy the first pharyngeal arch. By this stage, both 

NC and placode cells observed throughout the ganglion, with exception of the most 

Figure 2.5 Chick trigeminal ganglion development at successive stages. (A-H) Schematic 
representing 
Successive stages between HH12-19. During these stages, extensive overlap and intermixing of 
both placodal and neural crest cells is evident, as represented by antibodies against ISLET1 and 
TUJ1 for placodes and HNK1 for NC cells. (A) At HH12, several placodal cells can be seen 
distributed along the dorsal edge of the NC stream (arrow), between the developing eye and anterior 
hindbrain. (A-D) At HH12–15, the OpV placodal neurons appear first and are located more dorsally 
than the MmV placodal cells. (C) By HH14, most of the most proximal region (asterisk) is occupied 
by only neural crest cells. (E) At HH16, the interlobic region (demarcated by the black dashed lines) 
that lies between the OpV 
and MmV lobes is mostly devoid of placodal neurons, and the NC have started to segregate from 
the periocular NC stream. As development progresses, this becomes an increasingly more defined 
trigeminal morphology. (F-H) By HH17-19, placodal and NC cells are well condensed into the 
ganglion. EY, eye; fb, forebrain; mb, midbrain; hb, hindbrain; OpV, ophthalmic; MmV, maxillo-
mandibular; *, most proximal region to hindbrain. 
  
 



34 

proximal portion, which is solely NC-derived. Additionally, at this stage the MmV 

lobe begins to subdivide into smaller branches (Figure 2.5G-H, dashed arrow), that 

reflect the origins of the two major branches of the maxillary and mandibular nerves. 

Meanwhile, NC-derived cells begin differentiating into neurons, satellite glia, and 

Schwann cells around embryonic day 4 (~HH22–24) (D’Amico-Martel and Noden, 

1980; 1983). By HH18-19, placodal and NC cells are well condensed into the 

trigeminal ganglion and few placodal cell bodies are found along the OpV projection 

(Figure 2.5G-H, dashed arrows). This prefigures the mature organization seen at 

embryonic day 12 (HH38), where NC-derived neurons occupy the proximal region 

and placode-derived neurons the distal region. This developmental timeline shows that 

throughout trigeminal gangliogenesis, both NC and placodal cells, intermingle and are 

in direct contact with one another, resulting in proper development of the ganglion. 

 

Interestingly, within both the epibranchial and trigeminal ganglia, terminal 

differentiation of placodally-derived neurons precedes that of NC-derived neurons. As 

a result, cranial neural crest cells do not undergo large-scale neuronal differentiation 

until after the trigeminal ganglion has fully condensed (Begbie et al., 2002; d’Amico-

Martel and Noden, 1980; D’Amico-Martel and Noden, 1983; Hamburger, 1961; 

Moody et al., 1989; Moody and Heaton, 1983a, 1983b, 1983c; Noden, 1975; 

Serbedzija et al., 1992; Shiau et al., 2008). To determine whether NC cells play a role 

in the induction of ophthalmic placode cells, ablation studies in chick, followed by 

analysis of Pax3 expression, revealed that loss of NC cells did not change Pax3 

expression but instead resulted in ganglia that were abnormal and misshaped 

(D’Amico-Martel and Noden, 1983; Gammill et al., 2007; Hamburger, 1961; Shiau et 

al., 2008; Stark et al., 1997). Later NC ablations result in formation of slightly reduced, 

but overall normal ganglia. However, condensation of the ganglia was affected, along 

with a lack of axon projections to the hindbrain (Hamburger, 1961; Moody and 

Heaton, 1983c). Disruption of NC migration due to changes in Neuropilin/Semaphorin 

signaling or loss of cadherin molecules also disrupt trigeminal condensation and 

gangliogenesis, further supporting a role for NC cells in facilitating the aggregation of 

placodal neurons into the trigeminal ganglion (Akitaya and Bronner-Fraser, 1992; 
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D’Amico-Martel and Noden, 1983; Gammill et al., 2007; Saint-Jeannet and Moody, 

2014; Shiau et al., 2008; Shiau and Bronner-Fraser, 2009). Together, these results 

illustrate the vital role of reciprocal interactions between NC and placode cells in 

ganglion condensation and establishment of appropriate central connections. 

 

At a molecular level, various adhesion and signaling molecules have been 

shown to facilitate trigeminal ganglion formation. In avian embryos, Slit-Robo 

interactions are one of these molecular mechanism by which NC and placode 

interactions aid in the condensation and formation of the ganglia (Shiau et al., 2008; 

Shiau and Bronner-Fraser, 2009). Loss-of-function experiments have shown that loss 

of either component results in malformation of the ganglion (Shiau et al., 2008). It was 

later determined that N-cadherin may be acting downstream of Slit-Robo, aiding in the 

aggregation of the trigeminal ganglion (Shiau and Bronner-Fraser, 2009). 

Electroporation of morpholinos against N-cadherin into the presumptive trigeminal 

ectoderm, leads to dispersed and mislocalized trigeminal neuronal projections; 

however, ingression of these placodally-derived neurons remained unaffected (Shiau 

and Bronner-Fraser, 2009). Interestingly, it was confirmed that N-cadherin expression 

is downstream of Robo2, as Slit1 overexpression results in ectopic aggregates of N-

cadherin positive and Robo2 negative neurons (Shiau and Bronner-Fraser, 2009).  

 

In addition, previous studies have also shown that intercellular interactions 

during trigeminal ganglion formation are mediated, in part, by cadherin-based 

adhesion. In particular, Cadherin-7 and N-cadherin are expressed in neural crest and 

placode cells, respectively, during formation of the chick trigeminal ganglia (Hatta et 

al., 1987; Nakagawa and Takeichi, 1995; Shiau and Bronner-Fraser, 2009; Wu and 

Taneyhill, 2019). Neither depletion nor ectopic expression of Cadherin-7 impacts the 

overall morphology of the ganglion. While knockdown of N-cadherin does not affect 

initial placode cell ingression and delamination, it leads to increased placodal neuron 

dispersal during trigeminal gangliogenesis (Wu et al., 2014; Wu and Taneyhill, 2019). 

Overall, the interactions between Cadherin-7, expressed in NC cells, and N-cadherin, 
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present in placodal neurons, is required for coalescing of NC and placodal neurons 

during trigeminal gangliogenesis. 

 

 Additional signaling molecules have been implicated in the role of NC and 

placode interactions during cranial ganglion formation. In particular, disruption of 

Neuropilin/Semaphorin signaling affect cranial NC migratory behaviors (Osborne et 

al., 2005; Schwarz et al., 2008). In mice lacking the Neuropilin receptors NRP1/2, NC 

cells invade NC-free territories between the mandibular and hyoid NC streams, 

resulting in fused trigeminal and facial ganglia (Schwarz et al., 2008). Additionally, 

inhibition of the Semaphorins Sema3A/3F results in loss of NC migration and inhibits 

placodal aggregation in both the epibranchial and trigeminal ganglion (Osborne et al., 

2005). Similarly, loss of the tyrosine kinase receptor, erbB4 in either mice or chick 

embryos results in misrouting of r4 NC cells and production of ectopic cranial nerves 

(Gassmann et al., 1995; Golding et al., 2004). 

 

 Another signaling molecule implicated in promoting NC and placode 

condensation during chick trigeminal gangliogenesis is WNT6, along with its WNT 

modulator, Wise (Beaudoin et al., 2005; Guidato and Itasaki, 2007; Shigetani and 

Itasaki, 2007). Previous studies have shown that ectopic expression of Wise results in 

the formation of ectopic ganglia, a phenotype similar to the ectopic expression of 

Wnt6, suggesting that both Wise and Wnt6 may act synergistically and thus may be 

inducing both placode and NC earlier than intended, resulting in these ectopic ganglia 

(Bastidas et al., 2004; Canning et al., 2008; García-Castro et al., 2002; Lassiter et al., 

2007; Lewis et al., 2004; Shigetani and Itasaki, 2007). 

 

 In addition to adhesion and signaling molecules, multiple transcription factors 

have been implicated in promoting the condensation and differentiation of neurons 

with the trigeminal ganglion. Vertebrate neurogenesis is governed, in part, by 

proneural genes that regulate cell type determination and terminal differentiation. 

Basic Helix-Loop-Helix (bHLH) transcription factors, Neurog1/2, along with 

downstream transcription factors, such as NeuroD1, have been identified in 
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differentiating post-mitotic neuronal precursors and contribute to the establishment or 

maintenance of the neuronal program (Bertrand et al., 2002; Bina et al., 2023; Ma et 

al., 1998, 1996; Sommer et al., 1996; Ventéo et al., 2019). Depletion of Neurog2 or 

NeuroD1 from chick trigeminal placode cells results in malformation of the trigeminal 

ganglion. In particular, Neurog2 and NeuroD1 are shown to be critical for the 

development of the trigeminal ganglion, controlling neuronal differentiation, and 

precise axon outgrowth and innervation of target tissues as well as neuron morphology 

(Bina et al., 2023).  

 

 Another transcription factor implicated in differentiation and fate specification 

of sensory neurons in the peripheral nervous systems is Tlx3  (Cheng et al., 2004; 

Hornbruch et al., 2005; Kondo et al., 2008; Logan et al., 1998; Y. Xu et al., 2008). In 

the chick, previous studies have shown that Tlx3 is expressed in placodally derived 

components of the trigeminal ganglion, serving as a post-mitotic selector gene 

propelling these cells towards a neuronal fate (Cheng et al., 2004; Kondo et al., 2008; 

Logan et al., 1998). In addition, recent studies have revealed that, in the chick, Tlx3 is 

expressed by both NC cells and placode cells and required for proper gangliogenesis. 

Moreover, ectopic expression of Tlx3 leads to premature expression of neural markers, 

while its depletion results in improper condensation and size reduction of the ganglion. 

This suggests that Tlx3 is necessary for specification of neural crest- and placode-

derived sensory neurons during development of the trigeminal ganglion (Urrutia et al., 

2024).  

 

 Taken together, neural crest cells play a vital role in the correct aggregation 

and condensation to form the trigeminal ganglion and establish correct connections to 

the hindbrain. Importantly, these results suggest a dual role for the NC in guiding the 

initial migration of placodal neurons to the appropriate sites as well as contributing to 

neurons and glia within the trigeminal ganglion.  
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2.8 Conclusion 

 

 In this chapter, I summarize our current knowledge of neural crest formation, 

migratory behaviors, and contribution to cranial sensory gangliogenesis. The neural 

crest is a captivating embryonic population, due to its migratory ability, plethora of 

derivatives, and broad developmental potential. This unique cell population is 

responsible for formation of craniofacial cartilage and bones and the peripheral 

nervous system, both defining features of vertebrates, effectively parting them from 

invertebrate chordates. Through a network of transcription factors and signaling 

cascades, different events in neural crest development are tightly regulated. Regardless 

of axial level of origin, many neural crest cells are multipotent and are capable of 

differentiating into a diverse array of derivatives (Baggiolini et al., 2015). Our current 

understanding of the NC and its transcriptional regulation has revealed multiple layers 

of control. While it is clear that there are both direct and indirect interactions between 

different neural crest transcription factors, adhesion, and signaling molecules, our 

grasp of the precise regulation of normal NC development and differentiation, and 

how their dysregulation can contribute to disease remains a mystery.  

  

The use of high-throughput sequencing together with classical perturbation 

techniques has greatly enhanced our knowledge of how the neural crest develops. 

Additionally, technologies such as ATAC-seq, ChIP-seq, single cell RNA-seq, 

CRISPR/Cas9, and high-resolution microscopy have opened the possibility to dig 

deeper into some of the fundamental questions in neural crest biology, for example, 

better detailing the contribution of neural crest and placode interactions to 

morphogenetic events. These new methodologies hold the promise of providing 

further insights into the molecular mechanisms that control complex tissue 

rearrangements during vertebrate development. These techniques also can be applied 

to understand the cues involved in assembling ganglia in correct positions, as well as 

overall morphogenesis of other neural crest-derived structures and how their 

dysregulation can cause tissue deformities. Finally, I expect that future work will 

continue expanding our understanding of how the assembly of peripheral structures is 
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coordinated with their central targets. Recent studies suggest that some of the early 

mechanisms that pattern the CNS are equally involved in patterning the periphery, and 

vice versa. 
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3.1  Introduction  

 

During development, formation of key structures within the vertebrate head 

such as cranial ganglia and sense organs requires coordinated migration and 

interactions between two distinct embryonic cell populations: the neural crest (NC) 

and the ectodermal placodes (Baker, 2006; Blentic et al., 2011; D’Amico-Martel, 

1982; D’Amico-Martel and Noden, 1983; Hamburger, 1961; Jidigam and Gunhaga, 

2013; Knecht and Bronner-Fraser, 2002; Le Douarin and Kalcheim, 1999; Saint--

Jeannet and Moody, 2014; Shiau et al., 2008; Steventon et al., 2014; Theveneau et al., 

2013). The cranial ganglia are important sensory components of the peripheral nervous 

system, responsible for relaying somatosensation from different sensory organs to the 

brain (Baker, 2006; Hamburger, 1961; Lwigale, 2001; Sanders, 2010; reviewed in 

Vermeiren et al., 2020).  

 

The largest of the cranial ganglia, the trigeminal is arguably the best studied 

cranial ganglion due to its size, accessibility within the developing embryo, and dual 

NC and placodal origin (D’Amico-Martel and Noden, 1983; Hamburger, 1961; 

Moody and Heaton, 1983a, 1983b). The trigeminal ganglion consists of three sensory 

branches (ophthalmic, maxillary, and mandibular), which are comprised of sensory 

neurons, as well as motor axons, and glial cells (Fig. 3.1A) (Begbie and Graham, 2001; 

D’Amico-Martel and Noden, 1983; Hamburger, 1961; Moody and Heaton, 1983a, 

1983b; Moody et al., 1989; Serbedzija et al., 1992). Previous studies have 

demonstrated that formation of the ganglion requires several discrete steps, during 

which NC and placode cells interact, aggregate, condense, and differentiate to generate 

the lobes of the trigeminal ganglion (Akitaya and Bronner-Fraser, 1992; D’Amico-

Martel and Noden, 1983; Gammill et al., 2007; Hamburger, 1961; Saint-Jeannet and 

Moody, 2014; Schwarz et al., 2008; Shiau and Bronner-Fraser, 2009; Shiau et al., 

2008; Steventon et al., 2014).  

 

In the chick embryo, trigeminal placode cells begin ingression from the surface 

ectoderm at Hamburger-Hamilton (HH)11–12 (D’Amico-Martel and Noden, 1983; 
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Hamburger and Hamilton, 1951). Placode cells then intermix with migrating NC cells, 

which initiate migration at HH9 (D’Amico-Martel and Noden, 1983; McCabe et al., 

2009; Shiau et al., 2008). At the time of ingression, the placode cells already express 

neuronal markers before becoming post-mitotic (Begbie et al., 2002; Moody et al., 

1989; Shiau et al., 2008). Differentiation of post-mitotic placode-derived neurons is 

first observed as HH16, as both NC and placodal cells condense to form the 

ophthalmic lobe of the trigeminal ganglion (d’Amico-Martel and Noden, 1980). 

Newly born neurons are positioned in the most distal region of both the ophthalmic 

and maxillo-mandibular lobes (Fig. 3.1A) (Begbie and Graham, 2001; D’Amico-

Martel and Noden, 1983; Noden, 1978; Shiau et al., 2008). Additionally, NC cells 

contribute to the satellite glial cells that are distributed throughout the ganglia and 

Schwann cells along the nerve roots (D’Amico-Martel and Noden, 1983; Hamburger, 

1961; Moody et al., 1989; Noden, 1975). Only later in development (~HH20-HH24) 

do NC cells begin to differentiate into sensory neurons within the proximal portion of 

the trigeminal ganglion (Fig. 3.1A) (Covell and Noden, 1989; d’Amico-Martel and 

Noden, 1980; Shiau et al., 2008).  

 

Cellular and molecular crosstalk between NC and placode cells is known to be 

involved in trigeminal ganglion formation. In particular, tissue ablation experiments 

of either of these cell populations in chick embryos results in severe abnormalities of 

the trigeminal ganglion, demonstrating that NC-placode interactions are required for 

its proper formation and organization (D’Amico-Martel and Noden, 1983; Gammill et 

al., 2007; Hamburger, 1961; Lwigale, 2001; Moody and Heaton, 1983a, 1983b; 

Schwarz et al., 2008; Shiau and Bronner-Fraser, 2009; Shiau et al., 2008). At a 

molecular level, numerous adhesion and signaling molecules have been implicated in 

trigeminal ganglion formation, including N-cadherin in placodal cells, Cadherin-7 in 

NC cells, Neuropilin-2/Semaphorin-3F signaling in NC cells, and Slit1/Robo2 

signaling between NC and placodal cells (Freter et al., 2013; Gammill et al., 2007; 

Shiau and Bronner-Fraser, 2009; Shiau et al., 2008; Theveneau et al., 2013; Wu et al., 

2014). NC cells may function as “scaffolds”, generating “corridors”, and enabling 
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placode cells to integrate within the ganglion, while placode cells aid in the 

condensation of NC cells (Freter et al., 2013; Theveneau et al., 2013).  

 

One transcription factor implicated in differentiation and fate specification of 

excitatory sensory neurons in both the central and peripheral nervous systems is the 

T-cell leukemia homeobox 3 (Tlx3) transcription factor, previously known as 

Hox11L2/Rnx (Cheng et al., 2004; Divya et al., 2016; Guo et al., 2012; Hornbruch et 

al., 2005; Kondo et al., 2008, 2011; Langenau et al., 2002; Logan et al., 1998, 2002; 

Monteiro et al., 2021; Shimomura et al., 2015; Uchiyama et al., 1999; Xu et al., 

2008a). In the chick peripheral nervous system (PNS), Tlx3 is expressed at HH15 in 

overlapping domains in placodally derived components of the trigeminal ganglion, 

serving as a post-mitotic selector gene that determines excitatory sensory neuronal fate 

(Cheng et al., 2004; Kondo et al., 2008; Logan et al., 1998). Tlx3 also is expressed in 

dorsal root ganglia, sympathetic ganglia and enteric ganglia which arise from vagal 

and trunk neural crest cells (Kondo et al., 2008; Langenau et al., 2002; Logan et al., 

1998; Shimomura et al., 2015). In the developing central nervous system (CNS), 

expression of Tlx3 is present in two parallel bilateral stripes of neurons traveling 

rostrocaudally within the hindbrain and spinal cord, suggesting that this gene may also 

be involved in the development of neuronal circuitry (Cheng et al., 2004; Divya et al., 

2016; Guo et al., 2012; Hornbruch et al., 2005; Logan et al., 2002; Monteiro et al., 

2021). Notably, loss-of-function analysis in mice has revealed abnormalities in the 

ventral medulla and sensory neurons within the dorsal spinal cord and brainstem 

(Divya et al., 2016; Guo et al., 2012; Kondo et al., 2008; Qian et al., 2001).  

 

Despite current understanding of the role of Tlx3 in specification of sensory 

neurons within the PNS and CNS, little is known about whether its expression and 

function are limited to placode-derived neurons within the trigeminal ganglion or is a 

shared property of both the placode and neural crest components of the ganglion. Here 

we show that, in the chick embryo, Tlx3 is expressed by NC cells and required for 

proper ganglion development. Moreover, ectopic expression of Tlx3 leads to 

premature expression of neural markers, while its depletion results in improper 
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condensation and size reduction of the ganglion. Taken together, our data suggest that 

Tlx3 is necessary for specification of neural crest- and placode-derived sensory 

neurons during development of the trigeminal ganglion. 

 

3.2  Results   

 

3.2.1 Both neural crest and placodal cells express Tlx3 within the developing 
trigeminal ganglion 

 

Tlx3 expression was previously shown to be expressed in placodally- derived 

cells within the trigeminal ganglion and in NC cells of the dorsal root ganglion (Logan 

et al., 1998). To further characterize its spatiotemporal expression pattern during 

multiple stages of cranial neural crest and placode development, we performed whole-

mount in situ hybridization. Whereas no Tlx3 expression was detectable in either pre-

migratory (HH9) or migratory (HH10) neural crest cells (Fig. 3.1B–C), expression 

was first detected in placode cells within the ophthalmic lobe of the trigeminal 

ganglion at HH14 (Fig. 3.1D). Additionally, expression of Tlx3 was present in the 

central nervous system, particularly in the dorsolateral portions of the hindbrain, 

consistent with previous findings (Logan et al., 1998). Tlx3 expression remained 

evident in the ophthalmic lobe of the developing trigeminal ganglion at HH16 (Fig. 

3.1E). Although its expression was initially restricted to the ophthalmic lobe, 

expression of Tlx3 extended into the maxillo-mandibular lobe of the trigeminal 

ganglion by HH17 (Fig. 3.1F). Tlx3 expression was evident throughout both lobes of 

the ganglion by HH18, and its expression persisted as the embryo developed to later 

stages (Fig. 3.1G and Figs. S3.1A–B).  

 

To better define Tlx3 expression in the NC-derived components of the 

developing trigeminal ganglion, we examined transverse sections through the head of 

chick embryos at stages HH16, HH20, and HH22 and compared expression patterns 

between NC markers, such as SOX10 and HNK1, and TLX3 (Fig. 3.1A’-C′). SOX10, 



61 

a pan-neural crest marker, is an important member of the NC gene regulatory network, 

and crucial for proper specification, migration, and differentiation of NC cells into 

Fig. 3.1. Tlx3 is expressed in cranial neural crest within the trigeminal ganglion. A. 
Schematic illustrating the trigeminal ganglion and associated cell types in a HH16 
chick embryo. B-G. Representative images of chromogenic whole mount in situ 
hybridization for Tlx3 in stage HH9+(B), HH10 (C), HH14 (D), HH16 (E), HH17 (F), 
HH18 (G) chick embryos. Dashed lines in E indicate cross section shown in A’. A′-C’. 
Representative transverse sections of chromogenic in situ hybridization for Tlx3 and 
immunolabeling for SOX10 (yellow), HNK1 (magenta), and TLX3 (cyan) at stage 
HH16 (D), HH20 (Sup Fig.3.1A), and HH22 (Sup Fig. 3.1B) in stage-matched 
embryos. Dashed boxes in A′-C′ indicate zoomed areas in A″-C’’ (inset). 
Immunolabeling for SOX10 (yellow) and TLX3 (cyan) reveals TLX3 expression in a 
subset of SOX10+neural crest cells, revealing overlapping domains of expression 
(filled arrows). Mb, midbrain; r1, rhombomere 1; r2, rhombomere 2; ophth, 
ophthalmic; max-mand, maxillo-mandibular. Scale bars represent 200 μm (A′-C′). 
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neurons are positioned in the most distal region of both the ophthalmic
and maxillo-mandibular lobes (Fig. 1A) (Begbie and Graham, 2001;
D’Amico-Martel and Noden, 1983; Noden, 1978; Shiau et al., 2008).
Additionally, NC cells contribute to the satellite glial cells that are
distributed throughout the ganglia and Schwann cells along the nerve
roots (D’Amico-Martel and Noden, 1983; Hamburger, 1961; Moody
et al., 1989; Noden, 1975). Only later in development (~HH20-HH24)
do NC cells begin to differentiate into sensory neurons within the
proximal portion of the trigeminal ganglion (Fig. 1A) (Covell and
Noden, 1989; d’Amico-Martel and Noden, 1980; Shiau et al., 2008).

Cellular and molecular crosstalk between NC and placode cells is

known to be involved in trigeminal ganglion formation. In particular,
tissue ablation experiments of either of these cell populations in chick
embryos results in severe abnormalities of the trigeminal ganglion,
demonstrating that NC-placode interactions are required for its proper
formation and organization (D’Amico-Martel and Noden, 1983; Gam-
mill et al., 2007; Hamburger, 1961; Lwigale, 2001; Moody and Heaton,
1983a, 1983b; Schwarz et al., 2008; Shiau and Bronner-Fraser, 2009;
Shiau et al., 2008). At a molecular level, numerous adhesion and
signaling molecules have been implicated in trigeminal ganglion for-
mation, including N-cadherin in placodal cells, Cadherin-7 in NC cells,
Neuropilin-2/Semaphorin-3F signaling in NC cells, and Slit1/Robo2

Fig. 1. Tlx3 is expressed in cranial neural crest within the trigeminal ganglion. A. Schematic illustrating the trigeminal ganglion and associated cell types in a HH16
chick embryo. B-G. Representative images of chromogenic whole mount in situ hybridization for Tlx3 in stage HH9→ (B), HH10 (C), HH14 (D), HH16 (E), HH17 (F),
HH18 (G) chick embryos. Dashed lines in E indicate cross section shown in A’. A′-C’. Representative transverse sections of chromogenic in situ hybridization for Tlx3
and immunolabeling for SOX10 (yellow), HNK1 (magenta), and TLX3 (cyan) at stage HH16 (D), HH20 (Sup Fig.1A), and HH22 (Sup Fig. 1B) in stage-matched
embryos. Dashed boxes in A′-C′ indicate zoomed areas in A″-C’’ (inset). Immunolabeling for SOX10 (yellow) and TLX3 (cyan) reveals TLX3 expression in a subset
of SOX10→ neural crest cells, revealing overlapping domains of expression (filled arrows). Mb, midbrain; r1, rhombomere 1; r2, rhombomere 2; ophth, ophthalmic;
max-mand, maxillo-mandibular. Scale bars represent 200 μm (A′-C′).
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neurons and glia of the peripheral nervous system (reviewed in Martik and Bronner, 

2017; Simoes-Costa and Bronner, 2015). HNK1 labels migratory NC cells that have 

delaminated from the neural tube and is maintained during migration and formation 

of ganglionic structures (Bronner-Fraser, 1986). Interestingly, transverse sections 

through HH16, HH20, and HH22 embryos revealed Tlx3 expression in domains that 

overlapped with expression of both SOX10 and HNK1 (Fig. 3.1A’-C′). Additionally, 

immunohistochemical analysis at all three stages revealed TLX3 expression in 

SOX10+/HNK1+ NC cells (Fig. 3.1A’-C′ and Fig. S3.2A’-C′, filled arrowheads). 

 

To perform direct lineage labeling of neural crest cells, we injected the 

fluorescent dye, cell tracker CM-DiI, into the lumen of the neural tube of HH9 chick 

embryos such that solution filled the neural tube from the posterior hindbrain to the 

level of the forebrain (Fig. 3.2A). We then allowed the injected embryos to develop 

and collected them 1-day post-injection (Fig. 3.2B). DiI-labeling of cranial migratory 

NC cells was clearly evident throughout the head, as visualized by whole mount 

imaging at HH16 (Fig. 3.2B). We then generated transverse 16-μm sections from the 

most rostral region of the head through the first pharyngeal arch, which were 

subsequently processed for in situ Hybridization Chain Reaction (HCR). At this time 

point, we observed a few Tlx3 transcripts in NC cells that were not only DiI positive, 

but also expressing Sox10 transcripts (Fig. 3.2C and Figs. S3.3A–C). We then repeated 

the in situ HCR at stage HH20 and observed numerous cells that contained Tlx3 

transcripts, some of which had both Tlx3 and Sox10 transcripts within the lobes of the 

developing trigeminal ganglion (Fig. 3.2D-D’). These results show that expression of 

Tlx3 is not restricted to placode cells in the developing ganglion but is also enriched a 

subset of cranial NC-derived cells. 
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3.2.2 Ectopic Tlx3 expression in migrating neural crest cells delays emigration 
and results in premature expression of neural markers 

 

Intriguingly, the onset of Tlx3 expression in neural crest-derived cells occurs 

at HH16, correlating with onset of neurogenesis of excitatory sensory neurons. 

Accordingly, we next asked if ectopic expression of Tlx3 would affect cranial NC 

migration and/or differentiation. To this end, we subcloned the full-length coding 

sequence of chick Tlx3 with a C-terminal FLAG epitope into an expression vector 

under the control of a chick Sox10 enhancer construct (Sox10E99) (Williams et al., 

2019) which drives expression specifically in migratory cranial NC cells and also 

Fig. 3.2. Expression of Tlx3 is enriched in a subset of cranial neural crest cells. A. Representative image of 
a whole mount HH9 DiI-labeled (magenta) chick embryo immediately post-injection (T0). B. 
Representative image of a whole mount HH16 chick embryo, 1 day post-injection (24hpi), revealing ample 
DiI-labeled (magenta) migratory cranial neural crest within the trigeminal ganglion. Dashed line in B 
indicates cross section shown in C. C. Hybridization chain reaction (HCR) reveals expression of Tlx3 (green) 
transcripts in cells that are also DiI-labeled (magenta) and express Sox10 (blue) transcripts. D. HCR analysis 
reveals co-expression of Tlx3 (green) and Sox10 (blue) within the developing trigeminal ganglion. Dashed 
box in D indicates zoomed area in D’. hpi, hours post-injection. Scale bars represent 500μm (A–B), 100 μm 
(D) and 10 μm (C and D′). 
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migration area (Fig. 3G), suggesting that early expression of this gene
interferes with migration. At HH10, no expression of neural markers,
such as HuC/D, was evident (Fig. 4A).

To test whether ectopic Tlx3 may affect initiation of NC migration,
we next examined the expression of Cadherin-6B, down-regulation of
which is critical for neural crest delamination from the neural tube
(Dady et al., 2012; Rogers et al., 2013; Strobl-Mazzulla and Bronner,
2012; Taneyhill et al., 2007). By immunohistochemistry, we found a
slight increase of Cadherin-6B in the dorsal neural tube at pre-migratory
stages after ectopic expression of Tlx3 (Fig. 4B), which may account for
the subsequent decrease in migration distance. In contrast, E-cadherin
and N-cadherin appeared unchanged (Fig. 4C). Taken together, these
data suggest that ectopic Tlx3 expression may partially interfere with
neural crest emigration, resulting in reduction in the distance migrated.

Differentiation of neural crest-derived sensory neurons in the tri-
geminal ganglion normally occurs at HH20. To test if ectopic expression
of Tlx3 promotes premature neurogenesis, we unilaterally electro-
porated HH8-9 (5 somites) embryos in ovo (Fig. 5A) and allowed em-
bryos to develop to HH13. We screened for successful electroporation by
eGFP expression (Fig. 5C, filled arrowheads) and immunolabeled for
HuC/D expression, a pan-neuronal marker. Interestingly, we found that
overexpression of Tlx3 resulted in premature expression of this neuronal
marker only in electroporated neural crest cells, compared to the
unelectroporated contralateral control side of the same embryo
(compare Fig. 5B and C). Transverse sections through these embryos
were immunolabeled for SOX10 to label NC cells and ISLET1 for pla-
codal cells. The results revealed abundant HuC/D expression in SOX10
positive NC cells that ectopically expressed Tlx3, but not on the
contralateral control side of the same embryo (Fig. 5D–E and Fig. 5D’-
E′). ISLET1→/HuC/D→ placodal cells were observed on both sides of the
embryos. These placode cells did not receive ectopic Tlx3 but rather turn
on neural markers even prior to ingression. However, their numbers
were far fewer than the SOX10→/HuC/D → NC cells that ectopically
expressed Tlx3 (compare Fig. 5D-D′ and Fig. 5E-E′). In contrast to Tlx3

over-expression, no SOX10→/HuC/D → NC cells were observed after
unilateral in ovo injection of a construct encoding nuclear eGFP alone
(Fig. S4A-B′). These results suggest that ectopic Tlx3 expression is suf-
ficient to induce expression of neuronal marker, thus prematurely
driving NC cells towards a neural fate.

2.3. Knock-down of Tlx3 disrupts trigeminal ganglion development

To test whether expression of Tlx3 is necessary for neurogenesis
during ganglion development, we performed loss of function experi-
ments by knocking down Tlx3 using an antisense morpholino oligo
(MO)-mediated approach. To this end, we first performed bilateral HH4
electroporation with our control or translation-blocking Tlx3 specific
MO (Fig. S5A). Electroporating these MOs into gastrula stage embryos
results in loss of Tlx3 in both NC and placodal populations. After
culturing the embryos ex ovo until HH9 and HH10 to capture pre-
migratory and migratory cranial neural crest cells, respectively, we
processed them for immunohistochemistry. Antibody staining for PAX7
revealed no notable migratory defects on the right experimental side,
when compared to the left control side of the embryo (Figs. S5B–C). We
then performed unilateral HH4 electroporation, with either our control
MO or Tlx3 MO, to determine if loss of Tlx3 would affect neurogenesis
during ganglion development (Fig. 6A). Following unilateral electro-
poration, these embryos were developed to ~HH16 and processed for
immunolabeling. Tlx3 knockdown resulted in an overall reduction in the
expression of TLX3, within the ophthalmic lobe of the forming ganglion,
when compared to the untreated contralateral control side (compare
Fig. S6A’ and Fig. S6B’). Expression of Tlx3 only within the ophthalmic
lobe at this particular stage is consistent with our whole-mount in situ
hybridization results and previous findings (Logan et al., 1998). To
further parse whether this affected the neural crest-derived component
of the ganglion, we examined expression of SOX10 and observed a
reduction in both the abundance of SOX10→ NC cells and in the overall
size of the developing ganglion (compare Fig. S6A and Fig. S6B), that

Fig. 2. Expression of Tlx3 is enriched in a subset of cranial neural crest cells. A. Representative image of a whole mount HH9 DiI-labeled (magenta) chick embryo
immediately post-injection (T0). B. Representative image of a whole mount HH16 chick embryo, 1 day post-injection (24hpi), revealing ample DiI-labeled (magenta)
migratory cranial neural crest within the trigeminal ganglion. Dashed line in B indicates cross section shown in C. C. Hybridization chain reaction (HCR) reveals
expression of Tlx3 (green) transcripts in cells that are also DiI-labeled (magenta) and express Sox10 (blue) transcripts. D. HCR analysis reveals co-expression of Tlx3
(green) and Sox10 (blue) within the developing trigeminal ganglion. Dashed box in D indicates zoomed area in D’. hpi, hours post-injection. Scale bars represent 500
μm (A–B), 100 μm (D) and 10 μm (C and D′).
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contains a downstream internal ribosome entry site (IRES)-driven nuclear eGFP for 

lineage tracing (Fig. 3.3B) (Betancur et al., 2010). Electroporation of this construct 

(Tlx3-FLAG) on the right side of gastrula stage HH4 chick embryos produced nuclear-

localized FLAG immunolabeling, consistent with expected TLX3 localization and 

nuclear GFP expression; indicating successful protein expression specifically in 

migratory NC cells (Fig. 3.3A and C). The left side of the same embryo served as an Developmental Biology 515 (2024) 79–91
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was statistically significant (Fig. 6L, lane 1). These results demonstrate
that loss of Tlx3 affects proper condensation and development of the
trigeminal ganglion. Furthermore, global knockdown of Tlx3 caused not
only reduction of the ophthalmic lobe, but also resulted in failure of
fusion between the ophthalmic and maxillo-mandibular lobe, compared
to both the contralateral control side and control MO embryos (compare
Fig. 6B’, Fig. 6C and C′). We also observed a reduction in TUJ1
expression, which labels differentiating neurons, when compared to
both control MO and untreated contralateral control sides (compare
Fig. 6B’, Fig. 6C and C’). These results suggest that loss of Tlx3 not only

affects neurogenesis but also proper gangliogenesis.
As a second method to knocking down Tlx3, we used our previously

described single-CRISPR/Cas9 construct to genetically deplete this gene
within the developing ganglion (Gandhi et al., 2021). To this end, we
designed guide RNAs (gRNAs) targeting the coding sequence of Tlx3 and
unilaterally electroporated either control or Tlx3 specific
gRNA-CRISPR/Cas9 construct into HH4 embryos (Fig. 6A). These em-
bryos were developed to ~HH16 and subsequently processed for
immunolabeling. Similar to MO-mediated knockdowns at later stages,
CRISPR/Cas9 induced loss of Tlx3 resulted in decreased expression of

Fig. 3. Ectopic expression of Tlx3 delays cranial neural crest emigration. A. Schematic representing the ex ovo experimental design to test the role of Tlx3 in
migratory cranial neural crest cells. Control (red) and experimental (blue) reagents were delivered bilaterally into HH4 chick embryos B. Schematic diagram of
expression constructs used in this study. TLX3- FLAG (below) carries pTK-Sox10E99-mediated expression of a full length TLX3 protein tagged with a C-terminal FLAG
epitope, followed by an internal ribosome entry site (IRES)-driven nuclear eGFP. IRES-nuclear-eGFP (above) serves as a control and is identical to the TLX3-FLAG
construct without the TLX3-FLAG coding sequence (nls, nuclear localization signal). C–F. Gastrulating HH4 chick embryos were bilaterally electroporated with
control IRES-nls-eGFP on the left side and TLX3-FLAG on the right side. C. Embryos were immunolabeled to display eGFP (yellow), FLAG (cyan), and TLX3 (magenta)
expression at stage HH10. D-F. Immunohistochemistry for eGFP (yellow), FLAG (cyan), and TFAP2β/SOX10/SOX9 (magenta) reveals the effects of early migratory
neural crest at HH10. G. Box and whisker quantitation of relative TLX3→ neural crest migration normalized to electroporated control. Presented are ratios of
normalized experimental migration distance divided by control migration distance. Each point represents an individual embryo (TFAP2β, n ↑ 9; SOX10, n ↑ 8; SOX9,
n ↑ 6), and the p-value was determined by two-tailed, paired t-test. Scale bars represent 200 μm.
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internal control and was electroporated with an equal concentration of a construct 

encoding only nuclear eGFP (Fig. 3.3A–C).  

 

To assess the effect of ectopic Tlx3 expression on cranial NC migration, 

embryos were allowed to develop to HH10 and screened for electroporation efficiency 

by eGFP expression. To assay effects of cranial NC migration, embryos were 

immunolabeled with antibodies against TFAP2β, SOX10, and SOX9, all markers of 

delaminating and early migrating NC cells (Fig. 3.3D–F). We also measured the 

relative distances that NC cells had migrated from the dorsal midline, compared to the 

contralateral control side of the same embryo. The results show that ectopic expression 

of Tlx3 resulted in a notable reduction in NC migration area (Fig. 3.3G), suggesting 

that early expression of this gene interferes with migration. At HH10, no expression 

of neural markers, such as HuC/D, was evident (Fig. 3.4A). 

 

To test whether ectopic Tlx3 may affect initiation of NC migration, we next 

examined the expression of Cadherin-6B, down-regulation of which is critical for 

neural crest delamination from the neural tube (Dady et al., 2012; Rogers et al., 2013; 

Strobl-Mazzulla and Bronner, 2012; Taneyhill et al., 2007). By 

immunohistochemistry, we found a slight increase of Cadherin-6B in the dorsal neural 

tube at pre-migratory stages after ectopic expression of Tlx3 (Fig. 4.4B), which may 

Fig. 3.3. Ectopic expression of Tlx3 delays cranial neural crest emigration. A. Schematic 
representing the ex ovo experimental design to test the role of Tlx3 in migratory cranial neural crest 
cells. Control (red) and experimental (blue) reagents were delivered bilaterally into HH4 chick 
embryos B. Schematic diagram of expression constructs used in this study. TLX3- FLAG (below) 
carries pTK-Sox10E99-mediated expression of a full length TLX3 protein tagged with a C-terminal 
FLAG epitope, followed by an internal ribosome entry site (IRES)-driven nuclear eGFP. IRES-
nuclear-eGFP (above) serves as a control and is identical to the TLX3-FLAG construct without the 
TLX3-FLAG coding sequence (nls, nuclear localization signal). C–F. Gastrulating HH4 chick 
embryos were bilaterally electroporated with control IRES-nls-eGFP on the left side and TLX3-
FLAG on the right side. C. Embryos were immunolabeled to display eGFP (yellow), FLAG (cyan), 
and TLX3 (magenta) expression at stage HH10. D-F. Immunohistochemistry for eGFP (yellow), 
FLAG (cyan), and TFAP2β/SOX10/SOX9 (magenta) reveals the effects of early migratory neural 
crest at HH10. G. Box and whisker quantitation of relative TLX3+neural crest migration normalized 
to electroporated control. Presented are ratios of normalized experimental migration distance 
divided by control migration distance. Each point represents an individual embryo (TFAP2β, n =9; 
SOX10, n =8; SOX9, n =6), and the p-value was determined by two-tailed, paired t-test. Scale bars 
represent 200 μm. 
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account for the subsequent decrease in migration distance. In contrast, E-cadherin and 

N-cadherin appeared unchanged (Fig. 4.4C). Taken together, these data suggest that 

ectopic Tlx3 expression 

may partially interfere with 

neural crest emigration, 

resulting in reduction in the 

distance migrated. 

 

Differentiation of 

neural crest-derived 

sensory neurons in the 

trigeminal ganglion 

normally occurs at HH20. 

To test if ectopic expression 

of Tlx3 promotes premature 

neurogenesis, we 

unilaterally electroporated 

HH8-9 (5 somites) embryos 

in ovo (Fig. 3.5A) and 

allowed embryos to 

develop to HH13. We 

screened for successful 

electroporation by eGFP 

expression (Fig. 3.5C, filled 

arrowheads) and 

immunolabeled for HuC/D 

expression, a pan-neuronal 

marker. Interestingly, we 

found that overexpression 

of Tlx3 resulted in 

premature expression of 

Developmental Biology 515 (2024) 79–91

84

TLX3 within the ophthalmic lobe of the developing ganglion, compared
to the contralateral control side (compare Fig. S6C’ and Fig. S6D’).
Additionally, Tlx3 knockout resulted in a significant reduction in the
abundance of SOX10→ cells, similar to effects noted with Tlx3 MO
knockdowns (compare Fig. S6C and Fig. S6D). We next looked at TUJ1
expression and, similarly to MO knockdowns, noted a significant
reduction in its expression, when compared to both the contralateral
control and control gRNA embryos (compare Fig. 6D’, Fig. 6E and E’),
with a statistically significant reduction in the overall size of the gan-
glion (Fig. 6L, lane 4). Interestingly, while CRISPR/Cas9-mediated loss
of Tlx3 resulted in a more penetrant phenotype, with complete loss of
the ophthalmic lobe, MO-mediated loss of Tlx3 caused a more notable
overall size reduction of the trigeminal ganglion as a whole (Fig. 6L,
compare lane 1 and lane 4). These differences are likely due to differ-
ences in timing of depletion of Tlx3. While CRISPR/Cas9 gives a pene-
trant phenotype through gene loss, it requires additional time to

accumulate and produce mutations at desired sites within the genome.
In contrast, translation blocking morpholinos immediately block mRNA
translation of desired target genes, thus rapidly producing a phenotype
but the tissue can sometimes compensate since there is no gene loss.
Given that both approaches give similar phenotypes with subtle differ-
ences, the collective results suggest that Tlx3 is necessary for neuro-
genesis and plays a vital role in the development of the trigeminal
ganglion.

While global Tlx3 knock-down/knock-out clearly affects trigeminal
ganglion formation, the above results cannot distinguish between the
role of Tlx3 in placodal versus neural crest portions of the trigeminal
ganglion. To parse the individual contributions of each cell population,
we next individually targeted NC or placode cells. To this end, we per-
formed unilateral in ovo electroporation into either the neural tube (for
neural crest specific knockout) or ectoderm (for placodal knockout) with
either our Tlx3 MO or Tlx3-gRNA-single-CRISPR/Cas9 constructs at
HH8-9 (5 somites) for neural crest and HH12 (15 somites) for ecto-
dermal electroporations (Fig. 6F and I, respectively). Following elec-
troporations, these embryos were developed to ~HH16 and were
subsequently processed for immunolabeling.

Morpholino-mediated knockdown of Tlx3 in the NC resulted in
ganglia that failed to properly condense and form a bi-lobed structure,
compared to the contralateral control side where a bi-lobed ganglion is
clearly evident (compare Fig. 6G and G′). Interestingly, this phenotype
differed when compared to the global knockdown of Tlx3 (compare
Fig. 6C’ and Fig. 6G’). Rather than an overall size reduction within two
separate lobes, we mainly observed ganglia that had more dispersed
SOX10→ NC and TUJ1→ placode cells. Additionally, while the ganglia
failed to properly condense, the relative expression of SOX10 and TUJ1
appeared unchanged. This suggests that loss of Tlx3 in the neural crest
may not alter gene expression or affect NC migration, but rather may
prevent the transition from an undifferentiated neural progenitor state
to a post-mitotic sensory neuron precursor. Quantification revealed
statistically significant differences in the total area of the trigeminal
ganglion depending on the method of knock-down (Fig. 6L). Next, we
examined the effects of Tlx3 perturbation via our CRISPR/Cas9-
mediated method, specifically targeting only the NC population
(Fig. 6F). Tlx3 loss of function in the NC population had a slightly
different outcome, resulting in TUJ1 expression that was far more
concentrated and fewer SOX10→ NC cells in the ophthalmic lobe of the
ganglion, when compared to the contralateral control side (compare
Fig. 6H and H′), suggesting that perturbing Tlx3 reduced the number of
SOX10→ NC cells but did not result in the entire loss of the lobe. Addi-
tionally, we examined the expression of NEUROG2 and NEUROD1,
proneural genes expressed within the developing trigeminal ganglion,
after loss of Tlx3 within the NC population (Abu-Elmagd et al., 2001; Xu
et al., 2008b; Zirlinger et al., 2002). Interestingly, we observed a
reduction in the expression of these two genes within the developing
ganglion (compare Fig. S7A and Fig. S7A’; compare Fig. S7B and
Fig. S7B’). Intrigued by these findings, we hypothesized that while there
may have been a reduction in the abundance of NC cells, formation of
ophthalmic lobe was not entirely lost due to the placodal portion of the
ganglion compensating and directing the remaining NC cells to the
ophthalmic lobe of the ganglion. Furthermore, loss of Tlx3 also effected
the expression of NEUROG2 and NEUROD1, further suggesting that Tlx3
may influence proneural gene expression and specification within the
ganglion. Quantification revealed that Tlx3 loss of function in the NC did
indeed result in a notable statistically significant phenotype (Fig. 6L,
lane 5). Collectively, these results show that loss of Tlx3 within the NC
population impacts the development and proper formation of the tri-
geminal ganglion.

To further examine the individual contribution of each population
within the trigeminal ganglion, we next examined the effects of
knocking down Tlx3 in the placodal population via our MO-mediated
approach. Loss of Tlx3 in the placodal population resulted in ganglia
that were not only reduced in overall size but also far more disorganized,

Fig. 4. Early ectopic expression of Tlx3 affects initiation of cranial neural crest
emigration. A-C. Representative transverse sections of embryos in Fig. 3. A.
Immunolabeling for SOX10 (magenta) and HuC/D (green) reveals that ectopi-
cally expressing Tlx3 on the right side reduces neural crest migration compared
to the left control side; no expression of HuC/D was detected at this stage. B.
Immunohistochemistry reveals a slight increase in Cad6B (cyan) expression on
the Tlx3 overexpressing side, while a decrease was observed in SOX9→
(magenta) cells that failed to delaminate from the neural tube. C. Immuno-
labeling of E-Cad (green) and N-Cad (blue) did not show a change in their
expression upon ectopic expression of Tlx3. Cad6B, Cadherin-6B; E-Cad, E-
Cadherin; N-Cad, N-Cadherin. Scale bars represent 100 μm.
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Fig. 3.4. Early ectopic expression of Tlx3 affects initiation 
of cranial neural crest emigration. A-C. Representative 
transverse sections of embryos in Fig. 3. A. 
Immunolabeling for SOX10 (magenta) and HuC/D (green) 
reveals that ectopically expressing Tlx3 on the right side 
reduces neural crest migration compared to the left control 
side; no expression of HuC/D was detected at this stage. B. 
Immunohistochemistry reveals a slight increase in Cad6B 
(cyan) expression on the Tlx3 overexpressing side, while a 
decrease was observed in SOX9+ (magenta) cells that 
failed to delaminate from the neural tube. C. Immuno-
labeling of E-Cad (green) and N-Cad (blue) did not show a 
change in their expression upon ectopic expression of Tlx3. 
Cad6B, Cadherin-6B; E-Cad, E-Cadherin; N-Cad, N-
Cadherin. Scale bars represent 100 μm 
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this neuronal marker only in electroporated neural crest cells, compared to the 

unelectroporated contralateral control side of the same embryo (compare Fig. 3.5B 

and C). Transverse sections through these embryos were immunolabeled for SOX10 

to label NC cells and ISLET1 for placodal cells. The results revealed abundant HuC/D 

expression in SOX10 positive NC cells that ectopically expressed Tlx3, but not on the Developmental Biology 515 (2024) 79–91
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when compared to the contralateral control side (compare Fig. 6J and
J′). While it was clear that knocking down Tlx3 reduced TUJ1 expres-
sion, it was also interesting that loss of Tlx3 resulted in reduction of both
the ophthalmic and maxillo-mandibular lobes (Fig. 6J’), indicating that
loss of the placodal component resulted in ganglia that could not
properly form its bi-lobed structure. Furthermore, we also observed a

significant reduction in the expression of SOX10 and abundance of NC
cells, indicating that the interactions between NC and placode cells was
diminished such that both the ophthalmic and maxillo-mandibular lobe
could not properly form, resulting only in the condensation of the NC at
the most proximal region of the ganglion (Fig. 6J’, asterisk), consistent
with previous studies (D’Amico-Martel and Noden, 1983; Hamburger,

Fig. 5. Ectopic expression of Tlx3 results in premature expression of neural markers at HH13. A. Schematic illustrating in ovo electroporation of experimental (red)
reagents that were delivered unilaterally into HH8→ (5 somites) chick embryos, in order to ectopically express Tlx3 by specifically targeting neural crest cells. B–C.
Embryos were unilaterally electroporated at HH8→, allowed to develop to HH13, and immunolabeled for HuC/D (magenta) and eGFP (green) expression (n ↑ 10) B.
The non-electroporated control side of embryo displays no expression of HuC/D in the neural crest-derived cells at HH13. C. Immunolabeling for HuC/D (magenta)
expression on the electroporated side of the embryo reveals premature expression of this neuronal marker in electroporated neural crest cells (closed arrowheads).
Dashed box in C indicates zoomed area. D-E. Representative transverse sections of unilaterally electroporated embryos in (A–B). D. Immunolabeling for HuC/D
(magenta) and SOX10 (blue) reveals HuC/D expression in SOX10→/TLX3→ neural crest cells. E. Representative transverse sections of embryos unilaterally elec-
troporated, immunolabeled for HuC/D (magenta) and ISLET1 (blue), reveals fewer ISLET1→/HuC/D→ cells compared to SOX10→/HuC/D→ (D) neural crest cells. D
′-E’. Dashed boxes in C-D indicate zoomed in areas in C′-D’. Merged and Individual channel for HuC/D (magenta), eGFP (green), and SOX10 (D′)/ISLET1 (E′) (blue).
Solid arrowheads indicate co-expression of HuC/D→/SOX10→ neural crest cells. Scales bars represent 200 μm.
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contralateral control side of the same embryo (Fig. 3.5D–E and Fig. 3.5D’-E′). 

ISLET1+/HuC/D+ placodal cells were observed on both sides of the embryos. These 

placode cells did not receive ectopic Tlx3 but rather turn on neural markers even prior 

to ingression. However, their numbers were far fewer than the SOX10+/HuC/D +NC 

cells that ectopically expressed Tlx3 (compare Fig. 3.5D-D′ and Fig. 3.5E-E′). In 

contrast to Tlx3 over-expression, no SOX10+/HuC/D+ NC cells were observed after 

unilateral in ovo injection of a construct encoding nuclear eGFP alone (Fig. S3.4A-

B′). These results suggest that ectopic Tlx3 expression is sufficient to induce 

expression of neuronal marker, thus prematurely driving NC cells towards a neural 

fate. 

 

3.2.3 Knock-down of Tlx3 disrupts trigeminal ganglion development 

 

 To test whether expression of Tlx3 is necessary for neurogenesis during 

ganglion development, we performed loss of function experiments by knocking down 

Tlx3 using an antisense morpholino oligo (MO)-mediated approach. To this end, we 

first performed bilateral HH4 electroporation with our control or translation-blocking 

Tlx3 specific MO (Fig. S3.5A). Electroporating these MOs into gastrula stage embryos 

results in loss of Tlx3 in both NC and placodal populations. After culturing the 

embryos ex ovo until HH9 and HH10 to capture pre-migratory and migratory cranial 

Fig. 3.5. Ectopic expression of Tlx3 results in premature expression of neural markers at HH13. A. 
Schematic illustrating in ovo electroporation of experimental (red) reagents that were delivered 
unilaterally into HH8+(5 somites) chick embryos, in order to ectopically express Tlx3 by 
specifically targeting neural crest cells. B–C. Embryos were unilaterally electroporated at HH8+, 
allowed to develop to HH13, and immunolabeled for HuC/D (magenta) and eGFP (green) 
expression (n=10) B. The non-electroporated control side of embryo displays no expression of 
HuC/D in the neural crest-derived cells at HH13. C. Immunolabeling for HuC/D (magenta) 
expression on the electroporated side of the embryo reveals premature expression of this neuronal 
marker in electroporated neural crest cells (closed arrowheads). Dashed box in C indicates zoomed 
area. D-E. Representative transverse sections of unilaterally electroporated embryos in (A–B). D. 
Immunolabeling for HuC/D (magenta) and SOX10 (blue) reveals HuC/D expression in 
SOX10+/TLX3+neural crest cells. E. Representative transverse sections of embryos unilaterally 
electroporated, immunolabeled for HuC/D (magenta) and ISLET1 (blue), reveals fewer 
ISLET1+/HuC/D+cells compared to SOX10+/HuC/D+(D) neural crest cells. D′-E’. Dashed boxes 
in C-D indicate zoomed in areas in C′-D’. Merged and Individual channel for HuC/D (magenta), 
eGFP (green), and SOX10 (D′)/ISLET1 (E′) (blue). Solid arrowheads indicate co-expression of 
HuC/D+/SOX10+neural crest cells. Scales bars represent 200 μm. 
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neural crest cells, respectively, we processed them for immunohistochemistry. 

Antibody staining for PAX7 revealed no notable migratory defects on the right 

experimental side, when compared to the left control side of the embryo (Figs. S3.5B–

C). We then performed unilateral HH4 electroporation, with either our control MO or 

Tlx3 MO, to determine if loss of Tlx3 would affect neurogenesis during ganglion 

development (Fig. 3.6A). Following unilateral electroporation, these embryos were 

developed to ~HH16 and processed for immunolabeling. Tlx3 knockdown resulted in 

an overall reduction in the expression of TLX3, within the ophthalmic lobe of the 

forming ganglion, when compared to the untreated contralateral control side (compare 

Fig. S3.6A’ and Fig. S3.6B’). Expression of Tlx3 only within the ophthalmic lobe at 

this particular stage is consistent with our whole-mount in situ hybridization results 

and previous findings (Logan et al., 1998). To further parse whether this affected the 

neural crest-derived component of the ganglion, we examined expression of SOX10 

and observed a reduction in both the abundance of SOX10+ NC cells and in the overall 

size of the developing ganglion (compare Fig. S3.6A and Fig. S3.6B), that was 

statistically significant (Fig. 3.6L, lane 1). These results demonstrate that loss of Tlx3 

affects proper condensation and development of the trigeminal ganglion. Furthermore, 

global knockdown of Tlx3 caused not only reduction of the ophthalmic lobe, but also 

resulted in failure of fusion between the ophthalmic and maxillo-mandibular lobe, 

compared to both the contralateral control side and control MO embryos (compare 

Fig. 3.6B’, Fig. 3.6C and C′). We also observed a reduction in TUJ1 expression, which 

labels differentiating neurons, when compared to both control MO and untreated 

contralateral control sides (compare Fig. 3.6B’, Fig. 3.6C and C’). These results 

suggest that loss of Tlx3 not only affects neurogenesis but also proper gangliogenesis. 

 

As a second method to knocking down Tlx3, we used our previously described 

single-CRISPR/Cas9 construct to genetically deplete this gene within the developing 

ganglion (Gandhi et al., 2021). To this end, we designed guide RNAs (gRNAs) 

targeting the coding sequence of Tlx3 and unilaterally electroporated either control or 

Tlx3 specific gRNA-CRISPR/Cas9 construct into HH4 embryos (Fig. 3.6A). These 

embryos were developed to ~HH16 and subsequently processed for immunolabeling. 
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Similar to MO-mediated knockdowns at later stages, CRISPR/Cas9 induced loss of 

Tlx3 resulted in decreased expression of TLX3 within the ophthalmic lobe of the 

developing ganglion, compared to the contralateral control side (compare Fig. S3.6C’ 

and Fig. S3.6D’). Additionally, Tlx3 knockout resulted in a significant reduction in the 

abundance of SOX10+ cells, similar to effects noted with Tlx3 MO knockdowns 

(compare Fig. S3.6C and Fig. S3.6D). We next looked at TUJ1 expression and, 

similarly to MO knockdowns, noted a significant reduction in its expression, when 

compared to both the contralateral control and control gRNA embryos (compare Fig. 

3.6D’, Fig. 3.6E and E’), with a statistically significant reduction in the overall size of 

the ganglion (Fig. 3.6L, lane 4). Interestingly, while CRISPR/Cas9-mediated loss of 

Tlx3 resulted in a more penetrant phenotype, with complete loss of the ophthalmic 

lobe, MO-mediated loss of Tlx3 caused a more notable overall size reduction of the 

trigeminal ganglion as a whole (Fig. 3.6L, compare lane 1 and lane 4). These 

differences are likely due to differences in timing of depletion of Tlx3. While 

CRISPR/Cas9 gives a penetrant phenotype through gene loss, it requires additional 

time to accumulate and produce mutations at desired sites within the genome. In 

contrast, translation blocking morpholinos immediately block mRNA translation of 

desired target genes, thus rapidly producing a phenotype but the tissue can sometimes 

compensate since there is no gene loss. Given that both approaches give similar 

phenotypes with subtle differences, the collective results suggest that Tlx3 is necessary 

for neurogenesis and plays a vital role in the development of the trigeminal ganglion. 

 

While global Tlx3 knock-down/knock-out clearly affects trigeminal ganglion 

formation, the above results cannot distinguish between the role of Tlx3 in placodal 

versus neural crest portions of the trigeminal ganglion. To parse the individual 

contributions of each cell population, we next individually targeted NC or placode 

cells. To this end, we performed unilateral in ovo electroporation into either the neural 

tube (for neural crest specific knockout) or ectoderm (for placodal knockout) with 

either our Tlx3 MO or Tlx3-gRNA-single-CRISPR/Cas9 constructs at HH8-9 (5 

somites) for neural crest and HH12 (15 somites) for ectodermal electroporations (Fig.  
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1961; Moody and Heaton, 1983a, 1983b; Shiau and Bronner-Fraser,
2009; Shiau et al., 2008). This reduction in size upon Tlx3 knockdown
was statistically significant at these developmental stages (Fig. 6L, lane
3).

We next examined the effects of perturbing Tlx3 specifically in the
placodal population via our CRISPR/Cas9-mediated method (Fig. 6I).
We observed similar results in the placodal component of the trigeminal
ganglion as with the MO-mediated approach. There was a notable loss of
TUJ1 within the ophthalmic lobe and a diminution overall of the gan-
glion size, both in the ophthalmic and maxillo-mandibular lobe, when
compared to the contralateral control (compare Fig. 6K’ and Fig. 6K). In

addition to examining TUJ1 expression, we also examined the expres-
sion of NEUROG2 and NEUROD1. Loss of Tlx3 within the placodal
population also reduced expression of both NEUROG2 and NEUROD1
(compare Fig. S7C and Fig. S7C’; compare Fig. S7D and Fig. S7D’). Even
though a similar phenotype was observed between both the MO and
CRISPR/Cas9-mediated approach, we noted some differences in the
expression of TUJ1. In general, loss of Tlx3 in the placodal population
resulted in reduced ganglia size and more dispersed SOX10→ NC and
TUJ1→ placodal cells that failed to condense within the ophthalmic lobe.

Taken together, our results suggest that Tlx3 is necessary for gan-
gliogenesis in both neural crest and placodal cells during trigeminal

Fig. 6. Perturbation of Tlx3 disrupts trigeminal ganglion development. A. Schematic diagram illustrating the ex ovo electroporation to test the effects of perturbing
Tlx3. Control or experimental (blue) reagents were delivered unilaterally into gastrulating HH4 chick embryos. B-E’. Either control MO/Tlx3 MO or control/Tlx3
specific gRNA-CRISPR/Cas9 constructs were unilaterally electroporated on the right side of the embryo. B-E’. Immunohistochemistry for SOX10 (magenta) and TUJ1
(green) reveals the effects of global loss of Tlx3 via MO or CRISPR/Ca9-mediated approach at HH16. F. Schematic illustrating in ovo electroporation of control or
experimental (red) reagents were delivered unilaterally into HH8→ (5 somites) chick embryos, in order to perturb Tlx3 by specifically targeting neural crest cells. G-
H’. Either a Tlx3 MO or Tlx3 specific gRNA-CRISPR/Cas9 constructs were introduced onto the right side of the embryo. Immunolabeling of SOX10 (magenta) and
TUJ1 (green) reveals the effects of loss of Tlx3 in neural crest cells at HH16. I. Schematic illustrating the in ovo experimental design to perturb Tlx3, specifically
targeting placode cells. Control or experimental (red) reagents were delivered unilaterally into the ectoderm of HH12 (15 somites) chick embryos. J-K’. Either a Tlx3
MO or Tlx3 specific gRNA-CRISPR/Cas9 constructs were unilaterally electroporated on the right side of the embryo. Immunohistochemistry for SOX10 (magenta) and
TUJ1 (green) reveals the effects of loss of Tlx3, specifically in placode cells at HH16. L. Box and whisker quantitation of relative trigeminal ganglion size normalized
to contralateral control. Ratios represent normalized experimental area divided by contralateral control area. Each point represents an individual embryo (Global
Tlx3 MO, n ↑ 9; Neural crest Tlx3 MO, n ↑ 9; Placode Tlx3 MO, n ↑ 9; Global Tlx3, n ↑ 8; Neural crest Tlx3 gRNA, n ↑ 8; Placode Tlx3 gRNA, n ↑ 10), and the p-
value was determined by two-tailed, paired t-test. Scale bars represent 200 μm.

H.A. Urrutia et al.

Fig. 3.6. Perturbation of Tlx3 disrupts trigeminal ganglion development. A. Schematic diagram illustrating the ex ovo 
electroporation to test the effects of perturbing Tlx3. Control or experimental (blue) reagents were delivered unilaterally 
into gastrulating HH4 chick embryos. B-E’. Either control MO/Tlx3 MO or control/Tlx3 specific gRNA-CRISPR/Cas9 
constructs were unilaterally electroporated on the right side of the embryo. B-E’. Immunohistochemistry for SOX10 
(magenta) and TUJ1 (green) reveals the effects of global loss of Tlx3 via MO or CRISPR/Ca9-mediated approach at 
HH16. F. Schematic illustrating in ovo electroporation of control or experimental (red) reagents were delivered 
unilaterally into HH8+(5 somites) chick embryos, in order to perturb Tlx3 by specifically targeting neural crest cells. G-
H’. Either a Tlx3 MO or Tlx3 specific gRNA-CRISPR/Cas9 constructs were introduced onto the right side of the embryo. 
Immunolabeling of SOX10 (magenta) and TUJ1 (green) reveals the effects of loss of Tlx3 in neural crest cells at HH16. 
I. Schematic illustrating the in ovo experimental design to perturb Tlx3, specifically targeting placode cells. Control or 
experimental (red) reagents were delivered unilaterally into the ectoderm of HH12 (15 somites) chick embryos. J-K’. 
Either a Tlx3 MO or Tlx3 specific gRNA-CRISPR/Cas9 constructs were unilaterally electroporated on the right side of 
the embryo. Immunohistochemistry for SOX10 (magenta) and TUJ1 (green) reveals the effects of loss of Tlx3, 
specifically in placode cells at HH16. L. Box and whisker quantitation of relative trigeminal ganglion size normalized to 
contralateral control. Ratios represent normalized experimental area divided by contralateral control area. Each point 
represents an individual embryo (Global Tlx3 MO, n =9; Neural crest Tlx3 MO, n =9; Placode Tlx3 MO, n=9; Global 
Tlx3, n =8; Neural crest Tlx3 gRNA, n =8; Placode Tlx3 gRNA, n =10), and the p-value was determined by two-tailed, 
paired t-test. Scale bars represent 200 μm. 
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3.6F and I, respectively). Following electroporations, these embryos were developed 

to ~HH16 and were subsequently processed for immunolabeling. 

 

Morpholino-mediated knockdown of Tlx3 in the NC resulted in ganglia that 

failed to properly condense and form a bi-lobed structure, compared to the 

contralateral control side where a bi-lobed ganglion is clearly evident (compare Fig. 

3.6G and G′). Interestingly, this phenotype differed when compared to the global 

knockdown of Tlx3 (compare Fig. 3.6C’ and Fig. 3.6G’). Rather than an overall size 

reduction within two separate lobes, we mainly observed ganglia that had more 

dispersed SOX10+ NC and TUJ1+ placode cells. Additionally, while the ganglia failed 

to properly condense, the relative expression of SOX10 and TUJ1 appeared 

unchanged. This suggests that loss of Tlx3 in the neural crest may not alter gene 

expression or affect NC migration, but rather may prevent the transition from an 

undifferentiated neural progenitor state to a post-mitotic sensory neuron precursor. 

Quantification revealed statistically significant differences in the total area of the 

trigeminal ganglion depending on the method of knock-down (Fig. 3.6L). Next, we 

examined the effects of Tlx3 perturbation via our CRISPR/Cas9-mediated method, 

specifically targeting only the NC population (Fig. 3.6F). Tlx3 loss of function in the 

NC population had a slightly different outcome, resulting in TUJ1 expression that was 

far more concentrated and fewer SOX10+ NC cells in the ophthalmic lobe of the 

ganglion, when compared to the contralateral control side (compare Fig. 3.6H and H′), 

suggesting that perturbing Tlx3 reduced the number of SOX10+ NC cells but did not 

result in the entire loss of the lobe. Additionally, we examined the expression of 

NEUROG2 and NEUROD1, proneural genes expressed within the developing 

trigeminal ganglion, after loss of Tlx3 within the NC population (Abu-Elmagd et al., 

2001; Xu et al., 2008b; Zirlinger et al., 2002). Interestingly, we observed a reduction 

in the expression of these two genes within the developing ganglion (compare Fig. 

S3.7A and Fig. S3.7A’; compare Fig. S3.7B and Fig. S3.7B’). Intrigued by these 

findings, we hypothesized that while there may have been a reduction in the abundance 

of NC cells, formation of ophthalmic lobe was not entirely lost due to the placodal 

portion of the ganglion compensating and directing the remaining NC cells to the 
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ophthalmic lobe of the ganglion. Furthermore, loss of Tlx3 also effected the expression 

of NEUROG2 and NEUROD1, further suggesting that Tlx3 may influence proneural 

gene expression and specification within the ganglion. Quantification revealed that 

Tlx3 loss of function in the NC did indeed result in a notable statistically significant 

phenotype (Fig. 3.6L, lane 5). Collectively, these results show that loss of Tlx3 within 

the NC population impacts the development and proper formation of the trigeminal 

ganglion. 

 

To further examine the individual contribution of each population within the 

trigeminal ganglion, we next examined the effects of knocking down Tlx3 in the 

placodal population via our MO-mediated approach. Loss of Tlx3 in the placodal 

population resulted in ganglia hat were not only reduced in overall size but also far 

more disorganized, when compared to the contralateral control side (compare Fig. 3.6J 

and J′). While it was clear that knocking down Tlx3 reduced TUJ1 expression, it was 

also interesting that loss of Tlx3 resulted in reduction of both the ophthalmic and 

maxillo-mandibular lobes (Fig. 3.6J’), indicating that loss of the placodal component 

resulted in ganglia that could not properly form its bi-lobed structure. Furthermore, 

we also observed a significant reduction in the expression of SOX10 and abundance 

of NC cells, indicating that the interactions between NC and placode cells was 

diminished such that both the ophthalmic and maxillo-mandibular lobe could not 

properly form, resulting only in the condensation of the NC at the most proximal 

region of the ganglion (Fig. 3.6J’, asterisk), consistent with previous studies 

(D’Amico-Martel and Noden, 1983; Hamburger, 1961; Moody and Heaton, 1983a, 

1983b; Shiau and Bronner-Fraser, 2009; Shiau et al., 2008). This reduction in size 

upon Tlx3 knockdown was statistically significant at these developmental stages (Fig. 

3.6L, lane 3). 

 

We next examined the effects of perturbing Tlx3 specifically in the placodal 

population via our CRISPR/Cas9-mediated method (Fig. 3.6I). We observed similar 

results in the placodal component of the trigeminal ganglion as with the MO-mediated 

approach. There was a notable loss of TUJ1 within the ophthalmic lobe and a 
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diminution overall of the ganglion size, both in the ophthalmic and maxillo-

mandibular lobe, when compared to the contralateral control (compare Fig. 3.6K’ and 

Fig. 3.6K). In addition to examining TUJ1 expression, we also examined the 

expression of NEUROG2 and NEUROD1. Loss of Tlx3 within the placodal 

population also reduced expression of both NEUROG2 and NEUROD1 (compare Fig. 

S3.7C and Fig. S3.7C’; compare Fig. S3.7D and Fig. S3.7D’). Even though a similar 

phenotype was observed between both the MO and CRISPR/Cas9-mediated approach, 

we noted some differences in the expression of TUJ1. In general, loss of Tlx3 in the 

placodal population resulted in reduced ganglia size and more dispersed SOX10+ NC 

and TUJ1+ placodal cells that failed to condense within the ophthalmic lobe. 

 

Taken together, our results suggest that Tlx3 is necessary for gangliogenesis in 

both neural crest and placodal cells during trigeminal ganglion development. 

  

3.3 Discussion 

 

Reciprocal interactions between NC and placodal cells have been shown to be 

necessary for the proper formation of the cranial trigeminal ganglion, relying on 

intimate and coordinated communication between the two populations (D’Amico-

Martel and Noden, 1983; Gammill et al., 2007; Hamburger, 1961; Lwigale, 2001; 

Moody and Heaton, 1983a, 1983b; Shiau and Bronner-Fraser, 2009; Shiau et al., 2008; 

Theveneau et al., 2013). Previous studies have demonstrated that ablation of either 

cell population results in notable defects and abnormal development of the trigeminal 

ganglion. While placode-ablated embryos exhibit dispersed or smaller ganglia, NC-

ablated embryos result in ganglia that do not properly connect to the hindbrain and fail 

to integrate into a bi-lobed structure (Hamburger, 1961; Shiau et al., 2008; Stark et al., 

1997). Additionally, it has been shown that disruption of neural crest migration due to 

changes in signaling cues plays a crucial role in trigeminal condensation. Multiple 

cues, such as Neuropilin/Semaphorin, Robo/Slit, and Cxcr4/Sdf1 interactions 

represent molecular mechanisms by which neural crest and placodal cells signal one 

another during migration and facilitate condensation (Gammill et al., 2007; Shiau and 
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Bronner-Fraser, 2009; Shiau et al., 2008; Theveneau et al., 2013). Collectively, these 

studies have provided a clearer understanding of how mutual interactions between the 

neural crest and placode promote the coordinated morphogenesis required for proper 

cranial ganglion formation. 

 

Many aspects of the transcriptional mechanisms underlying trigeminal 

ganglion formation remain unresolved. To tackle this question, here we demonstrate 

that Tlx3 expression is pivotal in this process. Our results show that Tlx3 expression 

is present in both neural crest and placodal cells (Fig. 3.1 and Fig. S3.1) and plays an 

essential but non-overlapping roles in each population. By combining lineage labeling 

with in situ HCR, we find expression of Tlx3 in a subset of neural crest cells at a time 

that correlates with the onset of condensation of the trigeminal ganglion (Fig. 3.2). 

Additionally, we demonstrate that expression of Tlx3 accumulates in Sox10+ neural 

crest cells, at later developmental stages and is maintained in a subset of cranial neural 

crest-derived cells. We hypothesize that while differentiation of neural crest cells into 

sensory neurons occur later in development (~HH20-HH24) (Covell and Noden, 1989; 

D’Amico-Martel and Noden, 1980; Shiau et al., 2008) than in placode cells, the 

mechanism appear to be similar. Accordingly, this subset of cells may be primed at the 

onset of condensation by proneural factors that transition these cells from a progenitor 

state to a post-mitotic sensory neuroblast, a process that precedes terminal 

differentiation (Sharma et al., 2020). Importantly, perturbation of Tlx3, by either MO 

or CRISPR/Cas9-mediated methods diminishes the overall size and abundance of both 

the neural crest and placodal populations, as well as degree of neurogenesis within the 

developing ganglion (Fig. 3.6). Taken together, our results show that Tlx3 plays a 

critical role in both placode- and neural crest-derived cells during trigeminal 

gangliogenesis. 

 

Tlx3 has been implicated in differentiation and fate specification of excitatory 

sensory neurons in both the CNS and PNS (Cheng et al., 2004; Divya et al., 2016; Guo 

et al., 2012; Hornbruch et al., 2005; Kondo et al., 2008, 2011; Langenau et al., 2002; 

Logan et al., 1998, 2002; Monteiro et al., 2021; Shimomura et al., 2015; Uchiyama et 
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al., 1999; Xu et al., 2008a). These previous studies have demonstrated that expression 

of Tlx3 serves as a post-mitotic selector gene, implicated in specification of excitatory 

sensory neurons. For example, ectopic expression of Tlx3 is sufficient to repress 

GABAergic differentiation and promote upregulation of glutamatergic neuronal 

subtype genes, in turn inducing a glutamatergic neuronal fate (Begbie et al., 2002; 

Cheng et al., 2004; Divya et al., 2016; Guo et al., 2012; Hornbruch et al., 2005; Kondo 

et al., 2008, 2011; Langenau et al., 2002; Logan et al., 1998, 2002; Monteiro et al., 

2021; Shimomura et al., 2015; Uchiyama et al., 1999; Xu et al., 2008a). Surprisingly, 

we found that ectopic activation of Tlx3 in the neural crest results in initial migration 

delays and subsequently in premature expression of neuronal markers (Figs. 3.3 and 

3.5). We hypothesize that Tlx3 expression induces downstream expression of 

proneural genes, requiring up-regulation of these genes, that in turn promotes the 

transition from undifferentiated precursor cells to differentiated sensory neurons 

(Kondo et al., 2008, 2011; Monteiro et al., 2021; Sharma et al., 2020). Previous studies 

have demonstrated that perturbation of Tlx3 influences neuronal decisions, in terms of 

excitatory versus inhibitory cell fates, within the CNS and PNS (Cheng et al., 2004; 

Kondo et al., 2008; Monteiro et al., 2021; Xu et al., 2008a). In particular, Tlx3 

knockout in mice results in prospective excitatory neurons transitioning and adopting 

an entirely different neuronal fate, expressing different terminal differentiation 

markers, and affecting the overall excitatory population within the developing spinal 

cord (Cheng et al., 2004; Monteiro et al., 2021). In addition to this, our results reveal 

that perturbation of Tlx3, either by MO or CRISPR/Cas9-mediated approach, severely 

affects trigeminal ganglion formation. Moreover, we find different effects when we 

specifically knock-out Tlx3 in the neural crest versus placode cells. In particular, our 

results show that loss of Tlx3 in the neural crest-derived portion of the trigeminal 

ganglion results in a reduced abundance of neural crest cells, and failure of proper 

ganglion condensation (Fig. 3.6G’ and Fig. 3.6H’). In contrast, loss of Tlx3 in the 

placodal portion of the ganglion results in diminution of TUJ1 expression and a 

disorganized ganglion that is reduced in size (Fig. 3.6J’ and Fig. 3.6K’). Interestingly, 

our Tlx3 loss-of-function phenotype within the placodal population is consistent with 

previous observations. Specifically, loss of Neurog2 has been shown to result in 
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dispersed organization of neurons within the ophthalmic lobe of the ganglion, while 

loss of NeuroD1 influenced trigeminal ganglion development, partially resembling 

our placodal Tlx3 loss-of-function phenotype (Bina et al., 2023), providing further 

support that Tlx3 may enhance proneural gene expression and specification. 

 

In summary, the present study demonstrates that Tlx3 is expressed in both 

neural crest and placode-derived portions of the trigeminal ganglion, where it 

functions in proper specification of sensory neurons. After loss of function, we mainly 

observed effects within the ophthalmic lobe of the trigeminal ganglia, consistent with 

its temporal appearance first in the ophthalmic lobe prior to onset of expression in the 

maxillo-mandibular lobe. Interestingly, ectopic activation of Tlx3 results in premature 

expression of neuronal markers, while perturbation of Tlx3 disrupts both ganglion 

integration and development, with somewhat different effects in the placode versus 

neural crest. Taken together, we speculate that Tlx3 may serve as a post-mitotic 

selector gene in both the neural crest and placode to ensure proper development and 

formation of the trigeminal ganglion. These results expand upon the previous roles of 

Tlx3 in the peripheral nervous system to show that it not only influences neurogenesis 

but also may be required for proper aggregation of the chick trigeminal ganglion.  

 

3.4 Materials and methods 

 

3.4.1 Chicken embryos 

 

Fertilized chicken embryos (Gallus gallus) were obtained from local 

commercial sources (Petaluma Egg Farm, Petaluma, CA) and incubated at 37°C in 

humidified incubators to the desired stages. Embryos were staged by Hamburger-

Hamilton (HH) (Hamburger and Hamilton, 1951) staging method as indicated.  

 

3.4.2 Construct design, cloning, and morpholinos 
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DNA constructs were produced by PCR reactions using AccuPrime high-

fidelity DNA Taq polymerase (ThermoFisher) followed by standard purification 

(Qiagen), restriction enzyme digestion, and ligation (NEB). Full-length coding region 

of Tlx3 was amplified from HH16 cDNA, using primers provided in the Key Resource 

table (Table S1), inserting an upstream Kozak sequence and C-terminal FLAG epitope 

tag. The pTK-Sox10E99:Citrine enhancer vector (Williams et al., 2019) was then 

modified to replace the Citrine fluorescent protein with an Internal Ribosome Entry 

Sites (IRES)-driven nuclear eGFP. Tlx3-FLAG coding sequence was then cloned into 

the vector. All constructs produced in this study were later verified by Sanger 

sequencing (Laragen) and full plasmid sequencing (Primordium) prior to usage. 

Constructs for all experiments were used at a final concentration of 2.5 μg/μl, diluted 

in EB buffer. All translation-blocking morpholino oligomer (MO) were synthesized 

by Gene Tools, LLC, and sequence of all MOs used is this study are provided in the 

Key Resource table (Table S1). Standard control oligomer from Gene Tools, LLC 

(control MO) and Tlx3 MO were diluted with water and used at a final dose of 2.5 

μM. To enable visualization of the injection solution, 0.5 μl of 2% red/blue food dye 

was added per 10 μl injection mix. 

 

3.4.3 CRISPR/Cas9-mediated perturbations 

  

Guide RNA (gRNA) targets for Tlx3 were generated and obtained using the 

CHOPCHOP tool (Labun et al., 2019, 2021). Two gRNAs targeting the coding 

sequence of exon 2 and exon 3 were generated and are provided in the Key Resource 

table (Table S1). The protospacers were cloned into the single-CRISPR/Cas9 

construct, according to the protocol published by Gandhi et al. (2021). The single-

plasmids were designed to contain the Cas9 sequence, citrine, and gene-specific 

gRNA. The control single-plasmid used in this study contains a synthetic DNA 

construct not found in the chicken genome, in place of the gene-specific guide, 

sequence provided in Key Resource table (Table S1). Each vector was later verified 

by Sanger sequencing (Laragen) prior to usage. All single CRISPR/Cas9 constructs 

used for all experiments were used at final concentration of 2.5 μg/μl, diluted in EB 



79 

buffer. To enable visualization of the injection solution, 0.5 μl of 2% red/blue food dye 

was added per 10 μl injection mix. 

 

3.4.4 Electroporations 

 

For ex ovo experiments, embryos were incubated 19–20 h to obtain stage HH4, 

whereas for in ovo experiments, embryos were either incubated 28–30 h to obtain 

stages HH8-HH9- or 40–45 h to obtain HH12-HH12+. Ex ovo electroporations were 

performed as previously described (Sauka-Spengler and Barembaum, 2008) by 

passing five 5.8 V pulses for 50 ms at 100 ms intervals. Embryos were then cultured 

in 1 ml albumin supplemented with 1% penicillin/streptomycin (PenStrep) at 37.5◦C. 

The following day, embryos were screened for transfection efficiency (high 

fluorescence intensity), and unhealthy and/or poorly transfected embryos were 

discarded. For in ovo experiments, all constructs were introduced at stages HH8-HH9- 

or HH12-HH12+. Platinum electrodes were placed vertically or horizontally across 

the chick embryo delivering five 13 V pulses for 50 ms at 100 ms intervals as 

previously described (Shiau et al., 2008). Incubation was then continued for ~18–24 

h to reach stages HH13-14 or ~28–36 h to reach stages HH15-16. 

 

3.4.5 Lineage tracing 

  

For neural crest lineage tracing injections, cell tracker CM-DiI (Thermo 

Scientific) was diluted 1:2 with 10% sucrose (Stundl et al., 2023) and loaded into a 

thin pulled glass needle pipette. DiI solution was then injected into the closing neural 

tube at the hindbrain level through the opening in the hindbrain of HH9 chick embryos, 

filling the posterior hindbrain to the level of the forebrain. Embryos were then covered 

with sterile surgical tape and incubated at 37◦C for 1-day, after which the surviving 

embryos were dissected out and fixed with 4% paraformaldehyde overnight at 4◦C. 

Fixed embryos were then embedded for cryosectioning at 16 μm, processed for 

hybridization chain reaction, and subsequently imaged. 
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3.4.6 Cyosectioning  

 

Whole-mount embryos were fixed in 4% paraformaldehyde (PFA) overnight 

at 4◦C, followed by three washes in 1 ×PBS at room temperature. Embryos were then 

washed in 5% sucrose in PBS at room temperature for 1 h and then stored in 15% 

sucrose in PBS overnight at 4◦C. Embryos were subsequently incubated in 7.5% 

gelatin for 4–16 h at 39◦C, then flash-frozen in liquid nitrogen and stored at− 80◦C. 

Transverse frozen sections were taken and allowed to dry overnight at room 

temperature. Gelatin was removed by incubating slides in PBS at 42◦C for 10 min, 

and coverslips were mounted with Fluoromount-G (SouthernBiotech). 

 

3.4.7 In situ hybridization 

 

Whole-mount in situ hybridization for Tlx3 was performed as previously 

described (Kerosuo and Bronner, 2016; Sim˜ oes-Costa and Bronner, 2015; Simoes-

Costa and Bronner, 2016). Briefly, embryos were fixed in 4% PFA overnight at 4◦C, 

dehydrated, and stored in 100% methanol at −20◦C before processing. Embryos were 

then rehydrated with PBS-DEPC/0.1% Tween-20 (PBSTw), treated with 10 μg/ml 

Proteinase K at room temperature, washed successively with 2 mg/ml glycine/PBSTw 

and PBSTw, followed with 4% PFA/0.2% glutaraldehyde at room temperature. 

Following multiple washes of PBSTw, embryos were incubated with hybridization 

solution (containing 50% formamide, 1.3X SSC, pH 5, 5 mM EDTA, pH 8, 200 μg/ml 

yeast tRNA, 0.2% Tween-20, 0.5% CHAPS, and 100 μg/ml heparin) (Hybe) for at 

least 3 h before addition of probe at 70◦C in Hybe. Embryos were incubated with Tlx3 

probe, diluted in Hybe, for at least 16 h at 70◦C. After probe hybridization, embryos 

were washed several times in Hybe at 70◦C, then in MABT (1X maleic acid 

buffer/0.1% Tween-20) at room temperature. Embryos were then blocked in 20% 

sheep serum/2% Boehringer blocking reagent (BBR) in MABT for several hours 

before addition of anti-digoxigenin–AP antibody (1:2000; Fab fragments; 
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11093274910; Roche). Following overnight antibody incubation at 4◦C, embryos were 

then washed with MABT before chromogenic detection by NBT/BCIP. cDNA 

templates used for antisense RNA probe of Tlx3 were obtained from HH16 chick 

cDNA. Antisense Tlx3 RNA probe, an 849 bp fragment, was synthesized using a T7 

RNA polymerase (Promega) and then purified with Illustra ProbeQuant G-50 Micro 

Columns (GE Healthcare). Embryos were imaged, subsequently processed for 

cryosectioning at 16 μm. 

  

3.4.8 Hybridization chain reaction 

 

Hybridization chain reaction (HCR) v3 was performed using the protocol 

suggested by Molecular Technologies (Choi et al., 2018) with minor modifications. 

Briefly, embryos were fixed in 4% PFA overnight at 4◦C, washed in PBSTw, 

dehydrated, and stored in 100% methanol overnight at− 20◦C. The following day, 

embryos were rehydrated and processed for cryosectioning. Following sectioning, 

slides were treated with proteinase-K for 10 min, and incubated with 12 pmol of Tlx3 

probe (B3 initiator) and Sox10 probe (B4 initiator) dissolved in hybridization buffer 

overnight at 37◦C. The subsequent day, following several washes in hybridization 

probe wash buffer and 0.1% 5x–SSC–Tween, embryos were incubated in 30 pmol of 

amplifier hairpins H1 and H2 labeled with Alexa488 and Alexa647 diluted in 

amplification buffer at room temperature overnight. The following day, embryos were 

washed in 0.1% 5x–SSC–Tween and imaged. All probes were designed and ordered 

through Molecular Technologies. Embryos were processed for cryosectioning at 16 

μm and subsequently imaged. 

 

3.4.9 Immunohistochemistry 

 

Embryos were fixed in 4% PFA in sodium phosphate buffer for 20 min at room 

temperature, washed in 0.5 M Tris-HCl/1.5 M NaCl/10 mM CaCl2/0.5% Triton X-

100 in TBS (TBSTr), blocked in 10% donkey serum in TBSTr for 2 h at room 
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temperature, and incubated in primary antibody solution at 4°C for two nights. On the 

third day, embryos were washed in TBSTr (30 min per wash, six washes) and 

incubated in secondary antibody solution for two nights at 4◦C. Following the 

secondary antibody incubation, embryos were washed in TBSTr (30 min per wash, six 

washes) and processed for imaging and then for cryosectioning. The following 

primary antibodies and concentrations were used: Guinea Pig anti-TLX3 (1:1000; a 

gift from T. Müller and C. Birchmeier, Max-Delbrück-Centrum for Molecular 

Medicine, Germany); Goat anti-GFP (1:500; Rockland, Cat# 600-101-215); Mouse 

IgG1 anti-PAX7 (1:10; DSHB, Cat# PAX7); Mouse IgG1 anti-Cadherin-6B (1:5; 

DSHB, Cat# CCD6B-1); rabbit IgG anti-SOX9 (1:1000; Sigma-Aldrich, Cat# 

AB5535); Mouse IgG1 anti-FLAG (1:500; Sigma-Aldrich, Cat# F1804); Rat anti-N-

Cadherin (1:50, DSHB, Cat# MNCD2); Mouse IgM anti-HNK-1 (1:5, DSHB, Cat# 

3H5); Mouse IgG2b anti-ISLET1 (1:100, DSHB, Cat# 40.2D6); Rabbit anit-Sox10 

(1:500, Sigma-Aldrich, Cat# HPA068898); Mouse IgG1 anti-AP2β (1:250, Santa Cruz 

Biotechnology, Cat# sc-390119); Mouse IgG2A anti-TUJ1 (1:250, Biolegend, Cat# 

801201); Mouse IgG2B anti-HuC/D (1:250, Invitrogen, Cat# A21271); Mouse IgG2A 

E-Cadherin (1:50, BD Bioscience, Cat# 610181); Rabbit anti-NeuroD1 (1:100, 

LifeSpan BioSciences Cat# LS-C331294); Mouse IgG2A anti-Neurog2 (1:50, Santa 

Cruz Biotechnology, Cat# sc-293430). Primary antibodies were detected by Alexa 

Fluor 488-, 568-, or 647-conjugated donkey secondary antibodies (1:500; Molecular 

Probes). For transverse sectioning, immunolabeled embryos were sectioned at a 

thickness of 12 μm.  

 

3.4.10 Microscopy 

 

Whole-mount and transverse section images were acquired at room 

temperature using a Zeiss Imager.M2 with an ApoTome.2 module, Axiocam 506 color 

and monochromatic cameras, and Zen 2 Blue software (ZEISS). Transverse section 

imaging was also preformed using a Zeiss LSM 980 with an inverted microscope and 

Fast Airyscan 2. Whole-mount images were acquired as wide-field views or displayed 

as a maximum intensity projection of Z-stacks, with a Plan Apochromat 10 x 
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objective/0.45 NA (ZEISS), and embryos were imaged in 1X TBSTr. Transverse 

sections were acquired as a single optical plane or maximum intensity projections of 

Z-stacks, using a Plan Apochromat 20 x objective/0.8 NA (ZEISS), and were imaged 

in Fluoromount-G (SouthernBiotech). Images were pseudocolored and minimally 

processed for brightness and contrast using Fiji (Schindelin et al., 2012). Image 

analysis and display preparation were performed using Fiji (Schindelin et al., 2012). 

 

3.4.11 Image and statistical analysis  

 

Images were analyzed and prepared for displaying using Fiji (Schindelin et al., 

2012). For each whole-mount image, neural crest migration area was determined by 

manually drawing regions of interest (ROIs) surrounding the neural crest along a 400 

μm length of the midbrain and measuring the area. This analysis approach has been 

used routinely to identify changes in migration area (Hutchins and Bronner, 2018, 

2019; Piacentino and Bronner, 2018; Piacentino et al., 2021; Schiffmacher et al., 

2018). Measurements were made for both sides at the same axial level, and then the 

electroporated experimental length was divided by the electroporated control length 

to calculate the relative maximum migration distance. Knockdown electroporations of 

chick embryos are heterogeneous and mosaic; as such, we performed analysis over 

large ROIs that encompass many cells within the trigeminal ganglion. For this analysis 

approach, ROIs were manually drawn to measure fluorescence intensity, size area, and 

to define boundaries for multiple-cell fluorescence intensity measurements. 

Fluorescence measurements, corrected total cellular fluorescence, values were 

calculated and normalized as previously described (Piacentino and Bronner, 2018). 

 

Statistical analyses were performed using GraphPad Prism9. P-values are 

indicated in the text, and a cutoff of P <0.05 was used to determine significance. All 

datasets were tested for normal distribution with a Kolmogorov–Smirnov test. 

Normalized distributed data were analyzed with parametric tests (t-test or one-way 

ANOVA). The specific tests used are reported in in the corresponding figure legends. 

All analyses show pooled biological replicates from at least three independent 
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experiments. Data are presented as mean values, with error bars indicating SEM. 

Number of embryos/samples and replicates are indicated in figure legends and/or text. 

Data distribution was assumed to be normal but was not formally tested.  
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3.8 Key Resource Table 

 

REAGENT or RESOURCES SOURCE IDENTIFIER 
Antibodies  

Guinea Pig anti-TLX3 T. Müller and C. 
Birchmeier, Max-
Delbrück-Centrum 
for Molecular 
Medicine, Germany 

N/A 

Goat polyclonal IgG anti-GFP Rockland Cat# 600-101-215 
Mouse monoclonal IgG1 anti-PAX7  Developmental 

Studies Hybridoma 
Bank (DSHB) 

Cat# PAX7; 
RRID:AB_528428 

Mouse monoclonal IgG1 anti-CDH6 Developmental 
Studies Hybridoma 
Bank (DSHB) 

Cat #CCD6B-1 

Rabbit Polyclonal IgG anti-SOX9 Sigma-Aldrich Cat #AB5535 
Mouse monoclonal IgG1 anti-FLAG M2 Sigma-Aldrich Cat #F1804 
Mouse monoclonal IgG2a anti-CDH2 Developmental 

Studies Hybridoma 
Bank (DSHB) 

Cat #MNCD2 

Mouse monoclonal IgGM anti-HNK1 Developmental 
Studies Hybridoma 
Bank (DSHB) 

Cat #3H5 

Mouse monoclonal IgG1 anti-ISLET1 Developmental 
Studies Hybridoma 
Bank (DSHB) 

Cat #40.2D6 

Rabbit Polyclonal IgG anti-SOX10 Sigma-Aldrich Cat #HPA068898 
Mouse monoclonal IgG1 anti-AP2β Santa Cruz 

Biotechnology 
Cat #sc-390119 

Mouse monoclonal IgG2a anti-TUJ1 BioLegend Cat #801201 
Mouse monoclonal IgG2a anti-HuC/D Invitrogen Cat# A21271 
Mouse monoclonal IgG2a anti-CDH1 BD Bioscince Cat #610181 
   
Experimental Model   
Fertilized chicken eggs, Gallus gallus, breed: 
Rhode Island Red 

Petaluma Egg Farm, 
Petaluma, CA 

N/A 
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Oligonucleotides   
Morpholino: Control MO 
CCTCTTACCTCAGTTACAATTTATA 

Gene Tool, LLC, 
This Paper 

N/A 

Morpholino: Tlx3 MO 
CGCAGCCCCGCGCCCGCTATAAA 

Gene Tool, LLC, 
This Paper 

N/A 

CRISPR/Cas9 gRNA Target: Control 
GCACTGCTACGATCTACACC 

(Gandhi et al., 2021) N/A 

CRISPR/Cas9 gRNA Target: TLX3.2 
TTCGTCAAGGAGCGCTTCAC 

CHOPCHOP,  
This paper 

N/A 

CRISPR/Cas9 gRNA Target: TLX3.3 
ATGCGCCGCGTCACCGTGAA 

CHOPCHOP,  
This paper 

N/A 

Primer: NheI TLX3 FWD: 
AAAAAGCTAGCGCCACCATGGAGCCGGC
GGCGGGCGC 

IDT, This paper N/A 

Primer: TLX3_FLAGtag PacI REV: 
AACGTTAATTAACTACTTGTCGTCATCGTC
TTTGTAGTCGCCGGAGCCGACGAGGGAGG
TGACCGGCG 

IDT, This paper N/A 

Primer: NheI PacI MCS_IRES_nlseGFP FWD: 
AAAAGCTAGCAGGATTAATTAACTCGAGG
TCGATCGACGGTA 

IDT, This paper N/A 

Primer: eGFP FseI REV: 
AAAGGCCGGCCTTACTTGTACAGCTCGTC
CATGC 

IDT, This paper N/A 

Tlx3 mRNA ISH Probe 
GCTGACGCCCTTCACGGTGACGCGGCGCA
TCGGACACCCGTACCAGAACCGCACCCCG
CCGAAGCGCAAGAAGCCGCGCACGTCCTT
CTCCCGCGTGCAGATCTGCGAGCTGGAGA
AGCGCTTCCACCGGCAGAAGTACCTCGCG
TCGGCCGAGCGCGCGGCCCTGGCCAAGTC
GCTGAAGATGACGGACGCGCAGGTGAAG
ACGTGGTTCCAGAACCGGCGCACGAAGTG
GCGGCGGCAGACGGCGGAGGAGCGGGAG
GCCGAGCGGCAGCAGGCGAGCCGGCTGA
TGCTGCAGCTGCAGCACGACGCCTTCCAG
AAGTCGCTCAACGAGTCGATCCAGCCCGA
CCCGCTGTGTCTGCACAACTCGTCGCTGTT
CGCGCTGCAGAACCTGCAGCCCTGGGAGG
AGGAGAGCGCCAAGATCCCGCCGGTCAC
CTCCCTCGTCTGA 

(Logan et al., 1998) N/A 
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Recombinant DNA   
Plasmid: pTK-SOX10-enh-99::Citrine (Williams et al., 

2019) 
Addgene plasmid 
#130588 

Plasmid: pTK-SOX10E99::TLX3-FLAG-IRES-
nls-eGFP 

This paper N/A 

Plasmid: pTK-SOX10E99::IRES-nls-eGFP This paper N/A 
Plasmid: pCAG::Cas9-2a-Citrine-HH-
ControlgRNA-HDV 

(Gandhi et al., 2021) N/A 

Plasmid: pCAG::Cas9-2a-Citrine-HH-
TLX3.2gRNA-HDV 

This paper N/A 

Plasmid: pCAG::Cas9-2a-Citrine-HH-
TLX3.3gRNA-HDV 

This paper N/A 

   
Software and Algorithms   
Benchling  https://benchling.com

/  
Fiji v1.53c (Schindelin et al., 

2012) 
https://imagej.net/Fiji 

CHOPCHOP (Labun et al., 2019; 
Labun et al., 2021) 

https://chopchop.cbu.
uib.no 

Custom measurement macros for Fiji  This paper N/A 
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Fig S3.1. Tlx3 expression persists within the trigeminal ganglion at later developmental stages. A-B. 
Representative images of chromogenic whole mount in situ hybridization for Tlx3 in stage HH20 (A) and HH22 
(B) chick embryos. Dashed lines in A and B (labeled B’ and C’, respectively) indicate cross section shown in Fig 
1B’ and 1C’. 

Fig S3.2. TLX3 is expressed in cranial neural crest cells within the developing ganglion. A’-C’. Representative 
transverse sections of immunolabeled for SOX10 (yellow) and TLX3 (cyan) at stage HH16 (D), HH20 (Sup 
Fig.1A), and HH22 (Sup Fig. 1B) in stage-matched embryos. Immunolabeling for SOX10 (yellow) and TLX3 
(cyan) reveals TLX3 expression in a subset of SOX10+ neural crest cells, revealing overlapping domains of 
expression (filled arrows). Scale bars represent 200 μm. 
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Fig S3.3. Tlx3 is expressed in a subset of DiI-labeled cranial neural crest cells. A-C. HCR reveals expression of 
Tlx3 (green) transcripts in additional cells that also express Sox10 (blue) transcripts and are DiI-labeled (magenta). 
Scale bars represent 10 μm.
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Fig S3.4. Premature neuronal expression is not evident in the absence of Tlx3 expression. A-B. Representative 
transverse sections of unilaterally electroporated control (IRES-nls-eGFP) embryos and immunolabeled for 
SOX10 or ISLET1 (magenta), eGFP (green), and HuC/D (blue) expression (n=8). Immunolabeling on these 
sections reveals lack of HuC/D+ neural crest cells at stage HH13. A’-B’. Dashed boxes in A-B indicate zoomed in 
areas in A’-B’. Merged and Individual channel for SOX10 (A’)/ISLET1 (B’) (magenta), eGFP (green), and HuC/D 
(blue). Scales bars represent 200 μm.
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Fig S3.5. Perturbation of Tlx3 by MO at early stages does not alter migration. A. Schematic representing the ex 
ovo experimental design to test the effects of perturbing Tlx3. Control (red) and experimental (blue) reagents were 
delivered bilaterally into HH4 chick embryos. B-C. Gastrulating HH4 chick embryos were bilaterally 
electroporated with control MO on the left side and Tlx3 MO on the right side. B-C. Embryos were immunolabeled 
to display PAX7 (magenta) expression at stage HH9-10. Immunohistochemistry for PAX7 (magenta) reveals no 
effects at pre-migratory or early migratory neural crest at HH9-10 (Pre-migratory stage - HH9, n=6; Migratory 
stage - HH10, n=5). Scale bars represent 200 μm.
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Fig S3.6. Perturbation of Tlx3 disrupts its expression during/in trigeminal ganglion development. A-D’. 
Gastrulating HH4 chick embryos were unilaterally electroporated with either Tlx3 MO or Tlx3 specific gRNA-
CRISPR/Cas9 constructs on the right side of the embryo (Tlx3 MO, n=10; Tlx3 gRNA-CRISPR/Cas9, n=10). A-
D’. Immunohistochemistry for SOX10 (red) and TLX3 (cyan) reveal the effects on the global loss of TLX3 via 
MO or CRISPR/Ca9-mediated approach at HH16. A-A’ & C-C’. Immunohistochemistry for SOX10 (red) and 
TLX3 (cyan) reveal the expression of these two proteins on the contralateral control side of the embryo. Scales 
bars represent 200 μm.
 
 

Fig S3.7. Perturbation of Tlx3 disrupts the expression of proneural genes. A-D’. Gastrulating HH4 chick embryos 
were unilaterally electroporated with Tlx3 specific gRNA-CRISPR/Cas9 constructs on the right side of the embryo 
(Tlx3 gRNA-CRISPR/Cas9; experimental reagents). A-B’. Experimental reagents were delivered unilaterally into 
HH8+ (5 somites) chick embryos, in order to perturb Tlx3 by specifically targeting neural crest cells (n=5). 
Immunolabeling of NEUROG2 (A-A’) (white) or NEUROD1 (B-B’) (white) reveals the effects of loss of Tlx3 in 
neural crest cells at HH16. C-D'. Experimental reagents were delivered unilaterally into the ectoderm of HH12 (15 
somites) chick embryos (n=6). Immunohistochemistry for NEUROG2 (C-C’) (white) or NEUROD1 (D-D’) 
(white) reveals the effects of loss of Tlx3, specifically in placode cells at HH16. Immunohistochemistry for 
NEUROG2 (A & C) (white) or NEUROD1 (B & D) (white) reveal the expression of these two proteins on the 
contralateral control side of the embryo. Scales bars represent 200 μm.
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Chapter 4 

Cxcl14 mediates proper trigeminal ganglion formation 

A modified version of this chapter is currently in preparation as: 
 
Urrutia, H.A.*, Gao, J.*, Bronner, M.E. (2025). Placode-derived orphan chemokine 

CXCL14 interacts with CXCR4 to mediate proper trigeminal ganglion formation. In 

preparation. 
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4.1  Introduction  

 

Chemokines are small, secreted ligands known for their roles in regulating cell 

migration in the immune response,  cancer and embryogenesis (Kasemeier-Kulesa et 

al., 2010; Kucia et al., 2004; Olesnicky Killian et al., 2009). For example, the 

directional migration of both cranial and cardiac neural crest during development is 

influenced by Cxcl12, also known Stromal cell derived factor (Sdf1), present in the 

branchial arches (Escot et al., 2013; Olesnicky Killian et al., 2009). CXCR4 is a 

receptor for CXCL12 that is expressed in the neural folds as well as on migrating 

neural crest cells.  Initially, it was thought that CXCL12 and CXCR4 form an exclusive 

pair, but it was subsequently found that CXCL12 also may bind to CXCR7 

(Balabanian et al., 2005; Bleul et al., 1996; Boldajipour et al., 2008; Chen et al., 2015; 

Halasy et al., 2023; Levoye et al., 2009; Memi et al., 2013). During germ cell 

migration, CXCL12 signals through CXCR4, while CXCR7 functions as a “decoy” 

receptor, sequestering the ligand and potentially generating a CXCL12 gradient that 

directs migrating germ cells (Boldajipour et al., 2008). 

 

Beyond their role in forming the skeletal elements in the ventral portion of the 

face, cranial neural crest cells also contribute to cranial sensory ganglia, the largest of 

which is the trigeminal ganglion. In vertebrates, the trigeminal ganglion, the largest of 

all cranial sensory ganglia, is comprised of two distinct cell populations: neural crest 

and ectodermal placodal cells, with neurons arising from both populations (D’Amico-

Martel and Noden, 1983). The formation of ganglia from neural crest and placodal 

populations follows several discrete steps and interactions between these two 

embryonic cell types is essential for proper gangliogenesis. Several cell-cell and cell-

matrix interactions have been implicated as molecular mediators for the condensation 

of the trigeminal ganglion (Halmi et al., 2024, 2022; Shah and Taneyhill, 2015; Shiau 

et al., 2008; Shiau and Bronner-Fraser, 2009; Wu and Taneyhill, 2019). Yet while these 

previous studies have provided novel insights into cranial ganglion formation, the 

underlying molecular mechanisms mediating neural crest–placodal aggregation and 

condensation remains largely unexplored.  
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The trigeminal ganglion arises lateral to the neural tube via critical interactions 

between ectodermal placodal and cranial neural crest derived cells. Chemokine 

signaling is thought to play a role in this process. For example, in zebrafish, CXCR4-

CXCL12 interactions has been implicated in migration to the branchial arches as well 

as proper positioning of the trigeminal sensory ganglion (Knaut et al., 2003; Olesnicky 

Killian et al., 2009). In Xenopus, neural crest cells expressing CXCR4 are attracted 

toward the cranial placodes which express the ligand, CXCL12 (Theveneau et al., 

2013, 2010). This interaction activates Rac1 signaling in neural crest cells at the front 

of the collectively migrating group, which are repelled upon contact. Together, this 

creates a coordinated migratory pattern between neural crest and placode cells, termed 

“chase and run.” However, in chick embryos, CXCL12 is expressed in the ectoderm 

of the branchial arches, which is quite distant from the site of trigeminal ganglion 

formation. This raises the intriguing possibility that in addition to CXCL12, other 

factors, including unidentified chemokines, may also play a role in trigeminal ganglion 

formation. 

 

In contrast to extensive information about CXCL12, little is known about the 

expression or function of CXCL14 during embryonic development. CXCL14 is a 

novel orphan chemokine with known roles in immune cell migration and anti-

microbial effects (Dai et al., 2015; Lu et al., 2016; Westrich et al., 2020). Its expression 

has been noted in several epithelial tissue and its loss correlates with malignancy 

(Giacobbi et al., 2024; Gordon et al., 2011; Sjöberg et al., 2016; Westrich et al., 2020, 

2019). While CXCL14 has been suggested to interact with CXCR4, CXCR7, LRP1, 

or CXCL12, supporting evidence remains contradictory (Atanes et al., 2019; Collins 

et al., 2017; Miyajima et al., 2024; Sand et al., 2015). CXCL14 has been proposed to 

signal via the MAPK/Erk1/2 pathway (Waldemer-Streyer et al., 2017), potentially 

influencing the cell cycle and epithelial-to-mesenchymal transition (EMT). 

 

Here we explore the role of Cxcl14 in forming trigeminal ganglion of the chick 

embryo. In screening for genes whose onset of expression correlates with the timing 
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of ganglion condensation in the chick embryo, we noted that Cxcl14 is expressed at 

the onset of aggregation, as neural crest and placode cells are extensively interacting.  

Intriguingly, Cxcl14 expression was largely restricted to ectodermal cells including 

the placodal precursors and migrating placode cells. In contrast, Cxcr4 was 

exclusively expressed by neural crest cells, whereas its proposed ligand, Cxcl12, was 

expressed in the branchial arches, some distance away from the forming ganglion 

primordium. Importantly, loss of Cxcl14, including specifically in placode cells, 

disrupted ganglion formation, leading to abnormal gangliogenesis and defective 

axonal projection.  Taken together, we propose that CXCL14, produced by placodal 

cells, may bind to the receptor CXCR4 on cranial neural crest cells to properly pattern 

the forming trigeminal ganglion. This work not only potentially identifies a receptor-

ligand interaction between CXCL14 and CXCR4 but also demonstrate a unique role 

for this interaction in trigeminal neurogenesis. 

 

4.2  Results   

 

4.2.1 Cxcl14 is expressed by trigeminal placode cells during interactions with 

cranial neural crest cells that express Cxcr4  

 

To better understand potential receptor-ligand interactions during cranial 

neural crest migration and onset of ganglion formation in the chick embryo, we 

examined the gene expression patterns of receptors Cxcr4 and Cxcr7 relative to 

chemokines Cxcl12 and Cxcl14 using in situ Hybridization Chain Reaction (HCR) 

(Choi et al., 2018). Cranial neural crest cells undergo EMT to delaminate from the 

neural tube at Hamburger and Hamilton stage (HH) 9, subsequently emigrating away. 

At HH9, Cxcr4 expression is evident in pre-migratory neural crest cells and persists 

in migratory cranial neural crest cells from HH10-HH13 (Fig. 4.1A-C).  

 

As neural crest cells emigrate from the neural tube, Cxcl14 is expressed in the 

dorsal neural tube, in a non-overlapping pattern with Cxcr4. Indeed, at HH9-10, 
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Cxcl14 is confined to the neural tube just caudal to the emigrating neural crest domain 

(Fig. 4.1A’ and 1B’, arrowheads). By HH13, Cxcl14 expression shifts and becomes 

evident on what appeared to be ingressing placodal cells that are intermingled with 

Cxcr4 expressing neural crest cells (Fig. 4.1C-C’). Additionally, Cxcl14 expression 

remains evident in the distal regions of the developing trigeminal ganglion at HH16. 

This is consistent with the final location of placode-derived neurons identified in 

previous studies (Fig. 4.1D-D’) (Begbie and Graham, 2001; D’Amico-Martel and 

Noden, 1983; Noden, 1978; Shiau et al., 2008). 

 

In contrast to Cxcr4, Cxcr7 was not expressed in pre-migratory or migratory 

neural crest cells (Fig. S4.1A) or in the condensing trigeminal ganglion anlage (Fig. 

S4.1B-C). Instead, Cxcr7 was highly expressed in the frontonasal process, where its 

expression overlapped with Cxcl12 (Fig. S4.1B-C). Interestingly, Cxcl12 expression 

did not overlap with that of Cxcr4 in the cranial region; rather it was predominantly 

expressed in the frontonasal process, quite a distant from Cxcr4- expressing cranial 

neural crest cells (compare Fig. 4.1C-D & Fig. S4.1B-C). This expression pattern in 

the cranial neural crest is in stark contrast to the cardiac region, where Cxcl12 

expression is immediately adjacent to and in front of the migrating cardiac neural crest 

cell front at HH13 and persists adjacent to the cardiac neural crest stream within the 

caudal branchial arches (compare Fig. 4.1C & Fig. S4.1B).  
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 To determine the cell type that expresses Cxcl14 at high resolution, we 

performed ex ovo electroporations, labeling the ectoderm and presumptive placode 

cells with an ectodermal enhancer, and looked for co-expression of Cxcl14 transcripts. 

Transverse sections through HH13 embryos revealed Cxcl14 transcripts in 

presumptive placode cells adjacent to SOX10+ expressing neural crest cells (Fig. 4.2A 

& 4.2A’, arrowheads). These results revealed that Cxcl14 expressing cells 

predominantly originate from the placodal population, as co-expression of membrane-

Fig. 4.1. Cxcl14 is expressed in placodal cells and within the trigeminal ganglion. A-
D. Representative images of chromogenic whole mount Hybridization chain reaction 
(HCR) in situ hybridization for Cxcr4 (red) and Cxcl14 (cyan) in stage HH9(A), HH10 
(B), HH13 (C), HH16 (D) chick embryos. Dashed box in A-D indicates zoomed area 
in ’A′-D’. (inset). HCR for Cxcr4 (red) and Cxcl14 (cyan) reveals expression of Cxcl14 
in subset of cells, nonoverlapping domains of expression are labeled with filled 
arrowhead.  
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bound eGFP and Cxcl14 was most prevalent following electroporation (Fig. 4.2A’-D’, 

arrowheads). 

 

 

 Taken together, these results suggest a possible interaction between Cxcr4 and 

Cxcl14 in the developing trigeminal ganglion. Interestingly, Cxcl12 expression 

correlates with the presence of Cxcr7 expression in the cranial region. Thus, in contrast 

to Xenopus embryos in which the Cxcl12 has been shown to mediate interactions 

between cranial neural crest and placode cells, we find that Cxcl12 is not expressed at 

the right place and time to account for this function in trigeminal ganglion formation 

in the developing chick embryo. 

 

Fig. 4.2. Expression of Cxcl14 is enriched in a subset of ectodermal placodal cells A. Representative image 
of a transverse section at HH13. Hybridization chain reaction (HCR) reveals expression of Cxcl14 (red) 
transcripts localizing with cells that are also eGFP-labeled with an ectodermal enhancer (cyan). 
Immunolabeling for SOX10 (yellow) reveal neural crest cells expressing SOX10. A’-D’. Dashed box in A 
indicates zoomed area in A’-D’. Scale bars represent 50μm (A), NT, neural tube. 
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4.2.2 Loss of Cxcl14 disrupts trigeminal ganglion formation 

 

 Next, we examined the effects of Cxcl14 perturbation using CRISPR/Cas9-

mediated knockouts. To achieve this, we utilized our single-CRISPR/Cas9 construct 

(Gandhi et al., 2021) to deplete Cxcl14 in the developing chick embryo. Guide RNAs 

(gRNAs) targeting the coding sequence of Cxcl14 were electroporated unilaterally 

into HH4 embryos, enabling for a global Cxcl14 knockout (Fig. 4.3A). Following 

electroporation, treated embryos were allowed to develop to HH16, a stage 

when placode-derived neurons have extended axons, but neural crest-derived 

cells have yet to differentiate (Begbie et al., 2002; D’Amico-Martel and Noden, 1980; 

Moody et al., 1989; Shiau et al., 2008). To assess trigeminal ganglion formation, we 

performed immunolabeling using SOX10 to identify neural crest cells and TUJ1 to 

label placode-derived neurons and axonal processes.  

  

Examination of the experimental (knockout) side of the embryo revealed 

defects in ganglion formation when compared to the control contralateral side of the 

same embryo. Specifically, neural crest-derived cells in both the ophthalmic and 

maxillomandibular lobes appeared more broadly dispersed following loss of Cxcl14 

(Fig. 4.3C-C’’). Additionally, placode-derived neuronal processes appeared somewhat 

misdirected and less bundled when compared to the contralateral control side 

(Compare Fig. 4.3B-B’’ & 4.3C-C’’). To quantify these effects, we analyzed the degree 

of dispersion of SOX10-expressing neural crest-derived cells and TUJ1-expressing 

placods-derived neurons. The results revealed a significant increase in the dispersion 

and total area occupied by both neural crest- and placode-derived cells (Fig. 4.3D-E), 

affecting the ganglion as whole. Interestingly, when evaluating this effect in different 

ganglionic lobes, the ophthalmic lobe exhibited a more severe phenotype than the 

maxillomandibular lobe (Fig. 4.3C-C’’). 
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We next examined the effects of perturbing Cxcl14 specifically in the placodal 

population. To specifically knock out Cxcl14 in the ectoderm, which normally 

expresses this chemokine, we electroporated in ovo the ectoderm with our single-

CRISPR/Cas9 construct at HH11 (Fig. 4.3F). The results revealed increased 

dispersion of neural crest-derived cells in the maxillomandibular lobe but not in the 

ophthalmic lobe of the trigeminal ganglion (compare Fig. 4.3G-G’’ and Fig. 4.3H-

H’’). Similarly, placode-derived cells occupied a reduced area, but only in 

the maxillomandibular lobe. Given that it takes several hours after electroporation to 

generate the Cas9 protein, this is consistent with the developmental timing of 

the trigeminal ganglion, as the ophthalmic lobe forms earlier than 

the maxillomandibular lobe. In addition to increased dispersion, we also noted 

abnormal extensions of neural crest cells away from the main body of the ganglion. In 

contrast to the neural crest component, the placode-derived cells appear relatively 

normal with no increase in dispersion (Fig. 4.3I-J). As a secondary approach, we 

performed in ovo electroporations to achieve Morpholino-mediated knockdown of 

Cxcl14. The results were morphologically similar to those obtained with the CRISPR 

construct, albeit not as penetrant (compare Fig. 4.3H-H’’ and Fig. 4.3I-I’’). 

Collectively, these results show that loss of Cxcl14 impacts the condensation and 

proper formation of the trigeminal ganglion.  

 

 Taken together, our results reveal a new in vivo developmental role for Cxcl14 

during trigeminal ganglion development. 

Fig. 4.3. Perturbation of Cxcl14 disrupts trigeminal ganglion development. A. Schematic diagram illustrating the 
ex ovo electroporation to test the effects of perturbing Cxcl14. Experimental (blue) reagents were delivered 
unilaterally into gastrulating HH4 chick embryos. B-C’’. Cxcl14 specific gRNA-CRISPR/Cas9 construct was 
unilaterally electroporated on the right side of the embryo. B-C’’. Immunohistochemistry for SOX10 (magenta) 
and TUJ1 (green) reveals the effects of global loss of Cxcl14 via CRISPR/Ca9-mediated approach at HH16. D-E. 
Quantitation of relative trigeminal ganglion size normalized to contralateral control. Ratios represent normalized 
experimental area divided by contralateral control area. Each point represents an individual embryo and the p-
value was determined by two-tailed, paired t-test. F. Schematic illustrating the in ovo experimental design to 
perturb Cxcl14, specifically targeting placode cells. Experimental (red) reagents were delivered unilaterally into 
the ectoderm of HH11 (13 somites) chick embryos. G-I’’. Either a Cxcl14 MO or Cxcl14 specific gRNA-
CRISPR/Cas9 construct were introduced onto the right side of the embryo. Immunolabeling of SOX10 (magenta) 
and TUJ1 (green) reveals the effects of loss of Cxcl14 in within the trigeminal ganglion, specifically in placode 
cells at HH16. Scale bars represent 200 μm. 
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4.3 Discussion 

 

 In our search for signaling factors involved in trigeminal ganglion formation, 

we found that the orphan chemokine Cxcl14 is expressed by ectodermal placode 

cells precisely as the trigeminal ganglion begins to condense via interactions 

with neural crest cells. Moreover, loss of Cxcl14, either globally or specifically in the 

ectoderm, causes abnormalities in trigeminal ganglion formation. Surprisingly, these 

results contradict the existing model, which suggests that interactions between Cxcr4 

and Cxcl12 drive neural crest and ectodermal placodal interactions. This model, 

originally based on Xenopus studies, proposes that Cxcr4-Cxcl12 interactions create 

a "chase and run" mechanism between neural crest and placode cells, 

facilitating neural crest migration throughout the embryonic head (Theveneau et al., 

2013, 2010). In the chick embryo, we find that this scenario fits well with the migration 

pattern of cardiac neural crest cells in the neck region of the embryo.  These cells 

interact with epibranchial placode cells as they migrate to the heart (Halasy et al., 

2023; Kuratani and Tanaka, 1990; Tani-Matsuhana et al., 2023). Our expression 

analysis suggests a close interaction between neural crest cells expressing Cxcr4 and 

epibranchial placode cells expressing Cxcl12, leading to migration into the heart.  

Consistent with this, chick Cxcl12 is critical for guiding cardiac neural crest cells to 

the heart (Gandhi et al., 2020; Tani-Matsuhana et al., 2023). In contrast, our study 

finds no evidence of Cxcl12 expression near cranial neural crest cells migrating 

toward the trigeminal ganglion. Instead, Cxcl12 is expressed in the ectoderm of 

branchial arches 1 and 2, near cells expressing Cxcr7. Conversely, Cxcl14 expression 

in chick placode cells at HH13 correlates strongly with Cxcr4 expression in migrating 

cranial neural crest cells. On this basis, we hypothesize that an interaction between 

Cxcr4 expressing neural crest cells and Cxcl14 expressing placode cells is critical for 

proper condensation of the trigeminal ganglion. Consistent with this, our results show 

that loss of Cxcl14 disrupts ganglion formation, with the most severe effects on the 

neural crest-derived component of the ganglion.  

 



109 

 While our findings highlight an important role for chemokine signaling in 

trigeminal ganglion formation, other pathways have also been shown to be critical for 

gangliogenesis. For example, Robo2 on placodal cells and Slit1 on neural crest cells 

are known to mediate trigeminal placode-neural crest interactions (Shiau et al., 2008; 

Shiau and Bronner-Fraser, 2009). In addition, previous studies have demonstrated that 

trigeminal ganglion formation are mediated, in part, by cadherin-based adhesions. 

Notably, Cadherin-7 and N-Cadherin are expressed in neural crest and placode cells, 

respectively, during formation of the chick trigeminal ganglia (Halmi et al., 2022; 

Hatta et al., 1987; Nakagawa and Takeichi, 1995; Shiau and Bronner-Fraser, 2009; Wu 

and Taneyhill, 2019). Overall, the interactions between Cadherin-7, expressed in 

neural crest cells, and N-Cadherin, present in placodal neurons, is required for 

coalescing of neural crest and placodal neurons during trigeminal ganglion formation 

(Wu et al., 2014; Wu and Taneyhill, 2019). 

 

 In summary, this present study demonstrates that the orphan chemokine Cxcl14 

is expressed in placode-derived cells during prior to ingression and at the onset of 

aggregation, allowing for the extensive interactions during formation of the trigeminal 

ganglion of the chick embryo. In contrast, Cxcr4 was exclusively expressed by neural 

crest cells, whereas its proposed ligand Cxcl12 was expressed in the branchial arches, 

some distance away from the forming ganglion primordium. Additionally, CRISPR-

Cas9 mediated knockout of Cxcl14, specifically in the placodal cells, results in loss of 

the maxillary mandibular lobe and reduction in the ophthalmic lobe of the trigeminal 

ganglion. Taken together, we speculate that Cxcl14, made by placodal cells, may 

facilitate interactions with migratory cranial neural crest at the onset of condensation 

of the trigeminal ganglion, in turn driving the proper gangliogenesis.  
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4.4 Materials and methods 

 

4.4.1 Chicken embryos 

 

 Fertilized chicken embryos (Gallus gallus) were obtained from local 

commercial sources (Petaluma Egg Farm, Petaluma, CA) and incubated at 37°C in 

humidified incubators to the desired stages. Embryos were staged by Hamburger-

Hamilton (HH) (Hamburger and Hamilton, 1951) staging method as indicated.  

 

4.4.2 Construct design, cloning, and morpholinos 

 

DNA constructs were produced by PCR reactions using AccuPrime high-

fidelity DNA Taq polymerase (ThermoFisher) followed by standard purification 

(Qiagen), restriction enzyme digestion, and ligation (NEB). Full-length sequence of 

the ectodermal enhancer, LNFG, was amplified from a previous construct and inserted 

into the pTK backbone, upstream of a Memb-bound eGFP. All constructs produced in 

this study were later verified by Sanger sequencing (Laragen) and full plasmid 

sequencing (Primordium) prior to usage. Constructs for all experiments were used at 

a final concentration of 2.5 μg/μl, diluted in EB buffer. All translation-blocking 

morpholino oligomer (MO) were synthesized by Gene Tools, LLC. Standard control 

oligomer from Gene Tools, LLC (control MO) and Cxcl14 MO were diluted with 

water and used at a final dose of 2.5 μM. To enable visualization of the injection 

solution, 0.5 μl of 2% red/blue food dye was added per 10 μl injection mix. 

 

4.4.3 CRISPR/Cas9-mediated perturbations 

 

 Guide RNA (gRNA) targets for Cxcl14 were generated and obtained using the 

CHOPCHOP tool (Labun et al., 2019, 2021). One gRNA targeting the coding 

sequence of Cxcl14 was generated and the protospacer were cloned into the single-

CRISPR/Cas9 construct, according to the protocol published by Gandhi et al. (2021). 
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The final vector was later verified by Sanger sequencing (Laragen) prior to usage. All 

single CRISPR/Cas9 construct used for all experiments were used at final 

concentration of 2.5 μg/μl, diluted in EB buffer. To enable visualization of the injection 

solution, 0.5 μl of 2% red/blue food dye was added per 10 μl injection mix. 

 

4.4.4 Electroporations 

 

 For ex ovo experiments, embryos were incubated 19–20 h to obtain stage HH4, 

whereas for in ovo experiments, embryos were either incubated 33 h to obtain stages 

HH11. Ex ovo electroporations were performed as previously described (Sauka-

Spengler and Barembaum, 2008) by passing five 5.8 V pulses for 50 ms at 100 ms 

intervals. Embryos were then cultured in 1 ml albumin supplemented with 1% 

penicillin/streptomycin (PenStrep) at 37.5◦C. The following day, embryos were 

screened for transfection efficiency (high fluorescence intensity), and unhealthy 

and/or poorly transfected embryos were discarded. For in ovo experiments, all 

constructs were introduced at stages HH11 Platinum electrodes were placed vertically 

or horizontally across the chick embryo delivering five 13 V pulses for 50 ms at 100 

ms intervals as previously described (Shiau et al., 2008). Incubation was then 

continued for ~18–24 h to reach stages HH13-14 or ~28–36 h to reach stages HH15-

16. 

 

4.4.5 Cyosectioning  

 

Whole-mount embryos were fixed in 4% paraformaldehyde (PFA) overnight 

at 4◦C, followed by three washes in 1 ×PBS at room temperature. Embryos were then 

washed in 5% sucrose in PBS at room temperature for 1 h and then stored in 15% 

sucrose in PBS overnight at 4◦C. Embryos were subsequently incubated in 7.5% 

gelatin for 4–16 h at 39◦C, then flash-frozen in liquid nitrogen and stored at− 80◦C. 

Transverse frozen sections were taken and allowed to dry overnight at room 
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temperature. Gelatin was removed by incubating slides in PBS at 42◦C for 10 min, 

and coverslips were mounted with Fluoromount-G (SouthernBiotech). 

 

4.4.6 Hybridization chain reaction 

 

Hybridization chain reaction (HCR) v3 was performed using the protocol 

suggested by Molecular Technologies (Choi et al., 2018) with minor modifications. 

Briefly, embryos were fixed in 4% PFA overnight at 4◦C, washed in PBSTw, 

dehydrated, and stored in 100% methanol overnight at− 20◦C. The following day, 

embryos were rehydrated and processed for cryosectioning. Following sectioning, 

slides were treated with proteinase-K for 10 min, and incubated with 12 pmol of 

Cxcl14 probe (B9 initiator) dissolved in hybridization buffer overnight at 37◦C. The 

subsequent day, following several washes in hybridization probe wash buffer and 

0.1% 5x–SSC–Tween, embryos were incubated in 30 pmol of amplifier hairpins H1 

and H2 labeled with Alexa647 diluted in amplification buffer at room temperature 

overnight. The following day, embryos were washed in 0.1% 5x–SSC–Tween and 

imaged. All probes were designed and ordered through Molecular Technologies. 

Embryos were processed for cryosectioning at 16 μm and subsequently imaged. 

 

4.4.7 Immunohistochemistry 

 

Embryos were fixed in 4% PFA in sodium phosphate buffer for 20 min at room 

temperature, washed in 0.5 M Tris-HCl/1.5 M NaCl/10 mM CaCl2/0.5% Triton X-

100 in TBS (TBSTr), blocked in 10% donkey serum in TBSTr for 2 h at room 

temperature, and incubated in primary antibody solution at 4°C for two nights. On the 

third day, embryos were washed in TBSTr (30 min per wash, six washes) and 

incubated in secondary antibody solution for two nights at 4◦C. Following the 

secondary antibody incubation, embryos were washed in TBSTr (30 min per wash, six 

washes) and processed for imaging and then for cryosectioning. The following 

primary antibodies and concentrations were used: Goat anti-GFP (1:500; Rockland, 
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Cat# 600-101-215); Rabbit anit-Sox10 (1:500, Sigma-Aldrich, Cat# HPA068898); 

Primary antibodies were detected by Alexa Fluor 488-, 568-, or 647-conjugated 

donkey secondary antibodies (1:500; Molecular Probes). For transverse sectioning, 

immunolabeled embryos were sectioned at a thickness of 12 μm. 

 

4.4.8 Microscopy 

 

Whole-mount and transverse section images were acquired at room 

temperature using a Zeiss Imager.M2 with an ApoTome.2 module, Axiocam 506 color 

and monochromatic cameras, and Zen 2 Blue software (ZEISS). Transverse section 

imaging was also preformed using a Zeiss LSM 900 with an inverted microscope. 

Whole-mount images were acquired as wide-field views or displayed as a maximum 

intensity projection of Z-stacks, with a Plan Apochromat 10 x objective/0.45 NA 

(ZEISS), and embryos were imaged in 1X TBSTr. Transverse sections were acquired 

as a single optical plane or maximum intensity projections of Z-stacks, using a Plan 

Apochromat 40 x objective/1.3 NA (ZEISS), and were imaged in Fluoromount-G 

(SouthernBiotech). Images were pseudocolored and minimally processed for 

brightness and contrast using Fiji (Schindelin et al., 2012). Image analysis and display 

preparation were performed using Fiji (Schindelin et al., 2012). 

 

4.4.9 Image and statistical analysis  

 

Images were analyzed and prepared for displaying using Fiji (Schindelin et al., 2012). 

For each whole-mount image, neural crest migration area was determined by manually 

drawing regions of interest (ROIs) surrounding the neural crest along a 400 μm length 

of the midbrain and measuring the area. This analysis approach has been used 

routinely to identify changes in migration area (Hutchins and Bronner, 2018, 2019; 

Piacentino and Bronner, 2018; Piacentino et al., 2021; Schiffmacher et al., 2018). 

Measurements were made for both sides at the same axial level, and then the 

electroporated experimental length was divided by the electroporated control length 
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to calculate the relative maximum migration distance. Knockdown electroporations of 

chick embryos are heterogeneous and mosaic; as such, we performed analysis over 

large ROIs that encompass many cells within the trigeminal ganglion. For this analysis 

approach, ROIs were manually drawn to measure fluorescence intensity, size area, and 

to define boundaries for multiple-cell fluorescence intensity measurements. 

Fluorescence measurements, corrected total cellular fluorescence, values were 

calculated and normalized as previously described (Piacentino and Bronner, 2018). 

 

Statistical analyses were performed using GraphPad Prism9. P-values are indicated in 

the text, and a cutoff of P <0.05 was used to determine significance. All datasets were 

tested for normal distribution with a Kolmogorov–Smirnov test. Normalized 

distributed data were analyzed with parametric tests (t-test or one-way ANOVA). The 

specific tests used are reported in in the corresponding figure legends. All analyses 

show pooled biological replicates from at least three independent experiments. Data 

are presented as mean values, with error bars indicating SEM. 
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4.9 Supplementary Figures 

 

  

Fig S4.1. Expression patterns of Cxcr7 and Cxcl12 across a range of developmental stages from HH9 to HH16. A-
C. Representative images of whole mount HCR in situ hybridization for Cxcr7, Cxcl12, and Cxcl14 at stages HH9 
(A), HH13 (B) and HH15 (C) chick embryos.  
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Chapter 5 

Conclusion 

The experimental studies presented in this thesis provide further insights into 

the cellular mechanisms underlying the assembly and condensation of neural crest and 

placodal cells into distinct cranial sensory ganglia. The results demonstrate that, from 

ingression of placodal cells to the formation a properly condensed ganglion, these two 

cell populations are highly interdependent, engaging in extensive interactions in vivo 

that culminate in proper trigeminal gangliogenesis. 

 

To determine the transcriptional changes that govern trigeminal 

gangliogenesis, we screened for genes whose expression coincides with the onset of 

ganglion condensation in the developing chick embryo. We were able to draw clearer 

conclusions regarding the roles and interactions required during these critical 

developmental stages. Previous studies have shown that ablating either cell population 

results in significant defects and abnormal trigeminal ganglion development (Shiau et 

al., 2008). Specifically, embryos lacking placodal cells exhibit smaller or dispersed 

ganglia, whereas the absence of neural crest cells leads to ganglia that fail to properly 

connect to the hindbrain and do not integrate into a bi-lobed structure (Shiau et al., 

2008). These findings emphasize the necessity of interactions between these two 

distinct cell populations and suggest that bi-directional neural crest–placode signaling 

plays a crucial role in mediating ganglion formation. 

 

As a potential downstream mechanism, the role of the proneural transcription 

factor Tlx3 was tested during trigeminal gangliogenesis. Tlx3 has been implicated in 

the differentiation and fate specification of excitatory sensory neurons in both the 

central and peripheral nervous systems. Previous studies have identified Tlx3 as a post-

mitotic selector gene essential for specifying excitatory sensory neuronal identity. In 

the chick peripheral nervous system, Tlx3 is expressed at HH15 in overlapping 
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domains within placodally derived components of the trigeminal ganglion, where it 

functions as a post-mitotic selector gene directing excitatory sensory neuronal fate 

(Cheng et al., 2004; Kondo et al., 2008; Logan et al., 1998). Despite these insights, it 

remained unclear whether Tlx3 expression and function were restricted to placode-

derived neurons or if neural crest-derived neurons within the trigeminal ganglion also 

share this property. To address this question, we utilized a combination of lineage 

labeling and in situ hybridization in the chick embryo and demonstrated that neural 

crest-derived cells contributing to the cranial trigeminal ganglion express Tlx3 at 

critical time points corresponding to the onset of ganglion condensation. Notably, loss 

of Tlx3 function in vivo reduces the overall size and abundance of neurons within the 

trigeminal ganglion, whereas ectopic expression of Tlx3 in migrating cranial neural 

crest cells results in premature neuronal differentiation. Taken together, these findings 

highlight a crucial role for Tlx3 in neural crest-derived cells during chick trigeminal 

gangliogenesis. 

 

Additionally, the concurrent expression of Cxcl14 in placodal cells and its 

potential cognate receptor Cxcr4 expressed in migratory neural crest cells during 

trigeminal ganglion development led us to investigate whether this ligand-receptor 

pair may mediate neural crest-placode interactions. Focusing on the initial stages of 

their interactions, we examined the function of the orphan chemokine Cxcl14 during 

trigeminal gangliogenesis. Our results reveal that while Cxcl14 is expressed in various 

regions of the developing embryo, its expression is also evident in the cranial region 

at the onset of ganglion condensation. We found that Cxcl14 expression is primarily 

restricted to ectodermal cells, including placodal precursors and migratory placodal 

cells. Loss of Cxcl14, specifically in placodal cells, in vivo resulted in severely 

disorganized ganglion formation, leading to defects in both gangliogenesis and axonal 

projection. These results indicate that CXCL14, produced by placodal cells, binds to 

the receptor CXCR4 on cranial neural crest cells to guide the proper organization of 

the forming trigeminal ganglion. This work not only establishes a receptor-ligand 

interaction between CXCL14 and CXCR4 but also reveals a previously unrecognized 

role for this interaction in trigeminal neurogenesis. 
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In summary, the results of this thesis have identified molecular players 

involved in neural crest–placode interactions during the formation of chick cranial 

sensory ganglia. We hypothesize that cranial gangliogenesis follow at least four 

distinct but overlapping steps: (1) migratory cranial neural crest cells emigrate to the 

site of the ganglion assembly; (2) placodal cells are specified and begin differentiating 

into neurons within the ectoderm; (3) placodal neuroblasts ingress into the ganglion 

anlage; and (4) interactions between migratory cranial neural crest and placodal 

neurons at the ectoderm–mesenchyme interface drive the condensation of these 

intermixed populations into discrete ganglion structure. It is worth mentioning that 

several of these steps are interactive. For example, the production and ingression of 

placodal neurons from the surface ectoderm continue throughout most of 

gangliogenesis, and ongoing interactions between neural crest and placodal cells are 

essential to this coordinated developmental process.  

 

Our findings reveal a novel role for Cxcl14 as a molecular cue produced by 

placodal cells. Its expression initiates in ectodermal placodal precursors and migratory 

placodal cells at the onset of trigeminal ganglion condensation. The early expression 

of this chemokine positions it in a prime location, influencing neighboring migratory 

cranial neural crest cells, which express its cognate receptor Cxcr4. Neural crest cells 

that first interact with placodal cells first respond to Cxcl14, and this signaling event 

then facilitate the proper condensation and assembly of the forming trigeminal 

ganglion (see Figure 5.1, for a schematic summary). While the downstream 

mechanisms of Cxcr4–Cxcl14 dependent signaling in mediating condensation and 

differentiation neural crest- and placode-derived cell remains unclear, we speculate 

that placodal cells may influence the final fate (either neuronal or glial) of neural crest 

cells during trigeminal ganglion formation. We show that both neural crest-derived 

and placode-derived cells express the proneural transcription factor Tlx3, albeit at 

different time points corresponding to their respective developmental timeline.  
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These results suggest that ganglion coalescence and differentiation of neural 

crest-derived cells may be driven by Cxcr4–Cxcl14 signaling that precedes and 

perhaps plays a role in initiation of Tlx3 expression. Accordingly, we propose two 

possible models: (1) Tlx3 expression in neural crest-derived cells occurs following its 

exposure to CXCL14, such that this chemokine-receptor interaction acts as a potential 

upstream cue for neuronal differentiation, while lack of Cxcl14 may promote a glial 

fate. Thus, these two components form a coordinated developmental pathway, with 

Cxcl14 signaling serving as a trigger that contributes to subsequent Tlx3 activation, 

particularly in neural crest cells (Figure 5.2A). In an alternative scenario, (2) neural 

crest-derived cells may activate Tlx3 independently or earlier, as part of an intrinsic 

Figure 5.1. Schematic illustrating the possible role for Cxcr4-Cxcl14 dependent signaling during cranial 
gangliogenesis. The main defect is depicted in Cxcl14 deficient embryos as compared to wild type (WT) embryos. 
First, ingression appears to be delayed in Cxcl14 deficient embryos, inhibiting placodal neurons at early stages of 
migration. Conversely, loss of Cxcl14 could also result in loss of placodal neurons at early stages. At the time of 
condensation, loss of Cxcl14 results in deficient placodal neurons not assembling in their normal positions and are 
more disorganized, while their axonal projections are also affected. Additionally, Cxcl14 deficient embryos, have 
more dispersed neural crest cells, resulting in a defective ganglion, as compared to the WT. Perturbation of  Cxcl14 
in placodal cells causes a migratory and condensation defects, which may possibly suggest a role for Cxcl14 at 
different steps of ganglion formation. 
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differentiation program initiated by other factors. In this model, Cxcl14 and Tlx3 

represent separate and distinct mechanisms. CXCL14 may guide the spatial 

organization of the ganglion by directing placodal cells to distal regions and 

positioning neural crest cells appropriately based on their exposure to the chemokine 

(Figure 5.2B). Functionally, Tlx3 acts as a post-mitotic selector gene required for the 

acquisition of excitatory sensory neuronal identity. Cells that fail to express Tlx3 in 

vivo show reduced neuronal differentiation and ganglion size, but do not appear to 

adopt a glial fate, suggesting that Tlx3 is necessary for excitatory neuron specification 

rather than a binary neuronal-versus-glial decision. Together, these results reveal a 

dynamic interplay between placodal signaling, chemokine guidance, and 

transcriptional programming that underlies the coordinated assembly of the trigeminal 

ganglion. 

 

Figure 5.2. Schematic illustrating two possible models for Cxcl14 and Tlx3 mechanisms during trigeminal 
ganglion formation. Model 1 proposes that CXCL14 potentially activates the expression of Tlx3 in neural crest 
cells, promoting neuronal differentiation. Conversely, lack of Cxcl14 from placodal cells may in turn promote a 
glial fate, suggesting that these two components form a coordinated developmental pathway, with Cxcr4-Cxcl14 
signaling serves as a trigger that contributes to proneuronal differentiation in neural crest cells. Model 2 presents 
the alternative hypothesis, illustrating that neural crest-derived cells may activate Tlx3 independently of CXCL14 
exposure, representing a separate and distinct mechanism by which CXCL14 may instead guide the spatial 
organization of the ganglion by directing neural crest and placodal cells to their respective locations within the 
developing ganglion.  
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These findings provide additional molecular insights into the signaling 

mechanisms that facilitate neural crest–placode condensation during trigeminal 

ganglion formation. They underscore the importance of heterotypic cell interactions 

during cranial gangliogenesis for cellular condensation, further illustrating the critical 

interplay of cell–cell communication and condensation in the formation of complex 

structures in the developing vertebrate embryo. 

 

5.2 Future perspectives 

 

The work presented in this thesis lays a foundation for numerous questions 

surrounding the fascinating processes of cell–cell interactions and morphogenesis 

during cranial sensory ganglia formation. Many aspects of neural crest–placode 

interactions remain to be investigated to fully understand the intricate and complex 

process of cranial gangliogenesis. In this thesis, I have identified a critical role 

for Tlx3 in neural crest-derived cells and demonstrated its essential function in proper 

chick trigeminal gangliogenesis. Initially described in placodally-derived 

neurons, Tlx3 was originally believed to be restricted to this cell population within the 

trigeminal ganglion. However, it is now evident that Tlx3 expression is necessary for 

the differentiation of excitatory neurons, though many aspects of how this 

transcription factor is activated and maintained in these cell populations remain to be 

fully elucidated. Since Tlx3 expression first emerges in placodal cells, it would be 

valuable to investigate whether key factors present in placodal cells stimulate the 

specification and differentiation of neural crest cells toward a sensory neuronal fate. 

In particular, determining how Tlx3 is activated and how it regulates trigeminal 

ganglion formation remain to be determined. 

 

In looking for signals that may influence trigeminal ganglion formation, I have 

identified a novel role for Cxcl14 and Cxcr4 in mediating a key aspect of neural crest–

placode interactions that regulate the proper organization of the trigeminal ganglion 

during its formation. Notably, Cxcl14 expression precedes that of Tlx3 and was largely 

restricted to ectodermal cells, including placodal precursors and migrating placodal 
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cells. In contrast, its putative receptor Cxcr4 was exclusively expressed by neural crest 

cells. Canonically, Cxcr4 have been proposed to interact with the ligand, Cxcl12; 

however, we only detected Cxcl12 in the branchial arches, some distance away from 

the forming ganglion primordium. Importantly, loss of Cxcl14, including its specific 

depletion in placodal cells, disrupted ganglion formation, resulting in abnormal 

gangliogenesis and defective axonal projection. These findings not only highlight the 

receptor-ligand interaction between CXCL14 and CXCR4 but also demonstrate a 

unique role for this signaling axis in trigeminal neurogenesis. However, several 

aspects of these interactions remain poorly understood at the molecular level. These 

include the mechanisms underlying reciprocal or reverse signaling from neural crest 

to placodal cells, whether multiple signaling pathways are activated or downregulated 

upon CXCR4–CXCL14 interaction, and whether additional direct protein interactions 

mediate neural crest–placode interactions. Furthermore, since Cxcr4 is expressed in 

neural crest cells, we cannot rule out the possibility that Cxcl14 expression is activated 

and maintained once placodal cells ingress, leading to the subsequent downregulation 

of CXCR4 in neural crest cells. The integration of multiple signaling pathways likely 

governs the formation of the ganglion. Uncovering the molecular interactions 

of CXCR4 and CXCL14 at different developmental stages and within distinct regions 

of the forming ganglion is crucial for understanding how this signaling mechanism 

drives proper ganglion assembly. 

  

Here, I present a few possible future directions stemming from this study to 

address some of these open questions. The study of neural crest–placode interactions 

not only elucidate critical processes in the development of the peripheral nervous 

system but also serves as a powerful model for investigating cell–cell signaling and 

subsequent cellular changes in vivo. 

 

First, investigating Cxcl14-Cxcr4 interactions at the protein level during 

gangliogenesis is a necessary step for gaining deeper insight into the function of this 

signaling pair. Previous studies focusing on Cxcr4 have demonstrated that loss of this 

receptor affects neural crest migration, but it would be worthwhile to examine how the 
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loss of migratory neural crest cells may influence Cxcl14 activation in placodal cells 

and is it dependent on neural crest proximity or interactions. It would also be crucial 

to determine if only CXCL14 directly interacts with CXCR4 or are there other 

chemokines that potentially dimerize with CXCL14 to bind to CXCR4. These would 

provide crucial understanding about the function of Cxcl14 and whether other 

signaling pathways compensate for or modulate CXCR4–CXCL14 interactions. 

 

Second, exploring the downstream signaling pathways activated by CXCR4–

CXCL14 in neural crest cells would elucidate further intracellular mechanisms 

dictating the cellular changes that occur during gangliogenesis. The interaction 

between CXCR4 and CXCL14 may elicit different cellular responses at distinct stages 

of neural crest–placode interactions and characterizing these signaling events would 

provide a more comprehensive understanding of their roles in cranial ganglion 

formation. 

 

Finally examining whether neural crest–placode interactions and the roles of 

CXCR4–CXCL14 signaling are evolutionarily conserved in cranial sensory 

gangliogenesis across other vertebrate species (e.g., mouse, zebrafish, and lamprey) 

could reveal broader biological significance. Comparative studies across species 

would provide valuable insights into how these signaling mechanisms have been 

conserved or diversified throughout vertebrate evolution. Taken together, the findings 

presented in this thesis open the door to many exciting future investigations and 

research directions. Further exploration of these molecular interactions and signaling 

pathways will continue to enhance our understanding of the fundamental mechanisms 

underlying cranial sensory ganglion formation and neural crest–placode interactions. 



 

 


