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Abstract  

Since its discovery, embryonic induction has been considered one of the central 

mechanisms that control the formation of new cell types, tissues, and organ formation. 

Induction corresponds to the interaction between two tissues (inducing and responding), 

subsequently leading to a change in the direction of differentiation of the responding 

tissue. This process is restricted to a precise time and place of tissue differentiation during 

morphogenesis; however, the mechanisms for this restriction have remained elusive. 

Despite induction being discovered over a hundred years ago (Nobel Prize to H. 

Spemann, 1935), only in the last three decades has its molecular basis has been 

elucidated with the identification of many inducers (e.g., mesodermal, neural, etc.). This 

process consists of signals produced by the inductive tissue, which has been the focus of 

many studies in the past years, whereas how the regulation in the responding tissue is 

controlled is a topic that has been widely neglected. 

 

The ability of one tissue to respond to inductive signals is called competence, a 

mechanism yet to be fully understood. In this thesis, we aimed to understand the 

mechanism that controls the competence of responding cells, neural crest cells, a 

migratory multipotent embryonic cell population. Our key novel finding in this thesis is that 

mechanical cues regulate Xenopus neural crest competence. Specifically, we found 

that an increase in the hydrostatic pressure of the blastocoel, an embryonic cavity, 

inhibits neural crest competence at the end of gastrulation when neural crest induction 

is finished. Furthermore, we identified the molecular mechanism by which hydrostatic 

pressure regulates neural crest competence. This involves the regulation of the neural 

crest inductive signal (Wnt) by the mechanotransducer Yes Associated Protein (YAP), 

showing how mechanical and biochemical cues interplay to control embryonic 

competence. 

  

These findings challenge the current dominant concept that development is genetically 

controlled and introduce a new model explaining a pivotal phase of embryonic 

development in which two independent developmental processes, blastocoel 

morphogenesis and neural crest induction, are linked via tissue mechanics. 
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Impact statement 

How cells acquire their fate during morphogenesis is a pivotal question in biology, 

it relates to our understanding of cancer progression and other pathologies. 

Studying embryonic induction provides insights into building this road map. The 

process of cells and tissues transitioning from one fate to another is called 

embryonic induction. J. Gurdon has claimed that embryonic induction “is 

probably the single most important mechanism in vertebrate development 

leading to differences between cells and to the organization of cells into tissues 

and organs”. During development, embryonic induction occurs in a specific 

region in the embryos at an exact time that requires the coordination between 

signals from inducer tissues and the ability to respond to those signals by the 

induced tissue, called competence. Competence controls the spatial and 

temporal response of tissues to the inductive signals and is required for patterning 

tissues and organs during embryogenesis. Several tissues are classified as inducers 

in the embryo, as has been shown in past studies, yet how timing is regulated in 

the process of embryonic induction remains unknown. Considerable efforts have 

been made to understand the molecular basis of embryonic competence 

without much success. Here we decided to approach the problem from a 

different angle, asking whether mechanics has a role as a regulator of embryonic 

competence. We demonstrated for the first time that a purely mechanical cue 

(hydrostatic pressure) controls neural crest competence during development.  

 

These conclusions have broad implications in areas where embryonic induction 

and cell differentiation are essential, such as stem cell biology, development, and 

cancer biology. Additionally, these findings are equally relevant for scientists 

working in the bioengineering and biophysics fields. In all these fields, the interplay 

between mechanical forces and biochemical signals remains a central unsolved 

question, to which our embryological findings contribute an essential cornerstone. 

 



6 
 

Table of Contents 

Acknowledgment ............................................................................................................ 3 

Abstract ............................................................................................................................. 4 

Impact statement ............................................................................................................. 5 

List of Abbreviations ......................................................................................................... 9 

List of Figures ................................................................................................................... 12 

List of Tables .................................................................................................................... 14 

Chapter 1: Introduction ................................................................................................. 15 

1.1 Embryonic inductions ...................................................................................................... 15 

1.1.1 Definition and types of Embryonic induction ....................................................................... 15 

1.1.1.a Permissive induction ........................................................................................................ 16 

1.1.1.b Instructive induction ........................................................................................................ 17 

1.1.2 Mesoderm induction ............................................................................................................... 17 

1.1.2.a Superfamily of TGF- molecules in mesoderm induction ............................................ 20 

1.1.2.b FGF signaling in mesoderm induction ........................................................................... 21 

1.1.3 Neural induction ...................................................................................................................... 22 

1.1.3.a BMP signaling in neural induction .................................................................................. 23 

1.1.3.b Fgf signaling in neural induction .................................................................................... 25 

1.1.4 Neural crest induction ............................................................................................................. 26 

1.1.4.a Blastocoel morphogenesis .............................................................................................. 29 

1.1.4.b BMP signaling in neural crest induction ......................................................................... 34 

1.1.4.c Wnt signaling in neural crest induction ......................................................................... 35 

1.1.4.c.i -catenin dependent and independent Wnt pathways.............................................................. 35 

1.1.4.c.ii Wnt signaling in neural crest induction and specification ......................................................... 37 

1.1.4.d Hippo signaling in neural crest development .............................................................. 38 

1.2 Competence ..................................................................................................................... 41 

1.2.1 Temporal and spatial characteristics of competence ....................................................... 41 

1.2.2 Molecular regulation of competence .................................................................................. 42 

1.3 Impact of the mechanical cues on cell fate................................................................ 44 

1.4 Thesis Hypothesis .............................................................................................................. 47 



7 
 

Chapter 2: Material and Methods ............................................................................... 50 

2.1 Xenopus laevis embryos ................................................................................................. 50 

2.2 Cell culture Human induced neural crest cells (hiNCCs) and immunostaining ..... 51 

2.3 Graft assay ........................................................................................................................ 51 

2.4 Compression assay .......................................................................................................... 52 

2.5 Inflation and Deflation assay .......................................................................................... 52 

2.6 Microinjections and treatments...................................................................................... 53 

2.6.1 Calibration ................................................................................................................................ 53 

2.6.2 RNA synthesis and Morpholino ............................................................................................... 53 

2.6.3 Pharmaceutical treatments ................................................................................................... 54 

2.7 in situ hybridization ........................................................................................................... 54 

2.7.1 Antisense probe synthesis ....................................................................................................... 54 

2.7.2 Single whole mount in situ hybridization ............................................................................... 55 

2.7.3 Double whole mount in situ hybridization ............................................................................. 55 

2.8 Readout of Wnt activity ................................................................................................... 56 

2.8.1 Luciferase assay ....................................................................................................................... 56 

2.8.2 Transgenic GFP reporter.......................................................................................................... 56 

2.9 High-resolution micro-Computed Tomography (µCT) scan ...................................... 57 

2.10 RT-qPCR ............................................................................................................................ 57 

2.11 Hydrostatic pressure measurement ............................................................................. 58 

2.12 Immunostaining and Cryosection................................................................................ 59 

2.13 Statistics ........................................................................................................................... 60 

2.14 Solution ............................................................................................................................ 60 

Chapter 3: Loss of neural crest correlates with increased hydrostatic pressure .. 64 

3.1 Introduction ....................................................................................................................... 64 

3.2 Results................................................................................................................................. 65 

3.2.1 Temporal loss of neural crest competence.......................................................................... 65 

3.2.2 Change in blastocoel cavity volume during gastrulation .................................................. 69 



8 
 

3.3 Discussion .......................................................................................................................... 72 

Chapter 4: Neural crest competence is extended by lowering hydrostatic 

pressure ........................................................................................................................... 73 

4.1 Introduction ....................................................................................................................... 73 

4.2 Results................................................................................................................................. 74 

4.2.1 Changes in blastocoel volume lead to changes in hydrostatic pressure ........................ 74 

4.2.2 Hydrostatic pressure modulates neural crest induction ..................................................... 76 

4.2.3 Investigating alternative stimuli which modulate neural crest competence. ................. 79 

4.2.4 Change of hydrostatic pressure effect on gastrulation ..................................................... 81 

4.2.5 Neural crest responds to pressure .......................................................................................... 85 

4.2.6 Ectoderm requires low hydrostatic pressure to be competent for NCCs ........................ 86 

4.3 Discussion .......................................................................................................................... 88 

Chapter 5: Hydrostatic pressure regulates Wnt signalling in a Yap-dependent 

manner............................................................................................................................. 89 

5.1 Introduction ....................................................................................................................... 89 

5.2 Results................................................................................................................................. 90 

5.2.1 Hydrostatic pressure regulates canonical Wnt activity ...................................................... 90 

5.2.2 Regional Wnt activity regulated by hydrostatic pressure .................................................. 91 

5.2.3 Yap1 is required for neural crest induction. .......................................................................... 92 

5.2.4 Yap1 as a potential regulator of NCCs competence. ....................................................... 93 

5.2.5 Hydrostatic pressure controls Yap localization .................................................................... 95 

5.2.6 Neural crest induction requires an active form of YAP ....................................................... 99 

5.2.7 An increase in hydrostatic regulates neural crest induction in a Yap-dependent 

manner ............................................................................................................................................. 100 

5.2.8 Competent ectoderm to induce neural crest requires an active form of Yap ............ 100 

5.3 Discussion ........................................................................................................................ 101 

Chapter 6: Discussion .................................................................................................. 102 

Publications ................................................................................................................... 108 

Bibliography .................................................................................................................. 109 

 



9 
 

List of Abbreviations 

Table 1| Acronyms and definitions 

A-P axis Anterior-posterior axis  

Activin A Inhibin subunit beta A 

AP Alkaline phosphatase 

ATAC-seq Assay for Transposase-Accessible Chromatin sequencing 

BCIP 5-Bromo-4-chloro-3-indolyl phosphate 

BMP Bone morphogenetic protein 

BSA Bovine serum albumin 

ChIP-seq Chromatin immunoprecipitation 

CIP Contact inhibition of Proliferation 

CNS Cantal nervous system 

DEPC Diethylpyrocarbonate 

DFA Danilchick’s Medium for Amy 

DIG Digoxigenin 

DKK1 Dickkopf1 

DMSO Dimethyl sulfoxide 

E Embryonic day (embryonic mouse staging) 

EMT  Epithelial-to-mesenchymal transition 

FA Focal adhesions 

FDX  Fluorescein-dextran 

FGF  Fibroblast growth factor 

FGFR Fibroblast growth factor receptor 

Foxd3 Forkhead box D3 (neural crest marker) 

FRZB Secreted Fz-related protein family 



10 
 

GFP Green fluorescent protein 

GRN Gene regulatory Network 

GSK3  Glycogen synthase kinase 3 

hESCs Human Embryonic stem cells 

HH Hamburger and Hamilton (chick staging) 

hiNCCs Human neural crest cells  

HYB Hybridisation buffer 

IGF Insulin-like growth factor  

iPSCs Induced pluripotent stem cells 

ISH In situ hybridisation 

Ker Keratin (epidermal marker) 

MEM Minimum essential medium 

MEMFA Minimum essential medium with formaldehyde 15  

MMR Marc’s modified Ringer’s 

MO Morpholino oligomer 

mRNA Messenger ribonucleic acid 

NBT 4-Nitro blue tetrazolium chloride 

NCCs Neural crest cells  

NE Neural ectoderm 

NNE Non-neural ectoderm  

Nodal Nodal growth differentiation factor 

NP Neural plate 

NPB Neural plate border 

NRP1 Neuropilin-1 

NT Neural tube 



11 
 

PBS Phosphate buffer saline 

PBT   Phosphate buffered solution with Triton-X 

PCP Planar cell polarity 

PFA Paraformaldehyde 

PKC Protein kinase C 

PNS Peripheral nervous system  

RA Retinoic acid 

RNA-seq RNA sequencing 

Sani2 Snail family zinc finger 2 (neural crest marker) 

sFRP2 Secreted Frizzled related protein 2 

Sox2 SRY-Box transcription factor 2  (neural plate marker) 

Sox9 & 10 SRY-box 9 and 10 (neural crest marker) 

Tead2 TEA Domain Family Member 2, Yap binding partner 

TGF- Transforming growth factor beta  

Vg1 growth differentiation factor 1 

Wnt8 Wnt family member 8 

Wnts Wingless-related integration proteins 

Xbra Brachyury (mesoderm marker) 

XTC Xenopus cultured cells 

XTC- MIF Xenopus cultured cells – mesoderm inducing factor  

Yap1 Yes-associated protein 1 

  



12 
 

List of Figures 

Fig. 1.1|Mesoderm three-signal induction model. ................................................... 19 

Fig. 1.2|The default model of neural induction. ........................................................ 24 

Fig. 1.3|Cascade of neural crest induction. .............................................................. 28 

Fig. 1.4|Xenopus blastocoel morphogenesis. ........................................................... 33 

Fig. 1.5|-catenin dependent Wnt signaling pathway. ........................................... 36 

Fig. 1.6|The Hippo pathway. ........................................................................................ 40 

Fig. 1.7|Graphical introduction. .................................................................................. 49 

Fig. 3.1|Analysis of neural crest competence to DLMZ. .......................................... 65 

Fig. 3.2|Temporal loss of neural crest competence at mid-gastrulation. ............. 67 

Fig. 3.3|Loss of competence coincides with loss in blastocoel volume. .............. 70 

Fig. 3.4|Loss of competence coincides with an increase in blastocoel 

hydrostatic pressure. ..................................................................................................... 71 

Fig. 4.1|Blastocoel volume controls hydrostatic pressure. ...................................... 75 

Fig. 4.2|temporal analysis of blastocoel volume. ..................................................... 76 

Fig. 4.3|Hydrostatic pressure regulates neural crest induction. ............................. 77 

Fig. 4.4|Puncture of the ectoderm by microneedle. ................................................ 78 

Fig. 4.5|Inhibition of blastocoel expansion. ............................................................... 79 

Fig. 4.6|Investigate the osmolarity effect on neural crest induction. .................... 80 

Fig. 4.7|Biochemical effect on neural crest induction. ............................................ 81 

Fig. 4.8|Changes in hydrostatic pressure do not affect the process of 

gastrulation. .................................................................................................................... 83 



13 
 

Fig. 4.9|Deflated embryos expand neural crest domain at the expense of 

epidermis. ........................................................................................................................ 84 

Fig. 4.10|Inhibition of neural crest by mechanical pressure. .................................. 85 

Fig. 4.11|Hydrostatic pressure mediates ectodermal competence to induce 

NCCs. ............................................................................................................................... 87 

Fig. 5.1|Wnt activity readout by a change in hydrostatic pressure of blastocoel 

cavity. .............................................................................................................................. 90 

Fig. 5.2|Regional Wnt activation mediated by change in hydrostatic pressure. 92 

Fig. 5.3|Inhibition of Yap impairs the neural crest formation. ................................. 93 

Fig. 5.4|Crosstalk of Wnt pathway with Yap. ............................................................. 94 

Fig. 5.5|Yap activity mediated by change in hydrostatic pressure of blastocoel 

cavity. .............................................................................................................................. 95 

Fig. 5.6|Yap activity is dependent on cell packing controlled by hydrostatic 

pressure. .......................................................................................................................... 97 

Fig. 5.7|Higher confluency inhibits differentiation of iNCC. .................................... 98 

Fig. 5.8|Neural crest induction requires nuclear YAP. ............................................. 99 

Fig. 5.9|Hydrostatic pressure regulates fate via active Yap. ................................ 100 

Fig. 5.10|Ectoderm competence to induce neural crest cell depends on nuclear 

Yap. ................................................................................................................................ 101 

Fig. 6.1|Graphical conclusion. .................................................................................. 107 

  



14 
 

List of Tables 

Table 1| Acronyms and definitions ............................................................................... 9 

Table 2| Solution constitution ....................................................................................... 60 

 

  



15 
 

Chapter 1: Introduction 

1.1 Embryonic inductions 

1.1.1 Definition and types of Embryonic induction 

The idea that tissue fate is influenced by another tissue was proposed by Wilhelm 

Pfeffer and Curt Herbst as early as 1871 (Oppenheimer 1991). Experiments in the 

amphibian Rana were carried out soon after and suggested that lens formation 

is controlled by the underlying optic lobe of the brain (Lewis 1904; Spemann 1901). 

Subsequent work in Hydra showed its ability to regenerate its head after excised, 

and a graft proxy to the head can induce an ectopic axis (Browne 1909). Using 

two different pigmented Hydras (brown and green), Browne determined that the 

ectopic axis is derived from the host, establishing the concept of induction 

(Browne 1909). 

 

Lewis reported that a graft of dorsal blastopore lip onto an ectopic site could 

induce a supernumerary structure that resembles a neural plate in amphibians 

(Lewis 1907). Hans and Mangold aimed to replicate Lewis’s findings to understand 

better and distinguish the contribution of the host from the donor tissues by taking 

advantage of the existence of newt-pigmented species (Triturus cristatus, T. 

taeniatus, and T. alpestris); they showed five different cases of ectopic neural 

structure driven by the host (Spemann and Mangold 1924). They showed that a 

graft of the dorsal blastopore lip of unpigmented Triturus cristatus onto the ventral 

blastopore lip of pigmented T. taeniatus (or vice-versa) was able to induce a 

secondary axis that resembles neural plate (Spemann and Mangold 1924). Based 

on the high volume of studies that examined the process of induction since its 

proposal, Gurdon defined it as “an interaction between one (inducing) tissue and 

another (responding) tissue, as result of which the responding tissue undergoes a 

change in its direction or differentiation” (Gurdon 1987). This definition dictated 

that a successful induction experiment must distinguish between the host and 

donor tissues and the change in the outcome of responding tissues (Saxen 1977). 
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Aiming to understand embryonic induction better, Holtzer classified it as either 

permissive induction (the outcome is mainly governed by induced tissue) or 

instructive induction (the outcome is mainly governed by inducing tissue) (Holtzer 

1968).      

  

1.1.1.a Permissive induction 

Gurdon outlined permissive induction, whereby a responding tissue pre-

committed to a specific outcome interacts with a non-specific signal to ensure 

that outcome (Gurdon 1987). Permissive induction is noted in the differentiation 

of the pancreas. In mouse embryo (stage 15-somite), the pancreatic 

mesenchyme induces pancreas differentiation in the responding endoderm 

(Rutter, Wessells, and Grobstein 1964). However, if the mesenchyme (inducing 

tissue) is replaced by any other kind of mesenchyme, such as the one taken from 

organ primordia, the endoderm will still give rise to the pancreas. This suggests 

that all mesenchyme have a non-specific influence on the responding tissue and 

that a specific stimulus is generated within the responding tissue to ensure the 

outcome (Rutter et al. 1964). In addition, this also suggests that by this 

developmental stage, the endoderm epithelium is already committed to the fate 

of pancreas differentiation (Wessells and Cohen 1967). 

 

Interestingly in the lens capsule, replacing the inducing tissue with collagen or 

glycosaminoglycans results in the differentiation of corneal epithelium with an 

efficiency equivalent to exposure to endogenous inducer tissue (Meier 1975). 

Meier concluded that the inducer tissue is dispensable in differentiating corneal 

epithelium (Meier 1975). Although the possible role of interaction between 

responding tissue and extracellular matrix was suggested, it was not investigated. 

In addition, no subsequent study proposed the potential aspect of a mechanical 

stimulus that the inducer tissue provides.   
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1.1.1.b Instructive induction 

Unlike permissive induction, instructive induction is defined as the interaction of 

an uncommitted (responding) tissue to a specific signal (from inducing tissue) that 

will dictate the differentiation outcome of the responding tissue (Gurdon 1987). 

An example of instructive induction has been examined in Chick skin 

development. Rawles grafted mesoderm of the lower leg area (normally induces 

scales) onto ectoderm host (normally induces feathers); the grafted mesoderm 

induces feathers rather than scales (Rawles 1963). This study indicates that the 

grafted inducer can dictate the fate of responding tissue and subsequently 

change the outcome of fate. Furthermore, a study showed that xenografting a 

mouse mesoderm (normally induces hair in the overlaying epidermis) onto Chick 

corneal epithelium (normally forms cornea) resulted in abnormal feathers rather 

than cornea (Sengel 1976). These studies shed light on the pivotal role of specific 

and instructive molecules from inducing tissues that control the fate of the 

responding tissue, classical examples of which are mesoderm, neural, lens, and 

neural crest induction.    

 

1.1.2 Mesoderm induction 

The earliest study on mesoderm induction in newts by Pieter Nieuwkoop showed 

that the isolation of explants from animal pole formed ectoderm, and explants 

from vegetal pole formed endoderm (Sudarwati and Nieuwkoop 1971). 

Interestingly, a conjugate of vegetal and animal pole cells gave rise to mesoderm 

in the latter cells. These findings suggest that the inductive signals to induce 

mesoderm come from the vegetal pole (Boterenbrood and Nieuwkoop 1973; 

Sudarwati and Nieuwkoop 1971). Furthermore, Dale and Slack showed that this 

interaction between the vegetal pole and perspective mesoderm happens 

between the 32-cell stage (where prospective marginal zone does not form 

mesoderm) and blastula stage (where explants from lateral plate mesoderm form 

mesoderm), suggesting a temporal facet to this instructive induction (Slack, Dale, 

and Smith 1984). Markedly, there is a difference between presumptive dorsal 
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mesoderm, which gives rise to dorsal mesoderm and presumptive ventral 

mesoderm, which gives rise to ventral mesoderm. This finding strengthens the 

concept of instructive induction, as it indicates that different signals from dorsal 

or vegetal cells give rise to different types of mesoderm (Boterenbrood and 

Nieuwkoop 1973; Slack et al. 1984; Sudarwati and Nieuwkoop 1971). 

 

It is widely accepted that the endoderm and the ectoderm are specified during 

early development by gene products within the animal and vegetal hemispheres, 

whereas the mesoderm is specified by inductive signals generated from the 

vegetal hemispheres (Stern and Downs 2012). This notion was concluded from 

Nieuwkoop recombinants experiments, where the isolation of animal cap will only 

form epidermis and vegetal explants will only form endoderm (Nieuwkoop 1969). 

However, combining animal and vegetal explants will lead to mesoderm 

induction. Notably, the induced mesoderm type in these experiments depends 

on the source of the vegetal explants (Dale and Slack 1987). As most vegetal 

hemisphere only induces ventral mesoderm (i.e. blood), whereas dorso-vegetal 

explants (also known as Nieuwkoop centre) will form dorsal mesoderm (i.e. 

notochord). This observation suggests two signals are generated from the vegetal 

hemisphere to induced mesoderm; one from the Nieuwkoop center and another 

ventral signal generated by the most vegetal hemisphere (Fig 1.1; left and 

middle). The outcome of this induction can be observed by mesoderm markers 

such as brachyury (bra) which is expressed around the entire marginal zone, as 

an early response for ventral mesoderm induction and goosecoid (gsc), a marker 

for dorsal mesoderm. The organizer generates a third signal, specifying the lateral 

mesoderm fates (Fig 1.1; right). With these findings, a “three-signal” model was 

proposed to account for mesoderm induction in Xenopus (Slack et al. 1984). 

Likewise to Xenopus, when the epiblast of Chick is treated with activin or 

conjugated with hypoblast, it generates mesoderm including notochord, 

primitive streak and/or somite (Perea-Gomez et al. 2002; Stern and Downs 2012). 

Further studies on mesoderm and primitive streak induction in Chick and 
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mammals divulged the resemblance to mesoderm induction in Xenopus and the 

involvement of key pathways such as; Vg1, Nodal, Activin, BMPs, and canonical 

Wnt (Stern and Downs 2012).   

 

Fig. 1.1|Mesoderm three-signal induction model.  

Mesoderm induction occurs in the marginal zone of the embryo at the blastula stage 

(left), mediated by three inductive signals. The first inductive signal originated from the 

vegetal pole (VP) side, which induces ventral mesoderm (M4). In addition to the first 

inductive signal, inhibitory signals from the animal pole (AP) constrain this induction to the 

marginal zone. The second inductive signal originated from a small group of cells in the 

dorsal side of the embryos (Nieuwkoop center – N) that forms the organizer (O) (middle). 

The third inductive signal originates from the differentiated organizer (M1) that will specify 

lateral mesodermal fates (M2 and M3) and induce neural tissue (NT) in the dorsal 

ectoderm. And ventral ectoderm will differentiate into the epidermis.    
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1.1.2.a Superfamily of TGF- molecules in mesoderm induction 

The first molecule to be associated with mesoderm induction was a component 

found in Xenopus Tissue Culture (XTC) medium, Activin (Smith 1987; Smith et al. 

1990). Initially, this medium was identified as a mesoderm-inducing factor (XTC-

MIF) (Smith 1987). Further studies linked XTC-MIF to TGF- superfamily member, 

activin – A (van den Eijnden-Van Raaij et al. 1990; Thomsen et al. 1990). Studies in 

Xenopus showed the ability of Activin protein to induce dorsal mesodermal tissue 

in animal pole explants (animal cap assay) (Makoto Asashima et al. 1990; M. 

Asashima et al. 1990; Smith et al. 1990; Sokol, Wong, and Melton 1990; Thomsen 

et al. 1990). The soluble protein form of activin exhibited a dose-dependent effect 

on animal caps; a higher dose of activin induced embryoid-like structures with 

anteroposterior patterning and head-like structure (Sokol et al. 1990; Thomsen et 

al. 1990). Moreover, it was shown that a graded dose (1.2X lowest concentration) 

induced dorsal mesoderm at lower concentrations and ventral mesoderm at 

higher concentrations, suggesting a morphogen gradient activin-like could 

induce the observed dorso-ventral patterning of mesoderm in vivo (Green and 

Smith 1990). Further studies in Xenopus showed that injecting activin mRNA could 

also induce dorsal mesoderm (Thomsen et al. 1990), and activin type ll receptor 

was identified as a component of the pathway (Kondo et al. 1991). As injection 

of the dominant negative form of active type ll receptor inhibited mesoderm 

formation (Hemmati-Brivanlou and Melton 1994), these studies demonstrated the 

role of an activin-like signal in mesoderm induction and dorso-ventral patterning. 

 

In addition to activin, researchers linked other members of the TGF- superfamily 

to mesodermal induction, Vg1 and Nodal (Conlon, Barth, and Robertson 1991; 

Dale et al. 1989; Melton 1987; Mowry and Melton 1992; Rebagliati et al. 1985; 

Weeks and Melton 1987). Treatment with a soluble mature form of Vg1 can 

induce embryoid-like axial organization and head-like structures (Kessler and 

Melton 1995). Moreover, activin type ll receptor inhibition led to mesoderm 

impairment to induce Vg1 in animal cap (Kessler and Melton 1995; Schulte-
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Merker, Smith, and Dale 1994). Similar to activin, Vg1 signals via the Smad2/3 

pathway and the expression of Vg1 instead of activin mirrors the mesoderm 

activity of vegetal cells. Hence, the notion that Vg1 is the inducer of mesoderm 

induction, acting via activin receptor. On the other hand, Nodal expression was 

observed in the node of mice, and it plays various roles in development and is 

considered critical in mesoderm induction (Conlon et al. 1991). Furthermore, 

investigations in zebrafish showed that Nodal and Vg1 act as heterodimers in 

mesoderm induction (Montague and Schier 2017). These findings are observed in 

other species, such as Xenopus and Chick (Lohr et al. 1998; Mikawa et al. 2004), 

suggesting the functionality of Nodal and Vg1 is conserved in vertebrate embryos. 

  

Another critically important component of the superfamily of TGF- that plays a 

role in mesoderm induction is BMPs (Dale et al. 1992; Köster et al. 1991). BMPs in 

Xenopus are expressed in animal pole and become enriched ventrally during 

blastula and gastrulation. And they have been proposed to be inducers of ventral 

mesoderm (Dale et al. 1992; Graff et al. 1994; Köster et al. 1991). For example, 

BMP4 expression in the animal cap prevents the dorsalization of the mesoderm 

(Dale et al. 1992), suggesting that BMP4 plays a role in ventralizing the mesoderm 

rather than inducing mesoderm like Activin/Vg1/Nodal (Dale et al. 1992; Graff et 

al. 1994; Suzuki et al. 1994a).  

 

1.1.2.b FGF signaling in mesoderm induction 

Fgf proteins, transcripts, and receptors were identified in Xenopus embryos (Friesel 

and Dawid 1991; Gillespie, Paterno, and Slack 1989a; Isaacs, Tannahill, and Slack 

1992; Kimelman et al. 1988; Musci, Amaya, and Kirschner 1990). Graft experiments 

employing beads of Fgf protein exhibited ventro-vegetal-like signals (Slack et al. 

1987). Further investigation showed that dominant-negative Fgf recpetor1 (XFC) 

inhibited mesoderm induction in animal cap explants; however, in whole 

embryos, dominant-negative resulted in posterior structure and trunk defects with 

no effect on the anterior side. These findings suggest that FGF signaling is required 
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for posterior mesoderm development (Amaya, Musci, and Kirschner 1991). In 

addition, it was found that Fgf signaling via activin is required for mesoderm 

induction (LaBonne and Whitman 1994).    

 

1.1.3 Neural induction 

Uncommitted naïve ectodermal cells acquire neural fate, an instructive induction 

event in early vertebrate embryogenesis (Sasai et al. 2008; Stern 2005). At this 

stage, neural inducers are secreted and produced in a specific region, known as 

the organizer (Crunz 1997; Muñoz-Sanjuán and Brivanlou 2002a; Storey et al. 

1992a). Classical graft assays recognized the production of neural inducing 

signals by grafting the dorsal blastopore lip (later known as Spemann organizer) 

onto the ventral side, which yielded an embryo with an ectopic neural axis 

(Spemann and Mangold 1924). Utilizing multi-pigmented newt species confirmed 

that this secondary axis is derived from the host (Gimlich and Cooke 1983; 

Spemann 1921; Spemann and Mangold 1924). Despite the determination of the 

presence of the signaling molecules that orchestrated neural induction, their 

identity remained elusive till the implementation of molecular biology in the early 

90s when Noggin, Follistatin, and Chordin were identified as neural inducers 

(Hemmati-Brivanlou and Melton 1994; SASAI 1994; Smith and Harland 1991). 

Indeed, attenuation of these signals secreted by the organizer perturbs neural 

induction (Khokha et al. 2005). Studies in Chick embryos demonstrated that neural 

plate arises anteriorly to Henson’s node (Hensen 1876), an equivalent to Spemann 

organizer found in birds and mammals (Beddington 1994; Waddington 1932, 1933, 

1936, 1937). Similarly to the Spemann organizer, Henson’s node forms during 

gastrulation and induces neural plate as the epiblast thickens (Stern 2005). These 

findings of the organizer centers and classification of molecules involved in neural 

induction instructed a wide range of studies to determine the pathways and the 

mechanisms by which this induction occurs, such as BMP, FGF and Wnt pathways. 
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1.1.3.a BMP signaling in neural induction 

Animal cap explants taken from the animal pole of Xenopus gastrula embryos 

(equivalent to the post-implantation epiblast of mouse embryos) treated with 

chordin differentiated to neural cells; otherwise, they would differentiate into the 

epidermis (Ariizumi, Michiue, and Asashima 2017; Green 1999; Sasai et al. 1995). 

Subsequent analysis showed that neural inducers secreted from the organizers 

act as BMP antagonists, binding to BMP extracellularly and preventing the binding 

of BMP4 into BMP receptors (Hemmati-Brivanlou and Melton 1994; Piccolo et al. 

1996; Yu et al. 2018). Consistently, BMP receptor dominant-negative mutant 

induces neural cells (Suzuki et al. 1994b). These studies suggest the binary nature 

of ectoderm decision between epidermis or neural cells depending on the 

existence of BMP signals. Indeed, this postulation gave rise to the “neural default 

model”, which was further supported by merely dissociating animal cap cells, 

diluting the BMP signal, and leading to neural differentiation of these cells (Muñoz-

Sanjuán and Brivanlou 2002b). The neural default model proposes that the normal 

fate of ectodermal cells is to become neural, a fate which is inhibited by an 

autocrine BMP signal, whereas the role of the neural inducers secreted by the 

Spemann organizer is to inhibit this BMP signal by direct binding of chordin, noggin 

or follistatin to BMP molecules (Figure 1.2). Thus, in the absence of neural inducers, 

the ectoderm differentiates as epidermis (BMP activation), while neural inducers 

inhibit (BMP inhibition) this fate and tissue becomes neural. However, analysis in 

Chick revealed that blocking BMP signals by Noggin or Chordin was insufficient to 

induce neural plate (Streit et al. 1998). Furthermore, findings in Xenopus showed 

blocking BMP alone is insufficient to induce neural cells and that inhibition of the 

Fgf signal perturbs neural plate induction (Marchal et al. 2009; Pera et al. 2003). 

These observations suggest that additional inducing factor(s) are required or 

involved in neural induction.    
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Fig. 1.2|The default model of neural induction. 

The ectoderm, by default, will differentiate into neural tissues but is inhibited by the 

abundant BMP signaling (left). However, BMP antagonists are secreted from the 

Spemann organizer (left; red arrow). These antagonists, such as Noggin, Chordin, 

Follistatin, and others will create a gradient by which neural induction is promoted (right) 

with the aid of other signals (i.e. Fgf - discussed next). AN, animal pole; VG, Vegetal pole; 

D, Dorsal; BC, Blastocoel cavity; O, Spemann organizer; BMP, Bone morphogenetic 

protein. Blue is the dorsal side for prospective neural tissue, and brown is the prospective 

epidermis.  
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1.1.3.b Fgf signaling in neural induction  

Studies in Xenopus showed the inhibition of Fgf ligand binding to its receptor 

(FGFR) in whole embryos (Grunz 1992) or inhibition of Chordin or Noggin in animal 

caps prevents neural plate induction (Launay et al. 1996; Sasai et al. 1996). 

Furthermore, Spemann neural induction assay cannot produce neural cells if 

treated with Fgf inhibitors (Launay et al. 1996). Treatment of Xenopus embryos 

with Fgf inhibitor (SU5402) in a dose-dependent manner showed complete 

inhibition of neural plate marker Sox2 (Delaune, Lemaire, and Kodjabachian 

2005). Moreover, grafting Fgf beads in the prospective neural plate of Chick led 

to an ectopic neural axis. This experiment emphasizes the importance of Fgf in 

neural induction. However, it cannot rule out the possibility of normal host cell 

recruitment by the bead (Alvarez, Araujo, and Nieto 1998). Further analysis in area 

opaca concluded that Fgf alone is not sufficient to elicit a mature neural plate 

(Storey et al. 1992b, 1998; Storey, Selleck, and Stern 1995; Streit et al. 2000; Wilson 

et al. 2000). Hence, the notion that Fgf signaling is required for early steps in neural 

induction after the BMP inhibition (Stern 2005).  

 

In addition to the early role of Fgf signals in neural induction, it is also linked to the 

anterior-posterior (A-P) axis patterning. Research in Xenopus demonstrated that 

the inhibition of the Fgf receptor by a dominant negative mutant led to a 

disorganized neural structure with an absence of posterior markers but not the 

complete inhibition of neural plate (Amaya et al. 1991; Cox and Hemmati-

Brivanlou 1995; Godsave and Durston 1997; Holowacz and Sokol 1999; Kengaku 

and Okamoto 1993; Kroll and Amaya 1996; Lamb and Harland 1995; Pownall et 

al. 2003; Ribisi et al. 2000). Furthermore, a study showed that anterior neural plate 

(prospective forebrain) is caudalized either by the juxtaposition of more posterior 

neural plate or by exposure to Fgf ligands, which led to the expression of hindbrain 

markers. Taken together, these findings show the pivotal role of Fgf signaling in the 

early steps of neural induction and patterning of the A-P axis but not in the 

maturation of the neural plate (Cox and Hemmati-Brivanlou 1995). This supposition 
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gives rise to the potential involvement of other signaling pathways, such as Wnt, 

required for neural induction.    

 

1.1.4 Neural crest induction 

Neural crest cells (NCCs) are transient multipotent cells that delaminate and 

migrate after their induction and differentiate into a wide range of specialized 

cell types (Hall 2008). NCCs are derived from the dorsal margin of the neural plate 

(NP); after induction, they delaminate along the anterior-posterior axis of the 

embryo (Knecht and Bronner-Fraser 2002). In humans, at least 47 different cell 

types have been identified as derivatives of NCCs, such as glia, smooth muscles, 

osteoblast, neurons, melanocytes, and chondrocytes. This versatile cell 

population was first characterized by Wilhelm His over fifteen decades ago (Hall 

2008). NCCs significantly contribute to the development of various tissues and 

organs, and notably, their feature separates vertebrates from other chordate 

organisms (Hall 2008). In recent years, research on NCCs defects gained vast 

interest and made impactful progress on several syndromes, such as congenital 

heart defects and craniofacial aberration (Ji et al. 2019; Knecht and Bronner-

Fraser 2002).  

    

Neural crest (NC) induction is an example of instructive embryonic induction. 

NCCs originate from the neural plate border (NPB), specifically from the ectoderm 

positioned between the neural plate (NP) – future neurons and the non-neural 

ectoderm (NNE) – future epidermis and underlined by the paraxial mesoderm 

(Figure 1.3) (Park et al. 2015; Steventon et al. 2009a). Neural crest cells are induced 

during gastrulation, where complex interaction between secreted signals occurs, 

which are derived from the underlying mesoderm, neural plate, and epidermis 

(Betancur, Bronner-Fraser, and Sauka-Spengler 2010; Ji et al. 2019; Sauka-Spengler 

and Bronner-Fraser 2008).  
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Neural crest induction can be divided into two steps, NPB specification and 

retention of neural crest identity. The first step of NCCs induction is the 

transformation of the ectoderm into neural plate border (NPB); consequently, the 

expression of NPB markers is the initial indication of NC induction. A significant 

number of Xenopus studies implicated several transcription factors for NPB 

development (Glavic et al. 2004; Hong and Saint-Jeannet 2007; Li et al. 2009a; 

Monsoro-Burq, Wang, and Harland 2005). Transcription factors that specify NPB, 

such as Msx1/2, Zic1, Pax3/7, Hairy2, Id3, and Ap2, are regulated by multiple 

singling pathways like fibroblast growth factor (Fgf), bone morphogenetic protein 

(BMP), Wnt singling, retinoic acid (RA), among others (Elkouby et al. 2010; Glavic 

et al. 2004; Li et al. 2009a). Analysis in Chick showed that Transcription factors such 

as Pax7 specify NCCs and are expressed in NPB (Basch, Bronner-Fraser, and 

García-Castro 2006; Otto, Schmidt, and Patel 2006). Some NPB markers, such as 

Msx1, Zic and Ap2, are not restricted to the prospective NCCs, as they are 

expressed in broader domains suggesting that NPB and neural crest induction are 

separable events (Khudyakov and Bronner-Fraser 2009). The second step is 

initiated when NPB cells acquire NCC fate and they can be identified by 

expression of markers such as, foxd3, snai1/2, twist, and Sox8/9/10 in Xenopus, 

zebrafish, Chick, and human (Aybar and Mayor 2002a; Betters et al. 2010; Honoré, 

Aybar, and Mayor 2003; Li et al. 2009b; Mancilla and Mayor 1996; Sauka-Spengler 

and Bronner-Fraser 2008; Simões-Costa and Bronner 2015). Multiple signaling 

pathways and tissues regulate NC induction. Experiments in Xenopus and Chick 

embryos have shown that the strongest neural crest inducer is the mesoderm 

adjacent to the prospective neural crest (Fig. 3.1; left). That mesoderm in Xenopus 

corresponds to the dorso-lateral marginal zone (DLMZ), which is the future paraxial 

mesoderm. It has been shown that DLMZ induces neural crest by secreting Wnt 

and anti-BMP molecules (Fig. 1.3; pink arrow) and that grafting DLMZ into the 

ventral region of an embryo induced neural crest in an ectopic location (Garcı ́a-

Castro, Marcelle, and Bronner-Fraser 2002; LaBonne and Bronner-Fraser 1998a; 

Steventon et al. 2009a; Szabó and Mayor 2018). DLMZ is necessary and sufficient 
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to induce neural crest in naïve animal cap ectoderm ex vivo or in ectopic 

locations in vivo (Marchant et al. 1998). In the following sections, we will examine 

blastocoel morphogenesis and the signaling pathway required in this induction 

(such as BMP, Hippo, and Wnt) to better understand neural crest induction. 

 

 

Fig. 1.3|Cascade of neural crest induction. 

Neural crest induction is a multistep process regulated by well-characterized inductive 

molecules. This process commences during gastrulation after the ectoderm has been 

separated into neural ectoderm (low level of BMP) and non-neural ectoderm (high level 

of BMP), establishing an intermediate level of BMP in the neural plate border region, 

which is required for neural crest (left and middle). Then neural plate border cells are 

induced into neural crest cells by responding to Wnt signals. These Wnts proteins (i.e. 

Wnt8, Wnt3a) are secreted by the dorso-lateral marginal zone and future paraxial 

mesoderm (left; pink arrow) and initiate the canonical Wnt pathway (right). Epi, 

epidermis; NPB, neural plate border; NC, neural crest; NP, neural plate; VM, ventral 

mesoderm; DLMZ, dorso-lateral marginal zone; O, organizer; AN, animal pole; D, dorsal; 

BC, blastocoel cavity. 
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1.1.4.a Blastocoel morphogenesis 

To better understand the process of neural crest induction, it is crucial to examine 

the events before this induction commences. The initial cascade of events is the 

separation of the three germ layers, which happens at early gastrulation 

(Rebecca F. Spokony et al. 2002). Previous to neural crest induction the three 

germ layers, endoderm, mesoderm, and ectoderm are specified. Where the 

endoderm plays a role in the specification of the mesoderm, which in turn will 

induce the Spemann organizer (Fig. 1.1), thereafter the organizer splits the 

ectoderm into neural and non-neural ectoderm by producing BMP inhibitors (Fig. 

1.2), finally regional secretion of Wnts protein from DLMZ (prospective paraxial 

mesoderm) plays a pivotal role in the neural crest induction (Fig. 1.3). In addition 

to the primary cascade of events, a secondary cascade of events is indirectly 

important for neural crest induction, which is the formation of the first embryonic 

cavity, the blastocoel (Wolpert and Gustafson 1961). Blastocoel morphogenesis is 

observed in a wide range of organisms (Xenopus, mice, pig, human, cnidarians, 

echinoderms (sea urchins), Fish (known as Discoblastula), Avian, insect, and 

others); however, in comparison to other cavities during development little much 

is known of blastocoel initiation, development and early role in embryogenesis 

(Joshi and Rothman 2005; Schulze and Schierenberg 2011; Wolpert and Gustafson 

1961). In Xenopus, the anatomical location and morphogenesis have been 

documented, whereas the function or the role of this cavity during cleavage, 

blastula, and gastrulation remains poorly investigated (Kalt 1971a, 1971b; Keller 

1975a; Winklbauer 2009). 

 

Despite the blastocyst being the first cavity formed during the development of 

many organisms, their mechanism of formation is different from one organism to 

another (Chan et al. 2019; Dumortier et al. 2019; Imran Alsous et al. 2021). For 

example, it has been reported that the blastocoel formation in sea urchin is 

mediated by “surface plane divisions”(Buske et al. 2012; Wolpert and Gustafson 

1961). Indeed, post-fertilization of sea urchin embryos and the subsequent 
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divisions, the starting point of blastocoel formation is after the 4th division – located 

in space between the blastomeres (DAN 1952). Wolpert and Gustafson noted 

that these blastomeres remain “radial” during divisions, suggesting that the low 

adhesion/compaction between these cells is the main reason for blastocoel 

formation (Wolpert and Mercer 1963). And it is possible that these embryos are 

supported in close proximity to each other due to the hyaline layer (a layer that 

surrounds the entire embryos) (Buske et al. 2012; Itza and Mozingo 2005; Wolpert 

and Gustafson 1961; Wolpert and Mercer 1963). Although Wolpert and Gustafson 

model is widely accepted, it requires further experimental investigation to 

examine the role of the hyaline layer in the blastocoel formation. “it is by no 

means obvious why successive divisions should give rise to such a hollow sphere 

rather than compact random clustering of cell” Wolpert adds (Wolpert and 

Gustafson 1961).  

 

In mice embryos, the blastocoel formation is mediated by “hydraulic fracturing 

and coarsening” (Maître 2017; Rossant 2016). Mice blastocoel morphogenesis 

happens during the preimplantation and structurally, an outer epithelial later 

(trophectoderm) encloses the blastocoel and the inner cell mass (Rossant 2016). 

Similarly to sea-urchin, mice embryos are surrounded prior to fertilization until 

implantation by an outer shell composed of glycoproteins, known as zona 

pellucida (ZP) - common among mammals (Watson, Natale, and Barcroft 2004). 

Briefly, post-fertilization of mouse zygote, divisions form morula (tightly compacted 

cells – late 8-cell stage) (Dumortier et al. 2019; Maître et al. 2015a, 2016). Due to 

the high tension between cell-medium and low tension between cell-cell, 

apicobasal polarity is established, leading to tight junctions formation at the 2-cell 

and maturation at the 32-cell stage (Rossant 2016; Watson et al. 2004; Ziomek 

1980). The maturation of the tight junction coincides with the initiation of the 

blastocoel cavity, as it effectively seals the embryo (Rossant 2016). The link 

between the tight junction and blastocoel formation was established by 

attenuating the tight junction, which inhibited blastocyst formation (Moriwaki, 
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Tsukita, and Furuse 2007). Thereafter, hydraulic flux mediated osmotically by ion 

pumping (Na+/K+-pump) into intercellular space leads to the formation of 

tensed/pressurized micro-sized cavities connected by micro-lumens, creating a 

transient lumen network (Watson et al. 2004). The high-pressure micro-cavities 

then coarsen and emptied into larger less pressured cavities (Ostwald ripening 

process) creating a single cavity. Therefore, blastocoel morphogenesis in mice 

and presumably in pig, bovine, rabbit, and humans depend on ion pumps and 

polarized epithelium controlled by two physical properties; osmotic pressure and 

hydraulic fractioning/coarsening (Dumortier et al. 2019; Maître 2017).  

 

Similar to mice, blastocoel morphogenesis in Xenopus is also mediated by osmotic 

fluid pumping and the physical nature of the yolk (Barua, Parent, and Winklbauer 

2017; Frankenberg 2018; Pierre et al. 2016; Slack and Warner 1973a; Winklbauer 

2020). Xenopus eggs inheritably acquire an acellular outer layer (known as 

Vitelline membrane) (Byers and Armstrong 1986; Frankenberg 2018), and the 

apicobasal polarization mediated by the presence of the yolk in the zygote (Byers 

and Armstrong 1986; Müller and Hausen 1995). Indeed, the yolk is crucial for the 

polarization of the Xenopus zygote (Frankenberg 2018). The yolk granules are 

concentrated in the vegetal pole (Frankenberg 2018; Pierre et al. 2016). The 

precursor of the blastocoel cavity is detected as early as the 2-cell stage and will 

develop thereafter into a mature blastocoel. The accumulation of blastocoel fluid 

as early as the 2-cell stage is mediated by the formation of tight junctions and 

adherens junctions that will mature by the 32-cell stage, sealing the embryo from 

external media (Barua et al. 2017; Fleming et al. 2000; Keller 1975a; Moriwaki et al. 

2007). Early studies demonstrated that the expansion of blastocoel after the 32-

cell stage is mediated by osmotic forces controlled by ion channels that drive 

water influx into the newly formed blastocoel precursor (Na+/K+-pump) (Slack and 

Warner 1973a). The role of osmotic-mediated blastocoel expansion was further 

supported when inhibition of the Na+/K+ pump by injection of ouabain inside the 

cavity, which prevented the blastocoel cavity formation (Slack and Warner 
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1973a). However, osmotic pressure alone cannot explain the expansion of the 

blastocoel cavity. Indeed, a single cell taken from the 64-cell stage is able to form 

an aggregate of cells and have apicobasal polarity and develop to the 8-cell 

stage like embryos; however, this aggregate does not form a precursor of 

blastocoel cavity (Müller and Hausen 1995). This suggests that the formation of 

blastocoel precursor requires the initiation steps at early stages (2-cell stages) 

(Müller and Hausen 1995). Unlike sea-urchin, blastocoel formation in Xenopus is 

also considered a symmetry breaking point as it is localized in animal pole during 

early embryonic development (Barua et al. 2017; Frankenberg 2018). These 

studies highlight the complex steps required to initiate and develop the blastocoel 

across species and specifically point out the physical and biological elements 

required for this morphogenesis (Barua et al. 2017; Frankenberg 2018; Pierre et al. 

2016). Furthermore, these studies raise far more questions than they address. An 

in-depth analysis of the formation, expansion, and role of the earliest cavity is 

essential as these cavities might hold the answer to the most challenging 

questions; the spatial and temporal regulation of germ layers and to expand our 

understanding of the earliest and pivotal role of biomechanics in embryogenesis. 

In this work, we aim to examine the role of the blastocoel of Xenopus on the 

induction of neural crest. Before that, next, we examine cell signalling that is 

essential for neural crest induction.  
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Fig. 1.4|Xenopus blastocoel morphogenesis. 

Schematic of blastocoel development prior to fertilization, cleavage, blastula, and early 

gastrulation. At zygote, Xenopus eggs have a vitelline membrane (acellular transparent 

shell) and the apical (white) basal (yellow) polarity has been established due to the 

presence of yolk. At the 2-cell stage, the first cleavage has occurred and the earliest 

formation of tight junctions. At the 32-cell stage, the tight junction has matured sealing 

the embryo and with the continuous hydro-flux via ion pumps (red) the interstitial space 

continually expands (pBC; prospective blastocoel). At blastula stages, the blastocoel 

cavity is localized in the animal hemisphere and expands throughout.    
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1.1.4.b BMP signaling in neural crest induction 

Bone morphogenetic proteins are crucial for multiple steps in the development of 

CNS of vertebrates (Leung et al. 2016a). For example, at early gastrula stages in 

Xenopus, a gradient of BMP is established and controlled by their antagonists 

(Noggin, chordin, and others) (Fig. 1.2) (Barth et al. 1999; Conlon et al. 1991; 

LaBonne and Bronner-Fraser 1998b; Marchant et al. 1998; Tríbulo et al. 2003). 

Considering that the NCCs are located between the epidermis and the neural 

plate, it was hypothesized that a level of BMP intermediate to the one required to 

specify the epidermis and neural plate is crucial for NC induction (Marchant et al. 

1998; Tríbulo et al. 2003). This hypothesis was validated in Xenopus and zebrafish, 

and it was found that a BMP gradient is required for the different specifications of 

the ectoderm; high levels of BMP are required for the epidermis, an intermediate 

level is required for the development of neural crest, and inhibition of these 

proteins are necessary for neural plate development (Aybar and Mayor 2002a; 

Leung et al. 2016a; Marchant et al. 1998; Mizuseki et al. 2003; Ragland and Raible 

2004; Steventon et al. 2009a; Tríbulo et al. 2003). This postulation was further 

supported when the BMP gradient was attenuated, which led to the expansion 

of neural plate and neural crest cells (Linker et al. 2009; Wawersik, Evola, and 

Whitman 2005). Indeed, these findings support the notion that ectoderm 

specification depends on the BMP activity level.  

 

In mice at day (E) 8.0, Noggin (BMP antagonist) is expressed in neural folds and 

the dorsal side of the embryo after neural tube closure (Anderson et al. 2006). This 

antagonist plays an essential role in neural crest induction and migration. 

Moreover, BMP-mediated apoptosis is inhibited by antagonists during migration 

and differentiation of NCCs. A decrease in BMP antagonists was demonstrated to 

attenuate PNS derived from NCCs and craniofacial skeletal components. Indeed, 

Noggin knockout mice exhibited disorganized and fused cranial nerves, except 

the vagus and glossopharyngeal. In addition, a Chordin and Noggin double-

knockout lacked CN and is left with only trigeminal ganglion like-structure 
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(Anderson et al. 2006). In Chick, BMP activity during the formation of neural crest 

progenitors is mediated by CKIP/Smurf factors via Smad degradation, yielding an 

intermediate gradient of BMP levels required for NC induction (Piacentino and 

Bronner 2018). Additionally, human embryonic stem cells (hESCs) analysis showed 

BMP inhibition via Noggin during differentiation protocol for 24hrs on different days 

(0, 1, or 2) led to the inhibition of human NCCs. However, the inhibition was partial 

if the Noggin was added on the third day, suggesting a temporal window where 

these cells respond to Noggin (Leung et al. 2016a). This result highlights the role of 

BMP signaling on neural crest induction. 

 

1.1.4.c Wnt signaling in neural crest induction 

1.1.4.c.i -catenin dependent and independent Wnt pathways 

Wnts are secreted glycoproteins that are critically involved in a vast number of 

cellular processes in development and disease (Nusse and Clevers 2017a). The 

binding of Wnts proteins to receptors, such as Frizzled (Fzd), low-density protein 

(LDL), and Lrp5/6, initiate the canonical -catenin dependent Wnt pathway 

(Nusse and Clevers 2017a). Activation of the canonical Wnt pathway inhibits -

catenin destruction complex leading to the stabilization of -catenin in the 

nucleus and regulates the targeted genes after interacting with TCF/LEF (Fig. 1.4; 

right side) (V. S. W. Li et al. 2012). In the absence of Wnts glycoprotein, the 

pathway is inactive due to -catenin degradation via -catenin destruction 

complex (GSK3) (Fig. 1.4; left side)  (Cselenyi et al. 2008; V. S. W. Li et al. 2012; 

Nusse and Clevers 2017b; Wodarz and Nusse 1998). Wnt/-catenin pathway 

activation regulates cellular activities such as cell proliferation, differentiation, 

and apoptosis (Nusse and Clevers 2017b; Wodarz and Nusse 1998). The non-

canonical Wnt pathway which is independent of -catenin is associated with 

Planer cell polarity (PCP) found in Drosophila and vertebrates in addition to the 

Wnt/Ca2+ pathway, which is found in vertebrates (Humphries and Mlodzik 2018; 

Kikuchi, Yamamoto, and Sato 2009; Mayor and Theveneau 2014). The latter 
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pathway results in either an increased cytoplasmic Ca2+ after binding of Wnts to 

Frizzled receptors, production of IP3 and DAG, or the initiation of Calpain by 

directed activation of Ror1/2 by Wnts (De 2011; Kühl et al. 2000; Lilienbaum and 

Israël 2003; Sheldahl et al. 1999). Indeed, -catenin dependent and independent 

Wnt pathways have been well-characterized in several cellular processes and 

steps of embryonic development.   

 

Fig. 1.5|-catenin dependent Wnt signaling pathway. 

The Wnt pathway is off (left side) when Wnt receptor complexes are not bound by ligand. 

Where -catenin is recognized by -catenin destruction complex and rapidly degraded 

by the proteasome. The canonical Wnt pathway is activated when the Wnt ligand binds 

to Frizzled(Fz)/LRP receptor complex (right side). Upon activation -catenin destruction 

complex is inhibited, promoting the translocation of -catenin into the nucleus and 

binding to TCF to regulate target genes.    
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1.1.4.c.ii Wnt signaling in neural crest induction and specification  

The canonical Wnt pathway is well-characterized and considered a key pathway 

to modulate neural crest induction. Several components of Wnt proteins, such as 

Wnt1, Wnt3a, Wnt7b, Wnt8, Fzd3, and Lrp6, have been linked to NC specification 

in vertebrates (Borday et al. 2018a; Chang and Hemmati-Brivanlou 1998; 

Deardorff et al. 2001; LaBonne and Bronner-Fraser 1998a; Saint-Jeannet et al. 

1997; Tamai et al. 2000). A study in Xenopus showed that Fzd7 (Wnt receptor) is 

required for the expression of NC markers Sox9/10, snai1, twist, and foxd3, as the 

inhibition of this receptor attenuates the expression of these markers, and it can 

be rescued by -catenin. This result indicates the role of Fzd7 in the induction of 

neural crest mediate via the canonical Wnt pathway (Abu-Elmagd, Garcia-

Morales, and Wheeler 2006). Further analysis in Xenopus suggests that the 

canonical Wnt pathway is regulated by RhoV, which is regulated by Wnt1 levels 

(Faure and Fort 2011; Guémar et al. 2007; Weisz Hubsman et al. 2007; Yang et al. 

2005). In Chick, it has been shown that Axud1 is downstream of Wnt/-catenin 

pathway and required for regulation of NC specifiers (Sox9, Sox10, and Ets1), but 

not NPB specifiers (Pax7)(Quinlan et al. 2009). In addition, it has been shown that 

Axud1 interacted with Msx1 and Pax7 to form a complex that regulates the 

expression of foxd3 (Simões-Costa, Stone, and Bronner 2015). These findings 

further support the idea that neural crest induction is mediated by canonical Wnt 

pathway in a -catenin dependent manner. 

 

In addition to the role of Wnt signaling in the induction of NC, it is also required for 

A-P axis patterning. It has been proposed that neural crest specification is an 

indirect effect of the posteriorizing activity modulated by Wnt signalling 

(Villanueva et al. 2002). As in Xenopus, posterior neural tissue is mediated by the 

Wnt pathway activating Fgf signaling. Thus, Wnt signaling posterization activity 

can be inhibited by blocking Fgf signaling (Domingos et al. 2001). In contrast, 

further analysis showed NC markers (snai2 and twist) are expressed after blocking 

posteriorizing activity, suggesting that the canonical Wnt pathway directly 
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mediates neural crest induction (Aybar and Mayor 2002a; Wu, Yang, and Klein 

2005). These data suggest the elaborate role of Wnt signaling in neural crest 

development. Together, these studies strongly demonstrate evidence that the Wnt 

molecule plays a major role as a neural crest inducer, which is conserved across 

species. 

 

1.1.4.d Hippo signaling in neural crest development 

The Hippo pathway is one of the crucial signaling pathways from development to 

adulthood and in pathologies (Aragona et al. 2013; Azzolin et al. 2014a; Jiang et 

al. 2020; Piccolo et al. 2022). Although detailed information on Hippo signaling 

has been obtained from Drosophila and cell culture, there are significant gaps in 

our understanding of the Hippo pathway in mammalian systems (Guillermin et al. 

2021; Jiang et al. 2020). The Hippo pathway consists of a growing number of 

components that includes kinases and adaptor proteins that controls the 

subcellular localization of Yes Associated Protein (Yap), which in turn regulate 

target genes of this pathway. Once Yap and Taz are translocated into the 

nucleus, it binds to its TEAD transcription factor regulating a broad number of 

cellular functions like proliferation, stemness, and growth (Dupont et al. 2011; 

Guillermin et al. 2021). Whereas cytoplasmic Yap will either lead to its interaction 

with other signaling pathways like (i.e. canonical and non-canonical Wnt 

pathway, AMPK, Notch, JNK, mTOR, and Ras/MAP pathways) or are targeted for 

degradation. The Hippo pathway is activated by extracellular or intracellular 

signals (Jiang et al. 2020). The nature of the Hippos pathway activator varies from 

ligands, growth factors, integrin signaling, polarity complexes, cell-cell junction, 

and a wide range of mechanical inputs. Upon activation of the Hippo pathway 

(as detailed in Fig. 1.5), it regulates a wide range of specific cellular activity 

(Franklin et al. 2020; Jiang et al. 2020). A few examples of these are organ size 

regulation, controlling tissue density by contact inhibition proliferation (Huang et 

al. 2005), and epithelial-mesenchymal transition (EMT) during embryogenesis 

(Milewski et al. 2004). Indeed, studies have shown that the downstream co-
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transcriptional factor of the Hippo pathway is co-localized with neural progenitor 

marker Sox2 in addition to Taz, which stimulates proliferation and its role in 

promoting EMT (Cao, Pfaff, and Gage 2008; Milewski et al. 2004). The 

convergence of this pathway with the classical NC genes is still in the early days, 

and further in-depth analysis is required to fully understand the role of the Hippo 

pathway in neural crest induction, migration, and differentiation. However, the 

interaction between Pax3 (an NC progenitor marker) and Yap/Taz has been 

investigated (Lei et al. 2008). It has been suggested in mice that Tead2 (TEA 

Domain Family Member 2, Yap binding partner) is an activator of Pax3 in 

prospective NCCs. Indeed, it was found that Pax3 and Yap are co-localized in 

the nucleus of NC progenitors in the dorsal neural tube (Milewski et al. 2004). In 

rodents, it was found that Hippo/Yap/Taz is vital for Schwann cell proliferation and 

differentiation in a time-dependent manner. Active Yap/Taz complex initiates cell 

cycle regulators to promote Schwan cell proliferation while controlling 

differentiation with Sox10 for myelination (Deng et al. 2017). Despite these 

advancements, it is still unclear how the Hippo pathway regulates neural crest 

induction and whether its activators are biochemical or mechanical signals.  
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Fig. 1.6|The Hippo pathway. 

Several intra- and extracellular signals modulate the phosphorylation of protein kinases 

upon Hippo activation. MST1/2 kinases and SAV1 form complexes that activate LATS1/2. 

Yap and Taz are key downstream proteins of kinases. The phosphorylated LAST1/2 kinases 

will phosphorylate Yap, leading to its cytoplasmic retention or degradation (right side). 

Alternatively, the Hippo pathway is off when Yap is not phosphorylated, promoting its 

translocation into the nucleus and binding to TEAD, regulating targeted genes (right 

side).    
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1.2 Competence 

1.2.1 Temporal and spatial characteristics of competence 

Competence is the change in the direction of fate based upon the ability of 

receiving tissue to respond to the inductive signals generated by inducing tissue 

(Pyke 1956; Waddington 1937). However, the ability to respond to instructive 

signals is restrictive to developmental time. An example of temporal competence 

was noted when the conjugate of animal pole cells of Xenopus and vegetal cells 

were created at different developmental times. Dale and colleagues showed 

that the ectoderm (animal pole cells) is not competent to become mesoderm at 

stage 10, whereas earlier conjugates could induce mesoderm at the expense of 

the prospective epidermis (Dale, Smith, and Slack 1985). Findings in Chick 

supported the temporal notion of competence in neural induction by examining 

the organizer ability to produce the inductive signals and the ability of the epiblast 

to respond to inductive signals; these studies concluded that epiblast 

competence to generate neural plate is restricted in time (Dias and Schoenwolf 

1990; Gallera 1977; Storey et al. 1992b). Further analysis of ectoderm ability in 

Xenopus to develop lens was done by serial grafting animal cap (stages 10-12) 

from donor embryos in prospective lens region in host neurula stages, showing 

animal cap ability to respond was restricted in time (starts stage 11 and lost at 12) 

(Servetnick and Grainger 1991). The temporal ability of the responding tissue to 

inductive signals gained interest, and further studies demonstrated that this ability 

could be extended given the suitable proteins, an example of which is when the 

ectoderm of Xenopus did not lose its competence to induce neural or 

mesodermal cell when treated with cycloheximide (Grunz H 1970). As short 

exposure of ectoderm to cycloheximide inhibits protein synthesis, this observation 

suggests that competence (or at least the signaling interaction required in this 

case) might be regulated by the synthesis of new protein(s). 

 

Gurdon hypothesized the spatial characteristic of competence is determined by 

tissue area that can respond to inductive signaling and its proximity to inducing 
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tissue (Gurdon 1987). Several examples of regional competence have been 

demonstrated; only 40% of animal pole cells will differentiate into mesoderm if 

exposed to vegetal cells (Dale et al. 1985), and only the inner layer of the 

ectoderm can differentiate into the brain (Asashima and Grunz 1982) even 

though in both cases all of the ectodermal cells are exposed to vegetal inducing 

signals. These findings suggest that not all the regions in responding tissue are 

competent. Another study in  Xenopus demonstrated that dorsal and ventral cells 

of animal pole treated with the same amount of Fgf would yield different types of 

mesodermal cells (Sokol and Melton 1991). An alternative explanation is a 

different orientation during cell division; as cells in responding tissue divide, the 

apical membrane protein is differentially inherited from the non-competent 

region (Chalmers, Strauss, and Papalopulu 2003). In conclusion, these studies 

demonstrate the spatial ability of responding tissue towards inductive signaling; 

however, the mechanism that governs this phenomenon remains poorly 

understood.     

 

1.2.2 Molecular regulation of competence 

Since the discovery of competence, researchers have aimed to identify or 

explain this phenomenon in molecular terms. Analysis of mesoderm competence 

showed that the marginal cells are more susceptible to Fgf signaling than animal 

pole cells  (Godsave and Shiurba 1992), this study used single cell culture to 

determine the sensitivity of cells to respond to Fgf inductive signaling. Marginal 

zone (MZ) – prospective mesoderm responded at a lower concentration of Fgf 

compared to animal pole cells. However, this study associated the higher 

sensitivity to inductive signals due to higher levels of Fgf transcription factors in MZ 

than animal pole cells and a high density of Fgf cell surface receptors in MZ cells 

(Gillespie et al. 1989a). This concludes that since single cells from different regions 

respond differently to Fgf-like molecules, there is no unbiased test for induction 

studies of mesoderm (Godsave and Shiurba 1992).   
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Further investigations claimed to have identified competence “modifiers”. An 

example of which is activin-treated explants at a low dose it generates ventral 

mesoderm; however, if it is combined with Wnt8 modifies the tissue response and 

induces dorsal mesoderm (Christian, Olson, and Moon 1992). On the other hand, 

when explants are treated with a high dose of activin it generates dorsal 

mesoderm; however,  if it is combined with exogenous retinoic acid (Ruiz i Altaba 

and Jessell 1991) and BMP4 (Dale et al. 1992) induces ventral mesoderm. Despite 

these studies that suggest that some of these molecules act as “competence 

modifiers”, their role is unclear, and whether they are direct regulator of 

competence or simply work as inductive signals remains unclear.  

 

Moreover, researchers aimed to identify whether competence is regulated at the 

chromatin level. Hence, ATAC-seq/ChIP-qPCR was utilized to reveal that the 

dorsal genes are not accessible for transcriptional activity due to chromatin 

condensation after mesodermal induction (loss of competence) (Esmaeili et al. 

2020a). Thus, it was hypothesized that loss of competence could be explained at 

transcriptional levels; however, when neural crest competence cells were 

analyzed, authors found that when neural crest competence is lost, chromatin 

accessibility is not reduced. This approach is insufficient to propose an epigenetic 

mechanism to explain changes in neural crest competence, subsequently, a 

unifying mechanism to explain competence  (Esmaeili et al. 2020a). In conclusion, 

these findings cannot provide a mechanism to explain the competence ability of 

induced tissue to respond to inductive signals and commit to a fate.  
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1.3 Impact of the mechanical cues on cell fate 

Despite understanding how biochemical signaling directs cell fate which has 

revolutionized the study of cell biology and embryogenesis over the last century, 

new insights into how mechanical cues regulate cell fate have gained vast 

interest over the last two decades (Plusa and Hadjantonakis 2016). Indeed, during 

embryogenesis, extrinsic mechanical inputs such as fluid flow, sheer stress, 

hydrostatic pressure, tension, compressive forces, and others, in addition to 

intrinsic forces such as cell density, shape, and extracellular elasticity and 

topography, are essential for cell fate, motility, and behavior (Abuwarda and 

Pathak 2020; Nelson 2022).  

 

The mechanical landscape is highly complex, and extrinsic and intrinsic cues 

often cannot be decoupled. Mechanical cues are perceived by cells via 

mechanosensitive elements on the cell surface, such as membrane channels 

(piezo1/2) (Canales Coutiño and Mayor 2021b, 2021a; Tschumperlin 2011), 

integrins, focal adhesions (Sun, Guo, and Fässler 2016), or others; this promotes 

cytoskeleton to respond to counterbalance the force by increasing or decreasing 

contractility. Tension change in the cytoskeleton mediates downstream 

transcriptional activity that controls cellular response, such as cell fate (Cho et al. 

2019; Swift and Discher 2014). However, this mechanotransduction model is not 

unidirectional as a direct interaction between the nucleus and cytoskeleton plays 

a role in how cells perceive these mechanical cues, leading to a feedback loop 

on transcriptional activity (Mason et al. 2019; Swift and Discher 2014).  

 

An example of how mechanical input influence cell fate can be found in 

mesenchymal stem cell (MSC) differentiation. Adipogenic or neuronal 

differentiation from MSC is promoted on soft matrices, whereas stiff matrices 

induce osteoblast or myocytic differentiation (Dupont et al. 2011; Engler et al. 

2006; McBeath et al. 2004). Moreover, if MSCs are cultured in neurogenic stiffness 

(0.1-1kPa) and after three weeks are incubated with myogenic or osteogenic 
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media, inductive signals are over-ridden and neurogenic fate is maintained by 

MSC (Halder, Dupont, and Piccolo 2012). These studies suggest that intrinsic 

mechanical input (ECM stiffness) is sufficient to drive MSC fate independently; 

nevertheless, induction media can enhance this response. In addition, these 

studies strengthen the notion of mechanical input interplay with biochemical 

signals to prompt cellular fate  (Engler et al. 2006; Halder et al. 2012). 

 

Further investigations in embryogenesis have found that several developmental 

processes can contribute to extrinsic or intrinsic mechanical cues, such as growth, 

movement, and rearrangement of tissues, among others. These mechanical 

inputs can be regulated by cell-cell contact as seen in tissue compaction in mice 

(LI et al. 2009; Maître et al. 2015b), fluid to jamming transition as described for 

body axis elongation (Bénazéraf et al. 2017; Mongera et al. 2018), or by increasing 

cell density of the head mesoderm, which is sensed by neural crest cells initiating 

migration (Barriga et al. 2018). Neural crest cells are one of the cell types with the 

ability to sense the environment and act accordingly; for example, evidence 

suggests that neural crest migration (Shellard and Mayor 2021) and differentiation 

are mediated by mechanical cues (Canales Coutiño and Mayor 2021a). 

Mechanistically, the mechanosensitivity of neural crest cells can be seen in the 

increase in cell density of the head mesoderm leading to a rise in mesoderm 

stiffness from 50 Pa to 150 Pa, which is sensed by neural crest cells via focal 

adhesions, triggering its migration (Barriga et al. 2018). Moreover, culturing neural 

crest stem cells (NCSCs) derived from induced pluripotent stem cells (iPSCs) on 

different hydrogel stiffness will control the fate outcome of these cells between 

smooth muscle or glial cells (Li et al. 2020; X. Li et al. 2012). Lastly, inhibition of Rho-

associated kinases (ROCK) and myosin ll lead to the expansion of neural crest 

markers (foxd3 and Sox8) during induction in Xenopus embryos(Kim, Ossipova, 

and Sokol 2015). The outcome of this study suggests the possible role of 

mechanical input during neural crest induction and the potential translation of 

mechanical input via ROCK and myosin ll.  
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Together, these findings shed light on the pivotal role of mechanical input on cell 

fate and other cellular responses. However, the precise mechanism of the 

bidirectional mechanotransduction model remains to be investigated.   
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1.4 Thesis Hypothesis 

Embryonic competence is the ability of cells to respond to a particular inductive 

signal generated from inducer cells, resulting in a different outcome of fate 

(Martinez Arias and Steventon 2018; Pyke 1956; Spemann and Mangold 1924; 

WADDINGTON 1934), and it is a vital process during embryogenesis noted as such 

since it is discovery over one hundred years (Spemann 1901). The spatial and 

temporal characteristics of competence are pivotal for patterning tissue and 

organs during embryogenesis (Groves and LaBonne 2014; Gurdon 1987). 

Although previous studies aimed to explain how competence is regulated via 

biochemical pathways (Christian et al. 1992; Esmaeili et al. 2020b; Gillespie, 

Paterno, and Slack 1989b; Groves and LaBonne 2014; Henig, Elias, and Frank 1998; 

Lim et al. 2013; Pieper et al. 2012; Steinbach, Wolffe, and Rupp 1997; Streit et al. 

1997), we still lack a comprehensive understanding of the mechanism that 

regulates competence during embryonic development. Indeed, since 

embryonic induction was cornered, vast molecules have been identified that are 

essential for embryonic induction of mesoderm, neural plate, neural crest, and 

others (i.e., Fgf, Wnt, BMP, and others) (Groves and LaBonne 2014; Mayor and 

Theveneau 2014; Stern and Downs 2012). However, these pathways did not 

provide a clear understanding of how the ability of these cells to respond to 

signals is controlled during development. In this work, we aimed to understand this 

embryonic phenomenon using an alternative approach, biomechanical. 

Indeed, early embryogenesis involves a wide range of cellular movements and 

tissue rearrangements. Furthermore, there is evidence of how mechanical cues 

control cell fate (Plusa and Hadjantonakis 2016). An example of this is how 

mechanical cues control cell fate of neural crest is controlled by stiffness (Li et al. 

2020; X. Li et al. 2012), ability to migrate (Barriga, Shellard, and Mayor 2019), and 

the possibility that mechanical cues could regulate the induction of neural crest 

(Kim et al. 2015).   
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Thus, in this thesis, we explored the novel idea that mechanics could regulate 

embryonic competence. To test this idea, we have analyzed neural crest 

competence as the biochemical bases of its induction are well characterized 

(Curchoe et al. 2010; LaBonne and Bronner-Fraser 1998b; Mayor, Morgan, and 

Sargent 1995; Steventon et al. 2009a). Thus, I propose the hypothesis that “neural 

crest competence is controlled by mechanical cues”, which will be addressed by 

analysing the following aims: 

1. Identify the mechanical cues that control the competence of the 

ectoderm to induce neural crest cells.  

2. Investigate how mechanical cues interplay with molecular inductive   

signals during neural crest competence. 
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Fig. 1.7|Graphical introduction. 

Embryonic induction controls the formation of new cell types, tissues, and organ formation. 

Induction corresponds to a change in the direction of differentiation mediated by interaction 

of inducing and responding tissues. This process is controlled by signaling pathways (left of 

the arrow), tissue competence, and spatiotemporally restrictive during morphogenesis; 

however, the mechanisms for this restriction have remained elusive. We aim to examine how 

neural crest competence is biomechanically controlled during embryogenesis.  
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Chapter 2: Material and Methods 

2.1 Xenopus laevis embryos 

Adult Xenopus laevis (Nasco, and Xenopus Resource Centre) were maintained in 

standard conditions in the animal facilities of University College London. They 

were used per the Regulations (Scientific Procedures) Act 1986, as described 

previously (Benjamin et al., 2021). University College London and the UK Home 

Office approved animal licenses, including establishment, project, and personal 

licenses.  

 

Xenopus embryos were obtained by in vitro fertilization, as previously described 

(Barriga et al. 2018). Briefly, superovulation of Xenopus females was induced by 

injection of 100 IU pregnant mare serum gonadotrophin hormone, 

subcutaneously (PMSG; Intervet) 2-5 days before the second injection of 250-

300IU of chorionic gonadotrophin hormone (Chorulon; Intervet), which was 

performed ~12 hours before the planned fertilization. Females who produced 

eggs 24 hours after the second injection was kept in 0.1X Marc’s Modified Ringers 

(MMR; 5mM HEPES, 0.1mM EDTA, 100mM NaCl, 2mM KCL, 1mM MgCL2, and 2mM 

CaCL2) at 17Co. Testes were obtained from Xenopus males by anesthetization in 

Tricaine solution for 40 min and then culling by pithing. The testes and stored in 

Leibovitz L-15 medium (Invitrogen, 11415-064) with added streptomycin (5 g/mL, 

Sigma, 85886) at 4Co. Eggs were fertilised in vitro in a petri dish (Falcon 734-0006) 

with 500 L 0.1MMR, which had a small piece of testes crushed.  

 

After 30 min, 1/10 of Normal Amphibian Media (NAM) was added to the dish. 

Fertilised eggs were de-jellied no earlier than the 1-cell stage in 2% cysteine 

solution dH2O. Then, embryos were incubated at 14.5Co in NAM 1/10 and staged 

according to the standard table of Xenopus development (Nieuwkoop 1967). 
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2.2 Cell culture Human induced neural crest cells (hiNCCs) and 

immunostaining  

Human induced neural crest cells (hiNCCs) were obtained by Wnt activation and 

BMP inhibition in induced pluripotency stem cells (iPSCs), as previously reported 

(Leung et al. 2016b). Briefly, NIBSC8 iPSCs (National Institute for Biological 

Standards and Control – UK) were plated on Matrigel-coated wells using hiNCC 

induction media for 5 days. hiNCC induction media was constituted of DMEM/F12 

Glutamax (Thermofisher Scientific), 0.5 % BSA (Sigma), 3uM CHIR99021 (Sigma) 

and 2 % B27 supplement (Thermofisher Scientific). Different iPSC confluences 

achieved (10% 45%, 100% - confluent, 100+% - dense) were obtained by plating 

hiNCC with different cell densities. After 5 days, cells were fixed with 4% PFA, 

permeabilized with PBS 0.1% TritonX and blocked with 5% BSA. Cells were then 

incubated overnight at 4oC with antibodies for Sox9 (1:500, Sigma), Sox10 (1:50, 

DSHB) and Yap1 (1:200, Proteintech) in a blocking solution. Secondary antibody 

incubation was performed for 1 hour at room temperature using AlexaFluor 488, 

AlexaFluor 594 (Thermofisher) and DAPI. Cells were imaged with EVOS 7000, and 

images were analyzed with ImageJ. This was done with help from Lucas Alvizi. 

 

2.3 Graft assay 

Inducing ectopic induction of neural crest requires specific signals from 

prospective mesoderm known as dorsal lateral marginal zone (DLMZ) (Curchoe 

et al. 2010; Garcı ́a-Castro et al. 2002; LaBonne and Bronner-Fraser 1998b; 

Steventon et al. 2009a). The tissue of DLMZ was dissected using a premade hair 

knife from an early gastrula stage 10 (N&F) donor embryo and grafted into the 

cavity of the host embryos at different gastrulation stages as previously described 

to assess the competent ability of the ectoderm to induce NCCs (Mancilla and 

Mayor 1996). The grafted embryos were incubated in NAM3/8 during the 

procedure and NAM1/10 up to late neurula stages, then fixed, ectopic induction 

was analyzed by in situ hybridization. As the DLMZ could attach to any side of the 

ectoderm, we aimed to have the DLMZ attached to the ventral side as much as 
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possible to have a clear outcome of the assay. As the ventral side of the 

ectoderm does not induce NCCs, we could potentially rule out the effect of 

endogenous dorsal signaling. In addition, grafted embryos exhibited an ectopic 

induction that extended to the dorsal endogenous neural crest induction, which 

leads to dorsal-lateral ectopic induction rather than ventral ectopic induction, 

were removed from the analysis, as shown (Fig 3.1). 

 

2.4 Compression assay 

Explant compression assay, explants containing the prospective neural crest were 

obtained by a series of dissections incubated in NAM 3/8 media. The first cut (with 

a premade hair knife), the ventral tissue was removed (from the dorsal blastopore 

lip to the animal-ventral side). A second cut was made from the animal pole to 

the ventral side to open the explants. Then explants were compressed under a 

coverslip using vacuum grease (Dow Corning GMBH, 0315) to control the 

compression level. Explants were incubated in NAM1/10 till desired 

developmental stage, fixed and expression of NC markers were analyzed by in 

situ hybridization. Experimental explants were compressed compared to similarly 

dissected embryos but not compressed.  

  

2.5 Inflation and Deflation assay 

Inflation and deflation of the blastocoel cavity of Xenopus embryos were 

achieved using a microinjector (MicroData Instrument, Inc.). First, a microneedle 

was prepared to aspirate or increase the fluid in the blastocoel cavity (pulled – 

Narishige PC-10 and calibrated via microforge – Narishige, MF2) with a 10-20µm 

tip. To achieve inflated embryos, 100 – 250nL of media was injected inside the 

blastocoel cavity at a pressure of 23.4Psi for 15 seconds. And for deflation, a 

microneedle with a 30µm tip was used to aspirate 100 – 175nL of blastocoel liquid 

from the blastocoel cavity. During inflation, embryos were incubated in 3%FICOL 

(P7798-500G, Sigma in 1-liter NAM3/8) for 1 hour, then in NAM3/8 till desired 
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development stage and then fixed for further analysis. In contrast to inflation, 

deflated embryos were incubated in NAM3/8. Different osmolarity Media were 

achieved and used in inflation assay: hypotonic (0.1 MMR, of 222 mOsm), 

hypertonic (3% FICOL, 900 mOsm), isotonic (fluid was taken from the blastocoel 

cavity from sibling embryos).   

 

2.6 Microinjections and treatments 

2.6.1 Calibration 

Microneedles for microinjections were prepared using 2 step puller (Narishige, PC-

10) and calibrated under a dissecting microscope (LeicaMZ6) for 5nl injections at 

23.4Psi every 0.20 seconds. Microinjections of a final volume 5nl were done into 

two blastomeres (animal pole side) of 8-cell stage embryos using a PM1000 

microinjector (MicroData Instrument, Inc.) as described previously (Gee et al. 

2011). During microinjections, embryos are continuously incubated in NAM3/8 

unless specified otherwise. After calibration and microinjection embryos were 

incubated at 14.5C till desired developmental stage and then fixed for further 

analysis. 

 

2.6.2 RNA synthesis and Morpholino 

The following constructs were injected into the embryos; a 70ng of Yap 

morpholino (Gee et al. 2011), obtained from GeneTools, was injected into 

blastomeres of the 8-cell stage. In addition, the following mRNA were injected as 

described above: 2ng of YapS127A, 8pg of Xwnt8 (Christian et al. 1991), and 

200pg of -catenin-GR (Carmona-Fontaine et al. 2007; Vleminckx, Kemler, and 

Hecht 1999). Construct of YapS127A (Addgene plasmid #17790), the original insert 

was subcloned between these two sites; Xba1 and Spe1 sites in pBluescript SK(+) 

backbone vector, followed by in vitro transcription of this construct and other 

mRNA used in this study (mMessage mMachine kit, Thermo Fisher Scientific, 

AM1340 for SP6 and AM1334 for T7).  



54 
 

 

2.6.3 Pharmaceutical treatments  

Xenopus embryos were incubated with 70mM of the Na+K+-ATPase inhibitor 

ouabain (Sigma Aldrich, O3125) as previously described (Slack and Warner 

1973b) to reduce the volume of blastocoel cavity by inhibition of passive H2O into 

the cavity. Ouabain was diluted in DMSO (Sigma Aldrich, D8418) as stock, then 

diluted in NAM 1/10 or NAM3/8 during treatment. And 25µM of the GSK3 inhibitor 

BIO (Sigma Aldrich, B1686) as described (Maj et al. 2016). Inhibiting the GSK3 

complex and preventing -catenin degradation leads to the activation of the 

Wnt pathway. To induce activated -catenin-GR, stage 10 embryos were treated 

with 4 mg/mL of dexamethasone (Sigma Aldrich) until stage 17, as previously 

described (Carmona-Fontaine et al. 2007), and then fixed for further analysis. 

 

2.7 in situ hybridization 

2.7.1 Antisense probe synthesis 

Whole-mount colorimetric in situ hybridization for Xenopus was performed 

previously described (Barriga et al. 2019). To generate digoxigenin antisense 

probes, an In vitro Riboprobe system (Promega P1420) was used to synthesize 

snai2 (Mayor et al. 1995), foxd3 (Kelsh et al. 2000), keratin (Jonas, Sargent, and 

Dawid 1985), Xbra (Latinkic et al. 1997), and Wnt8 (Baker, Beddington, and 

Harland 1999). And a fluorescein antisense probe was synthesized for double 

colorimetric in situ hybridization for Sox2 (Kishi et al. 2000). The in vitro antisense 

RNA transcription was performed in series of steps. Initially, the full circle construct 

of DNA was cut at a 5’ restriction site with the appropriate endonuclease 

(depends on the constructs provided by the cited literature; i.e. Notl, Spe1, Xba, 

and others). Then the linearized DNA and antisense RNA transcription was carried 

out by adding 1 g of linearized DNA, 2 L of 10x DTT, 4 L of 5x buffer, 2 L of NTP-

Dig, 0.5 L of ribonuclease inhibitors and 1 L of RNA polymerase (either T7, SP6, 

or T3) up to 20 L solution with RNase free water. The NTP mix contains digoxigenin-
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labelled UTP or fluorescein-labelled UTP, yielding an antisense RNA tagged with a 

dig/fluo label. All reagents were obtained from Promega. The final mixture was 

incubated at 37C for 4hrs. From this, 1 L was replaced with 1 L of DNase to 

degrade the DNA template and stop the reaction. The total labelled RNA 

concentration was measured via a Nanodrop spectrophotometer (ND-1000). The 

working concentration of the probes was made by diluting them into a 

hybridization buffer. Snai2/foxd3 was diluted to 700 ng/mL, Keratin/Xbra 500 

ng/mL, otherwise 1.1ng/mL.  

 

2.7.2 Single whole mount in situ hybridization 

Xenopus Embryos were fixed overnight in MEMFA (1M MOPS, 10Mm MgSO4, 20Mm 

EGTA in 100ml)  at 4C, dehydrated with a series (100/0%, 75/25%, 50/50%, 25/75%, 

and 0/100%) of methanol/1XPBS, and bleached (Mayor bleaching solution; 

0.25ml Formamide, 0.15ml 20X SSC, 1ml H2O2 in 5ml), then overnight incubated 

with the dig-labeled probe at 65C. Then, embryos were washed with a series 

(75/25%, 50/50%, 25/75%, 0/100% of 2X SSC, and 0/100% of 0.2X SSC) of 

Formamide/SSC. The two washes for five minutes of MAB-T, next, blocked in a 

2%/MAB blocking reagent (BMBR; Roche, 11096176001) for 2 hours, incubated 

with anti-digoxigenin-AP antibody (Roche) 1:3000 for 4 hours and then revealed 

with 4.5µl/mL NBT (Roche, 11585002001) and 3.5µl/mL BCIP (Roche, 11383213001) 

in 1x Alkaline phosphatase (AP) buffer (1M Tris-HCL, 0.5M MgCl2, and 1M NaCl).  

 

2.7.3 Double whole mount in situ hybridization 

For double colorimetric whole-mount embryo staining, embryos were treated 

similarly to the single in situ hybridization; however, embryos were incubated with 

both digoxigenin (2ng/ml) and fluorescein (0.2ng/ml) labeled probes overnight at 

65C. Next, embryos were treated similarly, and a digoxigenin probe was revealed, 

as described above. Then, embryos were de-probed with 1M Glycine pH 2 for 30 

min. Finally, embryos were blocked and anti-fluorescein-AP antibody (Roche) 
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1:3000 and revealed with 3.5µl/mL BCIP in AP buffer only. After single and double 

in situ hybridization, embryos were fixed in 3.7% formaldehyde and imaged with 

Nikon SMZ800N. Image analysis was done using ImageJ, where a region of interest 

was selected (ROI) to measure integrated density. Next, the final values were 

subtracted from the background and normalized to control. In graft analysis, the 

values of competence (ectopic induction) were further normalized between 0 

and 1. All of the values in this work yielded from in situ hybridization are reported 

in arbitrary unite (a.u.) (as it is not quantitative method), unless stated otherwise.      

 

2.8 Readout of Wnt activity  

2.8.1 Luciferase assay 

As previously described, Wnt activity was measured via Luciferase assay (Veeman 

et al. 2003). Briefly, Xenopus embryos were injected (as described above) into all 

four animal blastomeres at the 8-cell stage to have a readout of Wnt activity only 

of ectoderm. First, embryos were either injected with 100pg of super Top-flash M50 

or Fop-flash M51 DNA (Addgene plasmid #12456 and #12457, respectively). Next, 

3-5 embryos were homogenized in triplicate with 50µl of 50mM Tris HCL (pH 7.5) 

(total of 9-15 embryos per one biological replicate) and then centrifuged 

(maximum speed for 5 mins), then a 25µl of Tris was added. Next, the Luciferase 

assay system (Promega, E4030) was used to lyse the samples with lyse reporter 

buffer. Finally. 20µl of the final mix was added to 100µl of luciferase substrate assay. 

After waiting 30 seconds, both samples of Top/Fob-flash activity were measured 

(Luminometer, Tuaner BioSytem) and normalized to Fop-flash. 

 

2.8.2 Transgenic GFP reporter 

To analyze the spatial activity of the Wnt pathway, we used a Xenopus laevis 

transgenic line, as luciferase assay gives only the total activity of Wnt in the 

ectoderm without any spatial information. The well-characterized transgenic line 

Xla.Tg(WntREs:deGFP)1Vlemx was used as previously described (Tran and Vleminckx 
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2014). Briefly, transgenic testes were obtained and used for in vitro fertilization, as 

described above. Then embryos were incubated till early gastrula stage 10, where 

embryos were either inflated or deflated, as explained above. Next, embryos 

were incubated in NAM3/8 till stage 12 to ensure signal turnover. Images were 

then taken using a fluorescent microscope (Nikon SMZ25), and for quantification, 

a selection of ROI in ImageJ was made to measure integrated density. Finally, 

integrated intensity values were normalized to the control values and plotted.   

 

2.9 High-resolution micro-Computed Tomography (µCT) scan 

After reaching the desired developmental stage, Xenopus embryos were fixed 

with 4F1G fixative (1% glutaraldehyde and 3.7% formaldehyde in 0.2 M phosphate 

buffer) overnight at 4C while on the rocker. Next, embryos were washed a few 

times with dH2O and stained with 10% IKI (iodine potassium iodide) overnight, as 

described previously (Metscher 2009). Finally, embryos were prepared to be 

scanned by mounting them in a fixed position either in a 2µl tip or placed at the 

bottom of a 50ml falcon. Scan of the embryos run (XT H 225, Nikon) at 60-80kV, 

8W and an exposure time of 0.5 seconds with an optional 0.250mm copper filter. 

Reconstruction (X-inspect, Nikon) of the images of the scan was done at a cubic 

voxel size of 12µm after 2 x 2 binning. Analysis of the volumes of the blastocoel 

cavity and the whole embryos were obtained by using gmsh (GNU General Public 

License, version 4.8.4), a 3D finite element mesh generator for volume analysis. For 

visual representation images, ImageJ was used to reconstruct the volume in 3D 

using the built-in plugin, volume viewer. Automated volume quantification was 

done by a python code provided by Namid Stillman. 

 

2.10 RT-qPCR 

Total RNA was extracted from a pool of embryos (20 per sample) using the RNeasy 

Micro Kit (Qiagen, Valencia CA). Embryos were homogenized To extract RNA. To 

synthesize cDNA from RNA VILO cDNA Synthesis Kit (Invitrogen, Grand Island, NY) 
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was used. RT-qPCR was performed on an Eco Real-Time PCR System (Illumina, San 

Diego CA). These are the primers used in this study: snai2 (Bae, Hong, and Saint-

Jeannet 2018); Fw: CATGGGAATAAGTGCAACCA, Rev: 

AGGCACGTGAAGGGTAGAGA and foxd3 (Watanabe et al. 2015); Fw: 

TCTCTGGGGCAATCACACTC, Rev: GTACATTTGTTGATAAAGGG. Power SYBR 

Green PCR Master Mix (Invitrogen) was used. The reaction mixture contained the 

following, Power SYBR Green PCR Master Mix, 250 nM primers, and 4 ml cDNA in a 

final volume of 20 µl. The PCR cycles were done as such: 95C (10min, 40 cycles), 

at 95C (10 seconds) and at 60C (30 seconds). odc1(Bae et al. 2018) was used for 

in-house normalization. 

 

2.11 Hydrostatic pressure measurement 

The hydrostatic pressure of the blastocoel cavity during gastrula stages was 

measured directly using the SYS-900A micropressure system (World Precision 

Instruments, CA), a well-established technique with a resolution of 13Pa, was used 

a previously described (Petrie, Koo, and Yamada 2014). In brief, pre-pulled and 

calibrated microneedles were obtained with 0.5-1μm tip size (World Precision 

Instruments, TIP05TW1F and TIP1TW1, respectively). The needles were filled with 1M 

KCl solution, attached to the microelectrode holder to avoid bubbles (World 

Precision Instruments, MEH6SF), and then connected to the SYS-900A system. The 

microelectrode was calibrated using a calibration chamber (World Precision 

Instruments, CAL900A). After a successful calibration (reaching a baseline of 0 

kPa), the microelectrode was positioned onto a micromanipulator, and the 

reference electrode was fixed in position inside the NAM3/8 media under the 

dissecting microscope (LeicaMZ6). Xenopus embryos were secured in place using 

plasticine to ensure embryos do not move during pressure measurement. The 

microelectrode was inserted into the blastocyst at a depth above the ectoderm 

thickness of 100µm, around 300µm, strictly measured using a micromanipulator to 

ensure the tip of the needle was not obstructed by tissues and in contact with the 

blastocoel cavity. After a successful puncture of the microelectrode, it was 
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maintained in place for ~10 seconds. The hydrostatic pressure was calculated as 

the mean pressure of the whole 10 seconds. Data points were excluded from 

analysis if a decrease in pressure within 10 seconds of probe insertion was noted, 

which indicates a failed stabilization. This was achieved by collaborating with 

Takashi Hiiragi lab and with the help of Parchiti Moghe. 

 

2.12 Immunostaining and Cryosection 

Xenopus embryos were fixed in 4% paraformaldehyde/1X-PBS for 30 mins at room 

temperature (RT), then treated with 0.03% Triton (100-X, Sigma Aldrich) for 12 mins 

on a rocker at RT, blocked in 20%NGS/1X-PBS for 2 hours on a rocker at RT. Then 

incubated with Yap1 antibody 1:200 (Proteintech, 13584-1-AP) overnight in 

20%NGS/1X-PBS. After multiple washes, an appropriate secondary antibody was 

added, for example, AlexaFluro488 1:360 (Thermo Fisher Scientific) and DAPI 

1:1000 (Sigma Aldrich, D9542). Next, embryos were washed with 1X-PBT and then 

fixed with 1% paraformaldehyde and then dehydrated overnight with 30% 

sucrose/1X-PBS for cryosection. After dehydration of the embryos, they were 

embedded in with 30%O.C.T/sucrose/1X-PBS and sectioned using a cryostat 

OTF5000 (Bright Instrument, UK) with slices of 30µm thickness. Finally, the sections 

were submerged with 70% glycerol and covered with a coverslip and imaged 

using a confocal microscope (TCS SP8; Leica microsystems). For 

immunofluorescence analysis, the intensity of Yap staining was measured by 

ImageJ by obtaining the integrated density. Then the N/C ratio was calculated 

using a mask based on DAPI staining to identify the nucleus. Then the intensities 

of the nucleus were obtained and subtracted from the total cell intensity to get 

the cytoplasmic value. For cell packing of the ectodermal cells was obtained as 

previously described (Hannezo and Heisenberg 2022): Packing index =

 
𝑛𝑐𝑒𝑙𝑙𝑠  ×  �̅�𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
 , which is also done using ImageJ. Packing index for random of 

range of spheres (in our case cells) is expressed by the ratio of the sphere volume 

(in our case area of cell defined by membrane of cells) to the total volume 
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occupied space (in our case ROI of the ectoderm) (Rogers, Dijkstra, and Smalley 

1994). 

 

2.13 Statistics 

Data points were first tested for normality using the d’Agostino-Pearson and/or 

Shapiro-Wilk test via Prism 9 (GraphPad). In two group comparisons, significances 

were computed with Student’s t-test (two-tailed, unpaired) when data points 

passed the normality test or Mann-Whitney (two-tailed, unpaired) for data that 

did not pass the normality test. In more than two group comparisons, significance 

was computed with one-way analysis (ANOVA) with Dunnett’s test correction for 

data points that passed the normality test and Dunn’s test for data sets that did 

not pass the normality test. No statistical methods were computed to determine 

the sample size required; it was based on previous studies in the field. Each 

experiment in this study was repeated at least three times on different days and 

with different batches of Xenopus females, subsequently, different embryos (three 

biological replicates), unless stated otherwise. Finally, during the experiment, the 

authors were not blinded, as embryos were selected based on viability. After 

exclusion criteria were met, analysis was done at random.   

 

2.14 Solution  

Table 2| Solution constitution 

4FIG (10ml) 1 ml of (1X PBS), 1 ml of (37% Formaldehyde), and 0.8 

ml of glutaraldehyde.   

Anti-digoxigenin-

alkaline phosphatase 

(AP) buffer 

100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl, pH 9.8, 
0.1% Tween-20.  

Bleaching buffer 20% H2O2, 2.5% 20X SSC, 5% formamide.  
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Clearing mix Two volumes of benzyl alcohol and 1 volume of 
benzyl benzoate (Sigma-Aldrich). 

Cysteine solution 2% L-cysteine (Sigma, C7352) in H2O with 50 mM 

NaOH.  

Danilchick’s medium 

for Amy (DFA) 

53 mM NaCl, 5 mM Na2CO3, 4.5 mM K-Gluconate, 32 

mM Na-Gluconate, 1 mM MgSO4, 1 mM CaCl2, 0.1% 

Bovine calf serum albumin (BSA; Sigma, A4503), pH 8.3 
adjusted with bicine.  

Diethylpyrocarbonate 

water (DEPC) 

0.1% diethylpyrocarbonate.  

Ficoll solution 3% polysucrose (Ficoll, Sigma) in NAM 3/8.  

Hybridization buffer 50% formamide, 5X SSC, 1X Denhardt’s solution, 1 

mg/mL ribonucleic acid, 100 g/mL heparin, 0.1% 

CHAPS, 1tenmM EDTA, 0.1% Tween-20, pH 5.5.  

In situ hybridization 

washing solutions  

• Washing buffer 1: 50% formamide, 10% 20X SSC. 

• Washing buffer 2: 25% formamide, 10% 20X SSC. 

• Washing buffer 3: 12.5% formamide, 10% 20X SSC.  

• Washing buffer 4: 10% 20X SSC, 0.1% Tween-20. 

• Washing buffer 5: 1% 20X SSC, 0.1% Tween-20.  

Maleic acid buffer 

(MAB) 

100 mM maleic acid, 100 mM NaCl, 0.1% Tween-20, 
pH 7.6.  

Marc’s modified 

ringer’s (MMR)  

100 mM NaCl, 22 mM KClone, 1 mM MgSO4, 2 mM 

CaCl2, 5 mM HEPES, 0.1 mM EDTA, pH 7.6.  

MEMFA 100 mM MOPS, 1 mM MgSO4, 2 mM EGTA, 3.7% 

formaldehyde.  

Normal Amphibian 

Media (NAM A) 

1.1M NaCl (64.28g), 20mM KCl (1.49g),10mM 
Ca(N03)2 (2.36g), 10mM MgSO4 (1.2g), and 1mM 

Disodium EDTA (0.37g) 

Normal Amphibian 

Media (NAM B) 

20mM Sodium phosphate NaH2PO4 (7.16g) and 
adjust pH to 7.5. 
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Normal Amphibian 

Media (NAM C) 

100mM NaHCO3 (0.84g). 

O.C.T/Sucrose 50ml of 30%Sucrose with 50ml 100% O.C.T.  

PBS with Tween (PBT) 1X PBS with 0.1% Tween-20.  

Phosphate buffer saline 

(PBS) 

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2PO4, 1.4 mM 

H2PO4, pH 7.3.  

Sucrose/PBS(1X) 30% 30g of sucrose in 100ml of PBS. 

Tricaine solution 20 mM tricaine methanesulfonate (Tricaine, or MS-
222). 

Tris-HCL (9.5) 1M Dissolve 60.55g of tris in 400 dH2O. Adjust pH by adding 
concentrated HCL pH 9.5 (approx. 3 ml). Adjust 
volume to 500ml, then autoclave.  

Agarose gel 1% 1g in 100ml 1X TAE. Mix, then heat up in microwave. 
Add 10ul ethidium bromide after it cools down. 

PFA 8% 300 ml 1x PBS to 60C,40g PFA, clear the mixture by 

adding 1N NaOH, cool then filter, adjust the volume 
up to 500 ml by adding 1X PBS, balance pH up to 6.9 
by adding HCL.  

 

BMBR 10% 10% MAB-BMBR (10 g of BR + 100 ml of MAB 1X). 

10g of Blocking Reagent Roche powder (cupboard)  
Adjust to 100ml with MAB. 

Normal Amphibian 

Media (1/10) 

10 ml of NAM (A), 10 ml of NAM (B), 1 ml of NAM (C), 
and 1 ml streptomycin (250mg 50 ml dH2O) (5mg/ml) 

rest of H2O. 

Normal Amphibian 

medium (NAM 1/10) 

11 mM NaCl, 0.2 mM KCl, 0.1 mM Ca(NO3)2, 0.1 mM 

MgSO4, 10 mM EDTA, 0.2 mM NaH2PO4, 0.1 mM 

NaHCO3, pH 7.5, 50 m/mL streptomycin.  
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Normal Amphibian 

Media (3/8) 

40.7 mM NaCl , 0.74 KCl, 0.37 mM Ca(NO3)2, 0.37 mM 

MgSO4, 37 M EDTA, 0.37 mM NaH2PO4, 0.1 mM 

NaHPO4, pH 7.5, 50 m/mL streptomycin.  

MgCl2 0.5M Dissolve 50.82g in 500 ml dH2O, then autoclave. 

NaCl 1M Dissolve 29.22g in 500 ml dH2O, then autoclave. 

Glycine – HCL 1M  (pH 

2) 

30ml dH2O, 0.3g Glycine, adjust the pH to 2 by adding 

HCL up to a volume of 32. 

Streptomycin Stock at 

5mg/ml 

250mg of streptomycin powder in 50 mL. 

Saline-sodium citrate 

buffer (20X - SSC) 

3 M NaCl, 0.3 M tri-sodium citrate, pH 7.0.  
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Chapter 3: Loss of neural crest correlates with increased 

hydrostatic pressure 

3.1 Introduction 

Neural crest cells are induced during gastrulation by inductive signals generated 

by a specific type of prospective mesodermal cells found in the dorso-lateral 

marginal zone (DLMZ)(LaBonne and Bronner-Fraser 1998b; Mayor et al. 1995; 

Steventon et al. 2009a) of early gastrula embryos. One of the inductive signals 

that DLMZ produce is Wnt, a well-characterized neural crest inductive signal 

(Curchoe et al. 2010; Garcı ́a-Castro et al. 2002; LaBonne and Bronner-Fraser 

1998b; Steventon et al. 2009a), as described in chapter 1.1.4 and Fig 1.3. It has 

previously been shown that explants of DLMZ taken from early gastrula stages 

(Stg10 N&F)(Nieuwkoop 1967) can induce ectopic neural crest when grafted into 

competent ectoderm (Mancilla and Mayor 1996; Mayor et al. 1995; Steventon et 

al. 2009a). Furthermore, Steventon and colleagues showed that conjugate of 

DLMZ and ectodermal cells or grafting them into whole-mount embryos is 

sufficient to induce neural crest cells (Steventon et al. 2009a). These results 

demonstrate the ability of DLMZ to induce ectopic neural crest cells. The DLMZ 

can be grafted onto tissue to determine the effect of the signaling of one tissue 

onto another and the ability of the tissue to respond to inductive signals and 

assess competence. As neural crest induction occurs during gastrulation, we 

aimed to graft the tissue inside the blastocoel cavity (as illustrated in Fig 1.3). In 

addition, the blastocoel cavity provides an ideal location for DLMZ graft as it is in 

contact with all ectodermal cells (Keller 1975a), providing a suitable option to 

assess the competence of the ectoderm. 
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3.2 Results 

3.2.1 Temporal loss of neural crest competence 

To assess the temporal loss of neural crest competence to be induced in the 

ectoderm, we grafted DLMZ explants into the blastocoel cavity, as illustrated (Fig. 

3.1a). The grafted DLMZ was randomly located into the blastocoel cavity; if the 

graft ended up next to the host neural crest, it induced expansion of the 

endogenous neural crest domain (Fig 3.1b), whereas when the grafted was 

located in a ventral position, it induced ectopic neural crest (Fig 3.1b, c); only 

ectopic neural crest induction was subsequently analyzed in this study. Temporal 

analysis was done by grafting DLMZ tissues into the blastocoel cavity of 

consecutively older embryos of embryos at stages 10, 11, and 12 (Fig. 3.2a; stages 

10, 11, 12), then cultured until mid-neurula, followed by expression analysis of snai2 

(Mayor et al. 1995) and foxd3 (Kelsh et al. 2000) as neural crest markers. Our results 

indicate that the ectopic induction of neural crest cells is strongest at early 

gastrulation (stage 10), decreases at stage 11 and is lost at stage 12 (Fig. 3.2b, c, 

d); these results are consistent with previous reports (Mancilla and Mayor 1996).   

 

Fig. 3.1|Analysis of neural crest competence to DLMZ. 
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a, Illustration of competence graft assay that shows the dorsal lateral marginal zone 

(DLMZ) explant dissected from stage 10 donor embryo, which is injected with FLDX as a 

lineage tracer (cyan) in two blastomeres at the 2-cell stage and then grafted into host’s 

blastocoel cavity at stage 10. b, In situ hybridization at stage 16 showing snai2 (purple) 

and DLMZ (cyan). Endogenous neural crest induction is indicated with a black arrow and 

is induced on the dorsal side. The competence graft assay gives two kinds of ectopic 

induction. The first ectopic induction is dorso-lateral (two upper panels), and the second 

is ventral (two lower panels) ectopic induction. Lateral induction is indicated with a blue 

arrow. Since this induction fuses with endogenous expression, it is difficult to distinguish 

where it ends and when the ectopic induction starts. Moreover, it will be hard to quantify 

the strength of the induction. Thus, embryos exhibiting dorso-lateral induction were 

removed from further analysis and only ectopic ventral induction, indicated with an 

orange arrow, of NCCs was considered in the competence of NCCs to DLMZ. c, Spread 

of data points indicating the percentage of embryos exhibiting either ventral or dorso-

lateral ectopic induction. Histograms represent the mean, and error bars are s.d. Scale 

bar 450 µm (b). Data represent mean, error bars are s.d Statistical analysis was performed 

using Dunnett’s test; ****P ≤ 0.0001. 
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Fig. 3.2|Temporal loss of neural crest competence at mid-gastrulation. 

a, Illustration of neural crest graft assay using DLMZ as the inducer (grey), which is 

dissected at stage 10 and grafted into host blastocoel cavity (red) at different stages 10, 

11, and 12. b, Analysis of snai2 at stage 18 and foxd3 at stage 17 via in situ hybridization 
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seen in ventral view, and the inset shows the dorsal view of embryos. The first panel is 

control embryos with no DLMZ and the following panels include DLMZ graft at stage 10 

and fixed at the indicated stage. C and d, Quantification of competence of neural crest 

at stages; 10 (nsnai2 = 18, nfoxd3 = 15 embryos), 11 (nsnai2 = 16, nfoxd3 = 12 embryos), and 12 

(nsnai2 = 18, nfoxd3 = 12 embryos) normalized to control (nsnai2+foxd3 = 15 embryos) with no 

DLMZ graft. Red circles (Ectopic+) indicate embryos with ectopic induction of NC markers 

whereas black circles (Ectopic-) indicate embryos with no ectopic induction. At stage 11 

both markers exhibited embryos with ectopic and no ectopic induction. Embryos with no 

ectopic induction were measured by selecting random ventral location and subtracted 

to the background. e, Data points indicate the percentage of ectopic induction; each 

point represents one biological replica. Scale bars, 450 µm for ventral and 200 µm for 

dorsal. Statistical analysis was performed using one-way ANOVA (c and d); **P ≤ 0.01, 

****P ≤ 0.0001. (c and d) show mean and error bars indicating s.d.   
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3.2.2 Change in blastocoel cavity volume during gastrulation 

As we are interested in linking the loss of neural crest competence to a change 

in a mechanical cue, we noticed that the blastocoel cavity size changed during 

gastrulation (Keller 1975b); thus, we decided to explore this further. Initially, we 

aimed to precisely measure the change in blastocoel volume; we utilized the 

micro-CT technique to scan whole-mount embryos at different stages of 

gastrulation (Fig. 3.3a). We noted an increase in blastocoel volume while 

observing no change in whole embryos volume. (Fig. 3.3c-d). These results imply 

that a physical change might be related to the loss of neural crest competence 

to the DLMZ signals. However, it is improbable that cells sense the volume change 

of the adjacent cavity directly. Thus, we investigated potential physical cues 

dependent on blastocoel fluid. We concluded that hydrostatic pressure is a 

promising candidate, as it can travel long distances. We used micro-pressure 

probes, a well-established method previously used in mice embryos and cells, to 

measure hydrostatic pressure directly. The micro-pressure probe involves poking 

the ectoderm to reach the blastocoel cavity precisely via a microelectrode (Fig. 

3.4a, b) (Chan and Hiiragi 2020a). We observed a marked increase in the 

hydrostatic pressure between stages 10 and 12 (Fig. 3.4c) when the ectoderm 

loses its competence to generate neural crest in response to a DLMZ graft, 

showing an inverse correlation between competence and hydrostatic pressure 

(Fig. 3.4d). These results suggest that the change in the physical volume of the 

blastocoel cavity modulates hydrostatic pressure, and this change could be a 

potential mechanical stimulus that regulates ectoderm commencement.  
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Fig. 3.3|Loss of competence coincides with loss in blastocoel volume. 

a, micro-CT of a whole mount Xenopus embryo (grey) at stages 10, 11, and 12 with 

blastocoel cavity (red). b, Spread of data points indicating blastocoel volume at 

gastrulation stages 10 (n = 17 embryos), 11 (n = 19), and 12 (n = 12). c, Quantification of 

embryo volume at stage 10 (n = 18 embryos), 11 (n = 18 embryos), and 12 (n = 18 

embryos). d, Percentage of the ratio of blastocoel volume to whole embryo volume at 

stage 10 (n = 17), 11 (n = 18), and 12 (n = 12). Scale bar 300 µm (a). Statistical analysis was 

performed using Dunnett’s test; NS, P>0.05, ***P ≤0.001, ****P ≤ 0.0001. Box plots (a and b) 

show median, 25th and 75th percentiles, and whiskers extend to the minimum and 

maximum values. 
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Fig. 3.4|Loss of competence coincides with an increase in blastocoel hydrostatic 

pressure. 

a, Illustration of embryos at different stages indicating the process of microelectrode 

penetration (0.5-1 µm tip) through ectoderm required to measure hydrostatic pressure. 

b, Profile of successful hydrostatic pressure measurement of blastocoel cavity. Pressure is 

close to zero after calibration and maintained at zero whilst the microelectrode is not in 

contact with the embryo prior to and post-measurement. A transient spike is notable 

during penetration of the microelectrode through the ectoderm as the tip of the needle 

is blocked by cells. A stable phase between five to ten seconds is achieved after the 

transient spike, indicating the actual blastocoel pressure and a successful stabilization of 

the micropressure system. c, Quantification of blastocoel hydrostatic pressure at stages 

10 (n = 19 embryos), 11 (n = 13), and 12 (n = 22).  d, Correlation between competence 

and hydrostatic and competence. “R^2 =0.99 and beta = -7.7, to account for the 

variability in estimation neural crest competence and the hydrostatic pressure values 

within the blastocoel cavity, the correlation was calculated via orthogonal distance 

regression (ODR). Statistical analysis was performed using Dunnett’s tests (c); *P ≤ 0.1, 

****P ≤ 0.0001. Box plots (c) show median, 25th and 75th percentiles, and whiskers extend 

to the minimum and maximum values. 
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3.3 Discussion  

The capacity of tissues to respond to inductive signals was defined as 

competence (WADDINGTON 1934). Since identifying the term “competence” 

many studies aimed to understand how this mechanism is controlled, how some 

tissues gain and loss this ability during early development. The focus of these 

studies has been the molecular approach; however, the question remains 

unanswered (Christian et al. 1992; Esmaeili et al. 2020b; Gillespie et al. 1989b; 

Henig et al. 1998; Lim et al. 2013; Steinbach et al. 1997; Streit et al. 1997). 

Alternative to molecular approach, we asked whether biomechanics might 

regulate neural crest competence to the DLMZ. To address this question we first 

chose the process neural crest induction as it  is well-characterized (Chapter 1.1.4) 

(Aybar and Mayor 2002a; Mancilla and Mayor 1996; Mayor et al. 1995; Mayor and 

Theveneau 2014). In addition, we chose Xenopus embryos as a model since they 

are emendable to mechanical assays. To address the first question, when neural 

crest competence is lost, we performed a graft assay whereby we grafted the 

tissue that provides the required inductive signals for neural crest induction (DLMZ) 

onto the blastocoel cavity (Steventon et al. 2009b). Our findings show that neural 

crest competence is lost mid-gastrulation. Thereafter, we investigated a change 

that occur during gastrulation that possibly modulates mechanical cue leading 

to loss of competence. We noted that the blastocoel is a suitable candidate as it 

changes its volume during development. We aimed to measure the volume of 

the cavity and the hydrostatic pressure as it is filled with fluids. Our results show an 

increased hydrostatic pressure and volume of blastocoel cavity of Xenopus 

embryos. These results indicate the possibility that the neural crest competence 

could be regulated by the increase in the volume of the blastocoel cavity and 

the hydrostatic pressure. In the next chapter, we aim to address this hypothesis by 

manipulating the hydrostatic pressure and assessing the competence of neural 

crest induction.  
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Chapter 4: Neural crest competence is extended by 

lowering hydrostatic pressure 

4.1 Introduction  

As our results (in Chapter 3) suggest the possible role of change in hydrostatic 

pressure of blastocoel cavity on neural competence, it is pivotal to consider the 

possibility of the inorganic (Ions; source of osmotic pressure) and organic (RNA or 

proteins; possibly could act as inhibitors or promotors) mediated by the cavity on 

the ectoderm. In Xenopus, blastocoel formation is dependent on the activity of 

the Na+/K+ ATPase (Slack and Warner 1973b), and it starts at the early 

segmentation stages and continues gradually until gastrulation (Keller 1975a). The 

blastocoel expands with a continuous fluid influx after the first division (2-cell 

stage). This exchange of ions and fluids as early as the 2-cell stage can generate 

osmotic pressure. Indeed, like in many systems, a change in osmotic pressure is 

proposed as the mechanism that leads to cell specifications (Chan and Hiiragi 

2020b). Furthermore, recent studies investigated the organic blastocysts 

composition of mice embryos and found various proteins that promote a wide 

range of cellular functions, like cell differentiation, division, apoptosis, and others 

(Banliat et al. 2022; Jensen et al. 2014). Thus, whilst investigating the mechanical 

cues generated from the blastocoel volume change, it is important to 

experimentality distinguish between hydrostatic pressure, osmotic pressure, and 

blastocoel composition.  

 

Furthermore, as noted in the introduction, gastrulation is a highly dynamic process 

that involves tissue migration (i.e. mesoderm), epiboly (the process of blastopore 

closure), induction of the mesoderm (chapter 1), and tissue rearrangements 

(Asashima and Grunz 1982; Steventon et al. 2009a, 2021). Thus, it is pivotal to 

examine the effect of mechanical cues in the early steps before neural crest 

induction. In this chapter, we examine the source of mechanical cues that 

regulate neural crest competence.   
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4.2 Results 

4.2.1 Changes in blastocoel volume lead to changes in hydrostatic 

pressure 

To investigate the causal link between neural crest induction and hydrostatic 

pressure, we developed assays to directly alter the hydrostatic pressure of the 

blastocoel cavity either by increasing (inflation) or decreasing (deflation) volume 

of the cavity (Fig. 4.1a). Inflation assay was achieved by injecting the normal 

culture medium of Xenopus embryos into the blastocoel cavity, which 

subsequently led to an increase in its volume (Fig. 4.1b, st. 10) and hydrostatic 

pressure (Fig. 4.1c, st. 10); in contrast, deflation assay was achieved by aspirating 

preexisting fluid from the blastocoel cavity, subsequently led to embryos with 

reduced cavity volume (Fig. 4.1b, st. 12) and hydrostatic pressure (Fig. 4.1c, st. 12). 

Furthermore, we deflated and inflated Xenopus embryos at early gastrulation 

(stage 10) and preformed temporal analysis of blastocoel volume (Fig 4.2). We 

note that after deflation there is no further expansion of cavity and it remains 

relatively the same volume, unlike the inflated embryos. We have developed a 

unique method to manipulate hydrostatic pressure that will be used in subsequent 

experiments.  
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Fig. 4.1|Blastocoel volume controls hydrostatic pressure. 

a, Left panels indicate an illustration of the inflation and deflation assays. Middle to right 

panels are micro-CT scans of whole-mount Xenopus embryos in control (red blastocoel 

cavity), inflation (cyan blastocoel cavity), and deflation (yellow blastocoel cavity) 

embryos. b, Spread of data points indicating blastocoel volume at the indicated stages 

between control and treatment. c, Spread of data points indicating hydrostatic pressure 

in the blastocoel cavity at the indicated stages between control and treatment. The 

experimental embryos were mechanically treated at stage 10, and parameters were 

measured at the indicated stages (b and c). Scale bars 300 µm (a). Data points represent 

mean,  and error bars are s.d. Statistical analysis was performed using unpaired two-tailed 

t-tests (b and c); ***P ≤ 0.001, ****P ≤ 0.0001. nst10 = 11control, 15inflation and nst12 = 11control, 

10deflation embryos (b), nst10 = 14control, 11inflation and nst12 = 18control, 16deflation embryos (c). 
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Fig. 4.2|temporal analysis of blastocoel volume. 

a, Quantification indicating the change in blastocoel volume between control, 

inflation, and deflation at stage 10 (n = 11, 15, 10 embryos, respectively), 11 (n 

=10, 11, 8 embryos, respectively), and 12 (n = 11, 10, 10 embryos, respectively). 

Mechanical assays were done at early stage 10, and embryos were analyzed at 

the indicated stages. Data represent mean, error bars are s.d. Statistical analysis 

was performed using Dunnett’s test; *P ≤0.01, ****P ≤ 0.0001.  

4.2.2 Hydrostatic pressure modulates neural crest induction 

We hypothesize that hydrostatic pressure controls neural crest induction. More 

precisely, we theorize that neural crest induction requires a low level of hydrostatic 

pressure. To address our hypothesis, we analyzed the effect of altering hydrostatic 

pressure (inflation or deflation) on neural crest markers. We found that Inflating 

blastocoel cavity leads to inhibition of both neural crest markers snai2 and foxd3 

as analyzed via in situ hybridization (Fig. 4.2a, b) and RT-qPCR (Fig. 4.2c); in 

contrast, deflation showed an expansion of those markers. These data align with 

our notion that neural crest induction is regulated by hydrostatic pressure. These 

observations suggest that mechanics could regulate neural crest competence.  
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Fig. 4.3|Hydrostatic pressure regulates neural crest induction. 

a, Analysis via in situ hybridization (ISH) of neural crest markers snai2 and foxd3 at stage 

15 after the indicated mechanical treatments. b, Spread of data showing the expression 

of the neural crest markers snai2 and foxd3 by ISH after inflation and deflation normalized 

to control embryos. c, Spread of data indicating relative expression via RT-qPCR of snai2 

and foxd3 normalized to odc1. Scale bar 400 µm (a). Data points represent mean, and 

error bars are s.d. Statistical analysis was performed using Dunnett’s tests (b and c); 

**P ≤0.01, ***P ≤ 0.001, ****P ≤ 0.0001. nsnai2 = 22 control, 25inflation, 22deflation, nfoxd3 = 22control, 

14inflation, 10deflation embryos (b), at least three independent experiments (c). 

 

As the mechanical manipulation of blastocoel volume could affect other cellular 

activities different to hydrostatic pressure, we performed a series of controls that 

we will describe in the following paragraphs and sections. First, a similar 

perforation of the embryo with an equivalent needle but without inflation or 

deflation did not affect neural crest induction (Fig. 4.3a-c), indicating that 

inserting a needle in the ectoderm does not affect induction. Second, to further 

support the notion that blastocoel volume controls neural crest induction, we 

referred to an alternative method to change blastocoel volume. It has been 

demonstrated that the volume of the Xenopus blastocoel cavity is controlled by 

the activity of the Na+K+-ATPase (Slack and Warner 1973b), whose activity, as 

early as the 2-cell stage, aids in the expansion of the blastocoel cavity by passively 

allowing H2O molecule to get into the cavity for every Na+2 molecule. Na+K+-
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ATPase can be pharmaceutically inhibited via ouabain, leading to a decrease in 

blastocoel volume (Slack and Warner 1973b). Analysis of embryos via in situ 

hybridization treated with ouabain shows an expansion of the neural crest domain 

(Fig. 4.4a, b), a similar phenotype to the one produced when we deflate Xenopus 

embryos (Fig. 4.2a-c). These results suggest that treating embryos either with 

mechanical (deflation) or pharmaceutically (ouabain) manipulations, it would 

elicit neural crest expansion, suggesting specificity in our treatment.  

 

Fig. 4.4|Puncture of the ectoderm by microneedle. 

a, Illustration indicating the puncture procedure of blastocoel mechanical assay 

(inflation and deflation). Embryos were punctured in a similar manner with a microneedle 

to the one used for the inflation and deflation experiments; however, the total volume of 

the cavity was maintained. b, Embryos analyzed via in situ hybridization with NC marker 

snai2 at stage 15. c, Spread of data points showing the change in expression of neural 

crest in control embryo (n = 10 embryos) and punctured embryo (n = 15 embryos). Scale 

bar 450 µm (b). Data points represent the mean, and error bars are s.d. Statistical analysis 

was performed using an unpaired student t-test; NS, P>0.05. 
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Fig. 4.5|Inhibition of blastocoel expansion. 

a, Analysis of snai2 marker via in situ hybridization between control and ouabain-treated 

embryos, analyzed at stage 14. b, Spread of data points indicating the change in neural 

crest expression levels between the control (n = 9 embryos) and treated group (n = 11 

embryos). Scale bar 450 µm (a). Data points represent the mean, and error bars are s.d. 

Statistical analysis was performed using an unpaired student t-test; ****P ≤ 0.0001. 

 

4.2.3 Investigating alternative stimuli which modulate neural crest 

competence.  

Our data indicate that the increase in blastocoel volume increases the 

hydrostatic pressure (Fig. 4.2), which regulates the competence of neural crest 

induction. However, an alternative potential mechanical cue is osmotic pressure. 

To investigate the possible role of osmolarity change which potentially could result 

from injecting fluid into the cavity, hence, influencing neural crest induction, we 

inflated embryos by injecting hypotonic and hypertonic solutions (Fig. 4.5a, b), 

which produced similar inhibition of the neural crest marker snai2 (Fig. 4.5d). 

Moreover, injecting the “endogenous” content of a blastocoel cavity taken from 

a control embryo, yielding embryos of an equivalent isotonic solution (Fig. 4.5c), 

we again noted a reduction in the territory expressing the neural marker snai2 (Fig. 

4.5d). These results suggest that changes in blastocoel osmolarity are not the 

central factor in regulating the process of neural crest induction.  
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Fig. 4.6|Investigate the osmolarity effect on neural crest induction. 

a-c, Illustration of inflating embryos with solutions of different osmolarity; hypotonic, 

hypertonic, and blastocoel fluid (isotonic), respectively, described in detail in methods. 

d, Spread of data points comparing the change in the expression level of neural crest 

marker snai2 at stage 14 between control (n = 9 embryos), hypotonic (n = 10 embryos), 

hypertonic (n = 8 embryos), and Blastocoel (n = 13 embryos). Data points represent 

mean, and error bars are s.d. Statistical analysis was performed using Dunnett’s test; 

***P ≤0.001, ****P ≤ 0.0001. 

 

Another possibility is biochemical factors; it is possible that removing pre-existing 

blastocoel fluid during deflation leads to the depletion of an inhibitor of neural 

crest induction present in the blastocoel cavity, leading to neural crest expansion 

not related to hydrostatic pressure. To test this idea, we deflated embryos and 

then reinflated the blastocoel cavity with a saline media until it returned to its 

starting volume (Fig. 4.6a). Post blastocoel reinflation, the expression level of snai2 

was restored to normal levels (Fig. 4.6b). The results eliminate the possibility of the 

presence of a neural crest inhibitor in the blastocoel cavity. This experiment 

yielded an embryo with a chemically and osmotically altered blastocoel cavity 

but with a normal-sized blastocoel cavity. Despite these changes to the 
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blastocoel constitution (Fig. 4.6), we noted normal induction of neural crest cells, 

which further supports the notion that osmolarity does not affect neural crest 

induction, as concluded from the previous experiment (Fig. 4.5). 

 

Fig. 4.7|Biochemical effect on neural crest induction. 

a, Illustration of reinflation assay, where an embryo restored to normal blastocoel size 

after deflation with a saline solution. b, Spread of data points comparing the change in 

expression levels of neural crest via in situ hybridization at stage 14 between control (n = 

10 embryos), deflated (n = 15 embryos), and reinflated embryos (n = 23 embryos). Data 

points represent mean, and error bars are s.d. Statistical analysis was performed using 

Dunn’s test; NS, P>0.05, ****P ≤ 0.0001. 

 

4.2.4 Change of hydrostatic pressure effect on gastrulation   

Our data indicate that osmolarity and biochemical composition are not involved 

in neural crest induction, in contrast to hydrostatic pressure. Nevertheless, an 

alternative is that our observed phenotype is an indirect consequence of 

affecting the inducer tissue. The mesoderm plays a pivotal role in neural crest 

induction, as it expresses Wnts protein (Wnt8), which activates the main signaling 

pathways in neural crest induction (Curchoe et al. 2010; Garcı ́a-Castro et al. 2002; 

LaBonne and Bronner-Fraser 1998b; Steventon et al. 2009a). To address this point, 

we analyzed via in situ hybridization the expression of the pan-mesodermal 
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marker Xbra and neural crest inducer Wnt8 at different stages of development 

after inflation and deflation (Fig. 4.7a, b, c), and no change was noted 

comparing control to inflated and deflated embryos. These data suggest that 

mesoderm at early gastrulation is not affected. Moreover, no difference was 

noted in the notochord length between control and deflated and inflated 

embryos (Fig. 4.7d, e) nor the position or levels of Wnt8 at stage 15 (Fig. 4.7f, g). 

These observations indicate that mesoderm migration during gastrulation and its 

ability to produce Wnt8 is not affected. Lastly, the blastopore closure showed no 

difference between control and treated embryos (Fig. 4.7h, i), indicating that 

gastrulation had not been disrupted. These observations suggest a specific effect 

of hydrostatic pressure on the process of neural crest cells induced from the 

ectoderm.  

 

Next, we hypothesized that the hydrostatic pressure regulates cell fate of the 

ectoderm. This implies that the neural crest domain can be controlled by 

hydrostatic pressure, and the expansion of this domain would occur at the 

expense of either the adjacent neural plate or non-neural ectoderm cells. To 

address this, we analyzed other ectodermal markers (Keratin, non-neural and 

Sox2, neural plate marker). We observed that the expansion of neural crest 

domain that is caused by deflation occurs at the expense of the epidermis but 

not neural plate (Fig. 4.8). Taken together, all these experiments and controls show 

that neural crest induction and presumably its competence is controlled by 

blastocoel hydrostatic pressure.  
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Fig. 4.8|Changes in hydrostatic pressure do not affect the process of gastrulation. 

a, Illustration of mechanical assays to change blastocoel volume. b, Embryos analyzed 

via In situ hybridization at stage 10 the neural crest inducer gene Wnt8 and the pan-

mesodermal marker Xbra. c, Spread of data points indicating the percentage of 

embryos expressing Wnt8 or Xbra markers comparing control to deflated and inflated 

embryos. d, Embryos analyzed via In situ hybridization at stage 15 showing the expression 

of the pan-mesodermal marker Xbra and neural crest marker gene Wnt8. e, Spread of 

data points showing the change in length of the notochord, which is normalized to total 

length in control (n = 7 embryos), inflation (n = 16 embryos), and deflation (n = 13 

embryos) embryos. f, Embryos analyzed via in situ hybridization showing the effect of 

inflation and deflation on mesoderm via Wnt8. g, Spread of data points comparing 

change in Wnt8 expression in control (n = 8 embryos), deflation (n = 8 embryos), and 

inflation (n = 8 embryos). h, Live pictures showing blastopore formation and closure after 
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mechanical treatment compared to control embryos. i, Data points showing the 

diameter of blastopore closure in control (n = 9 embryos), inflation (n = 8 embryos), and 

deflation (n = 9 embryos) embryos. Scale bar 350 µm (b). Data (e, g, i) represent mean, 

and error bars are s.d. Statistical analysis was performed using Dunnett’s test; NS, P>0.05. 

 

Fig. 4.9|Deflated embryos expand neural crest domain at the expense of epidermis. 

a, Illustration mechanical assay to reduce blastocoel volume; deflation. b, Embryos 

analyzed via double in situ hybridization at stage 14 showing neural plate marker (Sox2, 

cyan) and neural crest marker (snai2, purple). c, Data points comparing the relative 

width of neural plate (indicated by a continuous line) originating from the midline 

(indicated by a dashed line) to the outer limit of the neural plate in control (n = 8 embryos) 

and deflated (n = 11 embryos) embryos. d, Embryos analyzed via In situ hybridization at 

stage 14 showing epidermis marker (keratin, purple). e, Data points indicating the relative 

width of the epidermis to the total width of the embryo (indicated by continuous lines). 

Epidermis border was determined based on the expression (indicated by a dashed line) 

of keratin in control (n = 10 embryos) and deflated (n = 20 embryos) embryos. Data 
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represent mean, and error bars are s.d (c, e). Statistical analysis was performed using an 

unpaired student t-test; NS, P>0.05, ***P ≤ 0.001. 

 

4.2.5 Neural crest responds to pressure 

Our findings show that the neural crest can respond with specificity to hydrostatic 

pressure and raise the possibility that these cells are responding to pressure 

mediated by hydrostatic pressure. To test this possibility, we applied direct 

mechanical pressure to open-faced explants with the prospective neural crest 

and the DLMZ (further details in the method chapter). Explants analysis via in situ 

hybridization showed inhibition of neural crest markers in compressed explants in 

contrast to uncompressed control explants (Fig. 4.9). This result indicates that the 

induction process of prospective neural crest into neural crest cells is mediated 

by pressure (hydrostatic or mechanical), as an increase in pressure inhibits neural 

crest induction.  

 

Fig. 4.10|Inhibition of neural crest by mechanical pressure. 

a, Illustration of in vitro compression assay of prospective neural crest explants; explants 

with prospective neural crest and DLMZ were obtained by dissection from dorsal 

blastopore lip to ventral side to remove ventral side. Then, a dissection from the animal 
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pole to the ventral side opens the explants. Next, explants were compressed under a 

coverslip and cultured until stage 18, and the expression level of snai2 was analyzed via 

in situ hybridization. b, Explants show snai2 expression of control (uncompressed) and 

experimental (compressed). c, Data points comparing the snai2 expression levels in 

control (n = 11 explants) and compressed (n = 11 explants) explants. Scale bar 400 µm 

(b). Data represent mean, and error bars are s.d. Statistical analysis was performed using 

an unpaired student t-test; ****P ≤ 0.0001.         

 

4.2.6 Ectoderm requires low hydrostatic pressure to be competent for 

NCCs 

Our data imply that neural crest induction is regulated by hydrostatic pressure. 

Mechanistically, an increase in hydrostatic pressure inhibits neural crest induction 

(Fig. 4.1 and 4.2). These findings gave rise to the notion that the loss of 

competence is possible due to increased hydrostatic pressure of the blastocoel 

cavity during early gastrulation. To address this hypothesis, we performed 

competence graft assay in conjunction with mechanical manipulation. Stage 12 

embryos were grafted with DLMZ after deflation (a reduction in hydrostatic 

pressure) at stage 10 (Fig. 4.11a; illustration). Stage 12 is when the ectoderm lost 

its competence to induce neural crest in response to DLMZ graft, as described in 

Figure 3.2. Analyzing the outcome of this assay, we noted that control embryos 

(With DLMZ and no deflation) failed to induce neural crest ectopic induction, 

whereas deflated embryos did induce ectopic induction (Fig. 4.11a, b). To 

support the notion that during normal development, ectoderm competence to 

induce NCCs is mediated by hydrostatic pressure, we took competent stage 10 

embryos and grafted them with DLMZ after inflation (an increase in hydrostatic 

pressure) at stage 10 (Fig. 4.11c; illustration). We noted that control embryos (DLMZ 

with no inflation) exhibited ventral neural crest ectopic induction, in contrast to 

experimental embryos (DLMZ and inflated) where they exhibited no ectopic 

neural crest (Fig. 4.11c, d). These findings show that simple mechanical 

manipulation of hydrostatic pressure can modify the ectoderm competence for 
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neural crest response to DLMZ signals. In conclusion, neural crest competence is 

lost during gastrulation due to an increase in the hydrostatic pressure of the 

blastocoel cavity. 

 

Fig. 4.11|Hydrostatic pressure mediates ectodermal competence to induce NCCs. 

a, Illustration of competence assay in conjunction with a reduction of hydrostatic 

pressure (deflation) and embryos showing snai2 analyzed via in situ hybridization at stage 

18 comparing embryos with DLMZ grafted at stage 12 and embryos that are deflated at 

stage 10 and then grafted with DLMZ at stage 12. b, Spread of data points indicating 

neural crest competence at stages 12. c, Illustration of competence assay in conjunction 

with an increase of hydrostatic pressure (inflation) and embryos showing snai2 analyzed 

via in situ hybridization at stage 16 comparing embryos with DLMZ grafted at stage 10 

and embryos that are inflated at stage 10 and then grafted with DLMZ at stage 10+. Scale 

bars 450 µm (a, c). Data represent mean, and error bars are s.d. Statistical analysis was 

performed using unpaired two-tailed t-tests (b, d);****P ≤ 0.0001. ncompetence = 16control and 

deflation embryos (b), ncompetence = 18control and inflation embryos (d).            
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4.3 Discussion  

We demonstrate (Chapter 3) that the change in blastocoel volume and 

hydrostatic pressure correlate with the loss of neural crest competence. These 

results provide a possible explanation of how competence is lost during 

gastrulation. To investigate this, we increased and decreased the hydrostatic 

pressure, which led to the alteration of neural crest induction. However, this 

manipulation of hydrostatic pressure also might change the osmotic pressure, the 

composition of blastocoel (presence of competence inhibitors), or the observed 

phenotypes could be the indirect result of affecting a crucial step, the neural 

crest induction. We ruled out the effect of the osmotic pressure by inflating with 

different solutions (hypotonic, isotonic, and hypertonic) and the impact of 

inhibitor by reinflating a deflated embryo. These results suggest that the loss of 

neural crest competence is mediated by the hydrostatic pressure increase as a 

mechanical cue. Moreover, we investigated the role of hydrostatic pressure on 

mesodermal induction (which provides inductive signaling, chapter 1) and the 

progression of gastrulation by examining mesoderm migration and epiboly (the 

closure of blastopore). Importantly, this change in hydrostatic pressure during 

morphogenesis and artificial mechanical assays does not affect the inducer 

tissue, the mesoderm, or its ability to produce the key inductive signals to induce 

neural crest cell, Wnt8. In addition, we show other processes during gastrulation, 

such as blastopore closure, are unaffected. The observations suggest the 

specificity effect that hydrostatic pressure elicits during gastrulation. In addition, 

we note that the increase in blastocoel volume is not accompanied by an 

increase in the total volume of the embryos during gastrulation. These results 

suggest competence loss is due to compressive forces caused by the blastocoel 

volume and pressure increase. We confirmed this idea by directly compressing 

the ectoderm. As hypothesized, we extended ectoderm competence by 

decreasing the hydrostatic pressure. In conclusion, these results strongly show the 

role of hydrostatic pressure on the loss of neural crest competence.  
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Chapter 5: Hydrostatic pressure regulates Wnt signalling in a 

Yap-dependent manner 

5.1 Introduction 

The process of neural crest induction commences during gastrulation at the 

border of the neural plate by multiple signalling steps, mainly Wnt signalling. Wnt 

proteins are secreted from DLMZ (Aybar and Mayor 2002b; Mancilla and Mayor 

1996; Mayor and Theveneau 2014), activating canonical Wnt pathway (chapter 

1.1.4b and Fig. 1.4). We demonstrate that the induction of these cells is modulated 

by mechanical cues in vivo and in vitro. Moreover, the generation of the Wnt 

proteins is not affected by this mechanical cue (hydrostatic pressure). These 

findings suggest that hydrostatic pressure (increase) during gastrulation controls 

the loss of neural crest competence and that ectodermal cells sense this pressure 

change. Thus, in this chapter, we aim to investigate the mechanotransduction 

mechanism of hydrostatic pressure onto biochemical signaling. Since the 

canonical Wnt pathway is the primary signaling pathway in the induction of 

neural crest, we propose that the hydrostatic pressure regulates Wnt activity. 

However, this idea does not address how these ectodermal cells sense 

mechanical cues. Since the Hippo pathway (chapter 1.1.4c and Fig. 1.5) has 

been proposed to have a role in neural crest induction (Yap) (Gee et al. 2011), 

yet still poorly understood, we propose that hydrostatic pressure regulates Wnt 

activity via controlling the localization of Yap. The challenge in examining how 

Yap interacts with Wnt signaling is due to the wide range of reports on this 

interaction occur. Indeed, Yap interacts at different levels of the Wnt pathway 

such as Dvl (Sun et al. 2017), -catenin destruction complex (Azzolin et al. 2014a), 

stabilization of -catenin into the nucleus (Pan et al. 2018), among others 

interaction (Oudhoff et al. 2016a; Quinn et al. 2021; Yang et al. 2017). Thus, we 

aim to understand how Yap interacts and regulates Wnt activity as a possible 

mechanotransduction mechanism on how hydrostatic pressure regulates 

competence of neural crest induction.  
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5.2 Results 

5.2.1 Hydrostatic pressure regulates canonical Wnt activity 

We show that hydrostatic pressure can regulate neural crest response to DLMZ 

(Aybar and Mayor 2002a; Mancilla and Mayor 1996; Steventon et al. 2009a). Next, 

we asked whether hydrostatic pressure could modulate Wnt activity. To test this 

notion, we used TOP flash luciferase assay to directly measure Wnt activity in vivo. 

We expressed the Wnt sensor super TOP-flash (Veeman et al. 2003) in the 

ectoderm of Xenopus embryos. To confirm the functionality of this assay, we 

activated the Wnt pathway (Fig. 1.4) with a GSK3 inhibitor (BIO) (Maj et al. 2016). 

Inhibition of the GSK3 complex will prevent degradation of -catenin, leading to 

its localization and regulating target genes (Maj et al. 2016). Our result shows an 

increase in Wnt activity while treated with BIO compared to non-treated embryos, 

suggesting the successful measurement of Wnt activity in the ectoderm of 

Xenopus embryos (Fig. 5.1a). Next, we deflated or inflated the blastocoel cavity 

at the early gastrula stage and measured luciferase activity at stage 12.5 

(Veeman et al. 2003). Our data show that a reduction in hydrostatic pressure by 

deflation leads to an increase in Wnt activity, whereas an increase in hydrostatic 

pressure by inflation inhibits it (Fig. 5.1b). These observations suggest the possibility 

that hydrostatic pressure regulates Wnt activity. 

 

Fig. 5.1|Wnt activity readout by a change in hydrostatic pressure of blastocoel cavity. 

a, Data points indicate relative readout Wnt activity measured by super TOP-flash assay 

in control and BIO-treated embryos treated. BIO is an inhibitor of the GSK3 complex, 
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which would lead to an increase in Wnt activity by stabilizing -catenin into the nucleus 

and regulating target genes. b, Spread of points indicating relative luciferase activity of 

super Top flash after inflation and deflation. Each data point represents three replicates 

(3-5 embryos homogenized per replicate), and each treatment represents three 

independent experiments. Data represent mean, and error bars are s.d. Statistical 

analysis was performed using student t-test (a) and unpaired Dunnett’s tests  (b); 

**P ≤ 0.01. 

 

5.2.2 Regional Wnt activity regulated by hydrostatic pressure 

Despite that Wnt luciferase assay is well-established and a good indicator of Wnt 

readout, it requires homogenization of the embryo; hence, its unclear whether 

changes in Wnt activity mediated by change in hydrostatic pressure in the 

ectoderm were regionalized in the prospective neural crest domain. To spatially 

determine Wnt activity in vivo, we used an X. laevis transgenic embryo that would 

express GFP under the control of the TCF/LEF, -catenin binding partner to 

regulate Wnt target genes (Tran and Vleminckx 2014). As previously reported 

(Borday et al. 2018b), we noted an evident GFP fluorescence in the neural fold 

domain that contains the prospective neural crest cells (Fig. 5.2a; control). 

Following our blastocoel mechanical treatments as hypothesized, we observe 

that a reduction in hydrostatic pressure elicits a substantial increase in GFP 

intensity (Fig. 5.2a; deflation), unlike an increase in hydrostatic pressure, which 

prompts an inhibition of GFP fluorescence in the embryos in the neural fold region 

(Fig. 5.2a; inflation). These data are consistent with the luciferase assay, indicating 

that hydrostatic pressure generated in the blastocoel cavity can regulate Wnt 

activity in the prospective neural fold domain and consistent with the role of 

blastocoel pressure as a mediator of Wnt response and neural crest competence.  
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Fig. 5.2|Regional Wnt activation mediated by change in hydrostatic pressure. 

a, Xenopus transgenic embryos Tg(pbin7Lef-dGFP) were used to detect Wnt activity at 

stage 12.5 after the indicated inflation and deflation at stage 10. b, Spread of data points 

exhibiting levels of GFP intensity normalized to control embryos. Scale bar and 450 µm 

(a). Data represent mean, and error bars are s.d. Statistical analysis was performed using 

unpaired Dunnett’s tests (b); ***P ≤ 0.001, ****P ≤ 0.0001. 

 

5.2.3 Yap1 is required for neural crest induction. 

Next, we hypothesized the possibility by which neural crest cells sense the change 

in mechanical input and subsequently regulate the Wnt pathway. We found that 

Yes Associated Protein (Yap1) is a possible mechanosensitive element that could 

modulate NCCs sensitivity to mechanics as Yap has been characterized as a 

mechanosensor factor of the Hippo pathway and also interacts with the 

canonical Wnt signalling signaling (Azzolin et al. 2014b; Barry et al. 2013; Guillermin 

et al. 2021; Marshall et al. 2023; Oudhoff et al. 2016b; Park et al. 2015; Tsutsumi et 

al. 2013), making Yap a good mechanosensitive candidate in our model. To 

establish the link of Yap as an element downstream of hydrostatic pressure, we 

first aimed to investigate if Yap is required for neural crest induction. Consistent 

with our notion, we found that morpholino-mediated inhibition of Yap (Gee et al. 

2011) impairs neural crest formation (Fig. 5.3). These data suggest an adequate 

formation of neural crest requires activation of canonical Wnt pathway and Yap.  
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Fig. 5.3|Inhibition of Yap impairs the neural crest formation. 

Xenopus embryos were injected at the 8-cell stage with control-MO or Yap-MO on the 

left side (asterisk) and analyzed via in situ hybridization at stage 16 for snai2 marker. b, 

Data spread shows the NC marker expression change between embryos injected with 

control-MO (n = 10 embryos), shows normal expression and Yap-MO (n = 15 embryos) 

shows inhibition of neural crest. Scale bar 450 µm (a). Data represent mean, and error 

bars are s.d. Statistical analysis was performed using Mann-Whitney U-test; ****P ≤ 0.001.   

 

5.2.4 Yap1 as a potential regulator of NCCs competence. 

As we identified that Yap is required for neural crest induction; next we aimed to 

further examine the possible crosstalk between the Wnt pathway and Yap during 

neural crest induction. To address this aim, we also investigated whether 

activation of the Wnt pathway could rescue neural crest formation in Yap-

depleted embryos (Yap-MO). Overexpression of Xwnt8, which leads to expansion 

of the NC domain (Chang and Hemmati-Brivanlou 1998), failed to rescue NCCs 

in Yap-depleted embryos (Fig. 5.4a, b), nor activation of Wnt pathway using the 

GSK3 inhibitor (BIO)(Fig. 5.4c, d). These data suggest that Yap is unlikely to 

regulate Wnt activity at the extracellular Wnt, Wnt receptor level, or through 

degradation of -catenin by GSK3 phosphorylation, meaning it acts downstream. 

Finally, overexpression of an activated form of -catenin (Carmona-Fontaine et 

al. 2007) can rescue neural crest induction in Yap-inhibited embryos (Fig. 5.4e, f), 
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suggesting that during neural crest induction Yap regulates Wnt activity at the 

level of -catenin. 

 

Fig. 5.4|Crosstalk of Wnt pathway with Yap. 

a, c, and e, Embryos analyzed via in situ hybridization of snai2 neural crest marker at 

stages 16, 15, and 17, respectively, after the indicated injections at the 8-cell stage (a, e) 

or BIO treatment at stage 10 (c). Asterisks indicate injected side. -cat in (e) indicates an 

activated form of -catenin induced by treatment with dexamethasone at stage 10. b, 

d, and f, Spread of data points indicating the expression level of snai2 with respect to 

indicated treatments. Scale bar and 450 µm (a). Data represent mean, and error bars 

are s.d. Statistical analysis was performed using unpaired Dunnett’s tests (b, d, and f); 

*P ≤0.1, ***P ≤ 0.001, ****P ≤ 0.0001. n = 10control, 10Yap-MO, 8Yap-MO + Xwnt8, 6Xwnt8 embryos (b). n 
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= 10control, 10Yap-MO, 9Yap-MO + BIO, 10BIO embryos (d). n = 9control, 10Yap-MO, 9Yap-MO + β-cat, 9β-cat 

embryos (f). 

 

5.2.5 Hydrostatic pressure controls Yap localization 

Having demonstrated that hydrostatic pressure and Yap independently control 

Wnt activity, we hypothesized that Yap activity is controlled by hydrostatic 

pressure to modulate neural crest competence by regulating the activity of Wnt 

signaling, consistent with previous observations (Kemppainen et al. 2016; Nardone 

et al. 2017; Panciera et al. 2017). To address this hypothesis, we performed 

immunofluorescence against Yap and studied its subcellular localization at 

different stages, as nuclear Yap can be used as a proxy for Yap activity (Cao et 

al. 2008; Dupont et al. 2011; Franklin et al. 2020; Lavado et al. 2013). We noted 

that competent stage 10 ectoderm shows nuclear localization of Yap, in contrast 

to non-competent stage 12 ectoderm, where a reduction of nuclear Yap is 

observed (Fig. 5.5a). Consistently, increasing hydrostatic pressure of the 

blastocoel cavity by inflation decreases nuclear localization of Yap (Fig. 5.5b). On 

the other hand, a reduction in hydrostatic pressure of the blastocoel cavity by 

deflation increases the amount of nuclear localization of Yap (Fig. 5.5c).  

 

Fig. 5.5|Yap activity mediated by change in hydrostatic pressure of blastocoel cavity. 

a-c, Immunofluorescence analysis of ectoderm showing staining against Yap (blue) and 

DAPI (pink) taken at different developmental times and mechanical treatments; graphs 

indicate quantification of Yap nuclear to cytoplasmic ratio at different developmental 

times and mechanical treatments. Scale bar 20 µm (a, b, c). Data represent mean, and 

error bars are s.d. Statistical analysis was performed using unpaired t-test; ***P ≤ 0.001, 
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****P ≤ 0.0001. n = 9 st10, 6st12 embryos (a). n = 9 control, 7inflation embryos (b). n = 8 control, 8deflation 

embryos (c). 

 

Furthermore, during gastrulation when competence is lost (Fig. 3.1), we observed 

an increase in cell density of the ectoderm alongside a decrease in intercellular 

space (Fig. 5.6a-d). In addition, we note cell aspect ratio is maintained (Fig. 5.6e). 

These findings suggest that loss of nuclear Yap during gastrulation (Fig. 5.6a) 

would correlate with an increase in cell packing of the ectoderm; indeed, we 

observe this (Fig. 5.6f). We can mimic the increase in cell density and cell packing 

by inflation (Fig. 5.6d, f; 10*). Mechanistically, these results are consistent with the 

view that loss of competence is due to cytoplasmic retention of Yap, mediated 

by an increase in hydrostatic pressure of the blastocoel cavity leading to an 

increase in cell packing in Xenopus. To test the generality of this hypothesis, we 

differentiated induced pluripotent stem cells (iPSCs) into induced neural crest 

cells (iNCC) at different densities (Fig. 5.7a) and assessed expression levels of 

neural crest markers (Sox10 and Sox9). We found an inhibition of iNCC markers at 

higher densities and higher cell packing (Fig. 5.7a-c). Similarly to our in vivo 

observations, we noted cytoplasmic retention of Yap at higher densities (Fig. 5.7e, 

d). These observations are consistent with our model that proposes that an  

increase in hydrostatic leads to a higher cell packing, inhibiting Yap and neural 

crest competence during gastrulation.    
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Fig. 5.6|Yap activity is dependent on cell packing controlled by hydrostatic pressure. 

a, Illustration of embryos showing the regions of interest (red square) of ectoderm for 

analysis. b, Immunofluorescence analysis of the ectoderm stained against membrane 

GFP (gray) and DAPI nuclear staining (red) c-f, Quantification indicating the percentage 

of intercellular space (nst10, nst12 = 20 embryos), density (nst10 = 9, nst10* = 10, nst12 = 9 

embryos), aspect ratio (nst10 = 17, nst12 = 18 embryos), and cell packing index (nst10, nst10*, 

nst12 = 16 embryos) of the ectoderm. 10* are inflated embryos (cyan) compared to control 

(red) embryos at indicated stages. Scale bar 20 µm (b). Data represent mean, and error 

bars are s.d. Statistical analysis was performed using a two-tailed student t-test; NS, 

P>0.05, ****P ≤ 0.001. 



98 
 

 

Fig. 5.7|Higher confluency inhibits differentiation of iNCC. 

a, Immunofluorescence of iPSCs differentiated into iNCCs with different confluences 

expressing Sox9 (pink) and Sox10 (orange). b, Quantification of cell packing at indicated 

confluences. c, Quantification of mean fluorescence intensity of indicated neural crest 

markers at different densities. d, Immunofluorescence of Yap localization (pink) and 

Sox10 (orange) expression at various confluences of iNCCs. e, Quantification of mean 

fluorescence intensity of Sox10 and Yap at different densities. Scale bar 100 μm (a), 65 

μm (d). Data represent mean, and error bars are s.d. Statistical analysis was performed 

using a two-tailed student t-test (e) and Dunnett’s test; *P ≤ 0.1, **P ≤ 0.01, ****P ≤ 0.001.  
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5.2.6 Neural crest induction requires an active form of YAP 

We demonstrate that Yap is required for neural crest induction. In addition, it is 

well established that Yap activity depends on its subcellular localization (Aragona 

et al. 2013; Azzolin et al. 2014b; Piccolo et al. 2022). However, we note that 

competent ectoderm to induce neural crest show a nuclear form of Yap (Fig 5.5). 

To directly test the role of nuclear Yap on neural crest competence, we used a 

mutant that is constitutively active and localized in the nucleus even in the 

absence of a mechanical stimulus (YapS127A, (Komuro et al. 2003)). This mutation 

will prevent the phosphorylation of Yap at site 127, subsequently preventing 

cytoplasmic retention and promoting activation of target genes, as previously 

shown (Kemppainen et al. 2016; Komuro et al. 2003; Nardone et al. 2017; Panciera 

et al. 2017; Phelps et al. 2022). Expression of YapS127A in Yap-depleted embryos 

can rescue neural crest induction and leads to neural crest expansion in control 

embryos (Fig. 5.8a, b), indicating that ectodermal cells require nuclear Yap to 

induce neural crest cells.  

 

Fig. 5.8|Neural crest induction requires nuclear YAP. 

a, Embryos analyzed via In situ hybridization at stage 18 showing snai2 marker after the 

indicated treatments, asterisks indicate injected side. b, Spread of normalized 

quantification of snai2 expression.  Scale bar 400 µm (a).  Data represent mean, and error 

bars are s.d. Statistical analysis was performed using unpaired t-test and unpaired 

Dunnett’s tests; NS, P>0.05,  ****P ≤ 0.0001. n = 13control, 10Yap-MO, 12Yap-MO + YapS127A, 7 YapS127A 

embryos (b). 
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5.2.7 An increase in hydrostatic regulates neural crest induction in a 

Yap-dependent manner 

To further support the idea that mechanical cues regulating the competence of 

the ectoderm to induce neural crest is mediated by Yap, we inflated (increased 

hydrostatic pressure) and injected mutant active YapS127A. We theorized that 

nuclear Yap should rescue the inhibitory phenotype of inflation, as Yap is 

downstream of hydrostatic pressure in our mechanotransduction model. Indeed,  

we noted that inhibition of neural crest mediated by increasing hydrostatic 

pressure could be rescued by expressing YapS127A (Fig. 5.9a, b). These results 

further support the idea competent ectodermal cells require an active form of 

Yap to induce neural crest cells.   

 

Fig. 5.9|Hydrostatic pressure regulates fate via active Yap. 

a, Illustration of inflation assay and in situ hybridization analysis of embryos showing snai2 

marker at stage 14. b, Data points indicating normalized expression level of snai2. Scale 

bar 400 µm (a). Data represent mean, and error bars are s.d. Statistical analysis was 

performed using unpaired t-test and unpaired Dunnett’s tests; ****P ≤ 0.0001. n = 10control, 

12inflation, 9inflation + YapS127A embryos. 

 

5.2.8 Competent ectoderm to induce neural crest requires an active 

form of Yap 

Finally, to test the hypothesis that neural crest competence to DLMZ inductive 

signals requires nuclear Yap, we performed the DLMZ grafts in non-competent 

stage 12 embryos previously injected with YapS127A mutant. We noted that 

neural crest competence is restored at stage 12 by nuclear Yap (Fig. 5.10h, i). 

Taken together, these data place Yap as a mechanotransduction element 
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mediated by the hydrostatic pressure of the blastocoel cavity and demonstrate 

that its nuclear activity confers neural crest competence (Fig. 5.5-5.10).  

 

Fig. 5.10|Ectoderm competence to induce neural crest cell depends on nuclear Yap. 

a, Illustration of neural crest competence graft assay at stage 12. Experimental embryos 

were injected with YapS127A mutant at the 8-cell stage and then grafted with DLMZ, 

whereas control embryos were only grafted with DLMZ. And in situ hybridization analysis 

of snai2 marker at stage 18. Asterisks indicate injected side. b, Spread of data points 

indicating neural crest competence normalized to control. Scale bar 400 µm (a). Data 

represent mean, and error bars are s.d. Statistical analysis was performed using unpaired 

student t-test; ****P ≤ 0.0001. n = 11control, 12YapS127A embryos (b). 

 

5.3 Discussion  

In this chapter, we aimed to investigate the mechanotransduction mechanism of 

how hydrostatic pressure of the blastocoel cavity controls the competence of 

neural crest induction. Since the ectoderm is in direct contact with the blastocoel 

cavity, we hypothesized that this mechanical cue regulates Wnt activity, 

explaining the regional regulation of competence. We confirmed our hypothesis 

by measuring Wnt activity in control and experimental conditions. In addition, we 

investigated how these cells via Yap are sensing the change in hydrostatic 

pressure and controlling Wnt activity. Finally, show that the loss of nuclear activity 

of Yap during gastrulation leads to loss of neural crest competence.   
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Chapter 6: Discussion 

Gurdon defined embryonic induction as “an interaction between one inducing 

and another responding tissue, as result of which the responding tissue undergoes 

a change in its direction or differentiation” (Gurdon 1987). Holtzer classified 

embryonic induction based on several findings (Browne 1909; Lewis 1904, 1907; 

Saxen 1977; Spemann 1901; Spemann and Mangold 1924) as either permissive 

induction (the outcome is mainly governed by induced tissue) or instructive 

induction (the outcome is mainly governed by inducing tissue) (Holtzer 1968). 

Indeed, the interaction of an uncommitted (responding) tissue to a specific signal 

(from inducing tissue) that will dictate the differentiation outcome of the 

responding tissue is known as instructive embryonic induction; an example of 

which are mesoderm, neural plate, lens, placode, and neural crest induction.  

 

Furthermore, the capacity of tissues to respond to inductive signals was defined 

as competence (WADDINGTON 1934), which has been a longstanding topic of 

intense research, as past investigations have focused only on the role of 

biochemical signals without yielding a unifying mechanism that explains this 

phenomenon (Christian et al. 1992; Esmaeili et al. 2020b; Gillespie et al. 1989b; 

Henig et al. 1998; Lim et al. 2013; Steinbach et al. 1997; Streit et al. 1997). Here we 

asked whether biomechanics might regulate neural crest competence to the 

DLMZ. We addressed this idea in neural crest induction as this process is well-

characterized (Aybar and Mayor 2002a; Mancilla and Mayor 1996; Mayor et al. 

1995; Mayor and Theveneau 2014). In addition, we chose Xenopus embryos as a 

model since they are emendable to mechanical assays.  

 

Our findings demonstrate that the loss of neural crest competence, as noted 

during gastrulation, results from increased hydrostatic pressure in the blastocoel 

cavity of Xenopus embryos. This increased hydrostatic pressure leads to 

cytoplasmic retention of Yap, which modulates Wnt activity in the responding 

ectoderm, a critical signaling pathway for neural crest induction (Curchoe et al. 
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2010; Garcı ́a-Castro et al. 2002; LaBonne and Bronner-Fraser 1998b; Steventon et 

al. 2009a).  

 

The role of hydrostatic pressure in development and cell differentiation is a topic 

of growing interest, as it has been shown to play an essential role in lumen 

formation in zebrafish gut (Bagnat et al. 2007) and ear (Mosaliganti et al. 2019), in 

mammalian lungs (Palmer and Nelson 2020) and the blastocyst of mice (Chan 

and Hiiragi 2020a), in Drosophila oogenesis (Imran Alsous et al. 2021), as well as 

many others (Bagnat, Daga, and di Talia 2022). In Xenopus, blastocoel formation 

is dependent on the activity of the Na+/K+ ATPase (Slack and Warner 1973b), and 

it starts at the early segmentation stages and continues gradually until gastrulation 

(Keller 1975a). The blastocoel expands with a continuous fluid influx after the first 

division (2-cell stage). As in many systems, a change in osmotic pressure is 

proposed as the mechanism that leads to cell specifications. We demonstrate 

that the process of neural crest induction can be affected by modifying 

hydrostatic pressure independently from a change in osmolarity, stipulating that 

hydrostatic pressure is the main factor in regulating neural crest competence. 

Furthermore, we show that an increase in mechanical pressure inhibits neural 

crest induction supporting the notion that the cells sense changes in pressure 

rather than osmolarity. 

 

Importantly, we observe that this change in hydrostatic pressure during 

morphogenesis and artificial mechanical assays does not affect the inducer 

tissue, the mesoderm, nor its ability to produce the key inductive signals to induce 

neural crest cell Wnt8. In addition, we show other processes during gastrulation, 

such as blastopore closure, are not affected. These observations suggest the 

specificity effect that hydrostatic pressure elicits during gastrulation on neural 

crest competence. 

The explicit mechanisms by which hydrostatic pressure controls the differentiation 

outcome by remodeling tissues and regulating biochemical signals remain 
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elusive. Indeed we show that a change in hydrostatic pressure remodels the 

ectoderm in Xenopus embryos. Our findings in vivo and in vitro are consistent with 

previous observations that have shown that a change in cell packing, or cell 

density, can lead to a change in the activity of the Hippo pathway mediated by 

translocation of its mechanosensitive protein, Yap. Mechanistically, these 

previous observations show higher cell packing or cell density leads to 

cytoplasmic localization of Yap in cell cultures, whereas lower confluency and 

lower cell packing generate cells with nuclear Yap (Aragona et al. 2013; Biswas 

et al. 2021; Franklin et al. 2020; Gao et al. 2017; Jorge Barbazan et al. 2021; Varelas 

et al. 2010; Xia et al. 2019; Zhao et al. 2007). This change in mechanical cues leads 

to a change in the topography of tissues and translation of mechanical into 

biochemical signals – as well documented in Yap activity (Aragona et al. 2013). 

Furthermore, we show that the change in hydrostatic pressure during gastrulation 

regulates Yap activity, giving rise to the notion that Yap modulates the temporal 

ability of ectodermal cells to induce neural crest.  

 

The interplay between Hippo/Yap and Wnt/-catenin has previously been 

investigated in other systems where multiple mechanisms have been identified, 

however, often with contradictory outcomes (Azzolin et al. 2014b; Barry et al. 

2013; Cai et al. 2010, 2015; Camargo et al. 2007; Gregorieff et al. 2015; Jiang et 

al. 2020). For instance, two independent groups demonstrated that Wnt-

mediated intestinal tumorigenesis is abolished by deletion of Yap (Cai et al. 2015; 

Gregorieff et al. 2015), whereas other groups noted that Yap attenuation has a 

negligible effect on intestinal tumorigenesis (Azzolin et al. 2014a; Barry et al. 2013). 

Moreover, it was demonstrated that Yap inhibition (by deletion of Sav) and 

activation (by overexpression) are crucial for intestinal regeneration (Barry et al. 

2013; Cai et al. 2010). Furthermore, in Wnt-driven cellular response, some studies 

found an increase in Yap target genes (Cai et al. 2015; Rosenbluh et al. 2012), 

whereas some have shown how Yap inhibits Wnt/-catenin pathway by 

promoting the activation of -catenin destruction complex (Azzolin et al. 2014a). 
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Our results are consistent with the notion that Yap interacts with the Wnt pathway 

and promotes its activity and this model is consistent with in vitro experiments 

showing that Yap is required for neural crest formation in human neural crest cells 

induced from pluripotent stem cells (iPSCs)(Hindley et al. 2016; Piccolo et al. 2022). 

Mechanistically, Hippo/Yap and Wnt/-catenin interact at different levels 

(Oudhoff et al. 2016a). For example, Yap has been shown to interact with Dvl  and 

not -catenin destruction complex to regulate myogenesis (Sun et al. 2017). In 

addition, Yap interaction with -catenin in the cytoplasm (Imajo et al. 2012) and 

the nucleus has been demonstrated, where this interaction activates tissue-

specific gene program (Heallen et al. 2011; Rosenbluh et al. 2012). Moreover, Yap 

has been shown to interact with Disheveled and AXIN1 (Azzolin et al. 2014a; Barry 

et al. 2013; Varelas et al. 2010). Lastly, it was shown Yap stabilizes -catenin and 

translocates it to promote target genes. Although we do not investigate in depth 

how Yap interacts with -catenin, we show that Yap activation promotes Wnt 

activity and interacts with Wnt pathway downstream of -catenin destruction 

complex. A possible mechanism how Hippo/Yap interacts with Wnt/-catenin 

supported by our findings is either Yap is upstream of -catenin (cytoplasmic 

interaction or stabilization into nucleus) or at level of -catenin (as binding 

partner) to promote Wnt activity. Further investigation is required to determine 

how Yap is promoting Wnt target genes.  The literature on how Yap interplay and 

modulate Wnt/-catenin pathway is conflicting which adds additional layer of 

complexity in studying cellular response and function. However, this strengthen 

the notion that this interaction is system specific.   

  

In the light of our finding and after examination of the possible interaction of 

Hippo/Yap and Wnt/-catenin, we propose that at the competent stages, the 

highly loose ectodermal cells become more packed at the non-competent 

stages by a rise in hydrostatic pressure leading to an increase in cell density, 

yielding in cytoplasmic retention of Yap. Indeed, we observed a surge in cell 

packing during the rise in blastocoel hydrostatic pressure, which is consistent with 
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this idea. Indeed, the notion that an increase in cell packing will prevent the 

formation of neural crest cells was further supported by our in vitro data, where 

increased cell packing inhibits inducer neural crest cells. Furthermore, analysis of 

cell aspect ratio argues against cells being stretched during blastocoel 

expansion; this is likely since the embryo is constrained by the vitelline membrane, 

which does not allow an increase in embryo volume during blastocoel expansion. 

The observation that Xenopus and human neural crest competence depends on 

cell packing controlling Yap argues about the generality of this mechanism across 

species. 

 

Nevertheless, further studies are necessary to fully establish the details of how Yap 

is mechanically controlled during the loss of neural crest competence, as many 

other physical inputs have also been described as regulators of Yap activity 

(Aragona et al. 2013; Biswas et al. 2021; Gao et al. 2017; Panciera et al. 2017; Xia 

et al. 2019). Indeed, although we show that an increase in hydrostatic pressure in 

the blastocoel cavity of Xenopus embryos leads to loss of neural crest 

competence, it is possible that in other embryos with different geometries, diverse 

mechanical cues also play a role in regulating competence. More broadly, we 

anticipate a general mechanism in which a wide range of mechanical stimuli 

could control Yap and other signaling pathways, modulating competence across 

different tissues, organs, and species.  
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Fig. 6.1|Graphical conclusion. 

During gastrulation of Xenopus embryos, the hydrostatic pressure of the blastocoel cavity 

increases due to the increase of its volume. This increase leads to loss of neural crest 

induction competence. The mechanism of this loss is mediated by Yap translocation from 

nuclear to cytoplasm. These findings challenge the current dominant concept that 

development is genetically controlled and introduce a new model explaining a pivotal 

phase of embryonic development in which two independent developmental processes, 

blastocoel morphogenesis and neural crest induction, are linked via tissue mechanics. 
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