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ABSTRACT  

Vertebrate head formation encompasses successful neural tube closure and neural crest 

development, which ultimately give rise to the functional brain and craniofacial 

structures, respectively. These two processes take place during early stages of embryonic 

development and involve distinct molecular events. However, to some extent, neural tube 

closure and neural crest formation are interdependent on each other since the signalling 

pathways involved in their regulation largely overlap. So far, the precise mechanisms by 

which these processes intersect remain poorly understood, and a better understanding is 

needed to improve our current knowledge of how congenital disorders arise. 

Neural crest cells (NCCs) are multipotent, transient population of cells that originate 

from the neural plate border (NPB). Subsequently, these cells delaminate and migrate 

extensively throughout the embryo to populate different targeted destinations where they 

give rise to multiple cell lineages. Among the different subtypes of NCCs, cranial NCCs 

(CNCCs) contribute to the majority of the craniofacial features within a living organism. 

The low-density lipoprotein receptor-related protein 2 (LRP2) is an endocytic receptor 

that plays a pivotal role during the early stages of embryonic development by mediating 

the internalisation of various ligands, including folate and several growth factors. 

Additionally, LRP2 is crucial in regulating the subapical scaffolding complex within the 

neuroepithelial cells, where it helps to ensure a proper cellular integrity during embryonic 

morphogenesis. While our previous studies have highlighted the critical role of LRP2 in 

regulating proper neural tube closure and subsequent forebrain development, the 

craniofacial abnormalities observed in Lrp2 null mutants have yet to be addressed. 

Herein, this dissertation provides ample evidence that LRP2 is a key factor that helps in 

ensuring proper neural crest development during early mouse cranial morphogenesis, 

thereby providing a reasonable explanation for the craniofacial deformities associated 

with its loss of function. 

Most importantly, the results of this dissertation demonstrate that LRP2 serves an 

important role in maintaining an adequate neural crest fate during its initial phases of 

development. Loss of LRP2 resulted in a folate-deficient state that impaired cell fate 

decision making during NPB specification, leading to an abnormal expansion of the NPB 

without diminishing the neural plate fate. Since the NPB harbours a mixture of 

intermingled progenitors that exist in the primed multipotent states, the expanded NPB 
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opened up opportunities for a greater number of cells to adopt neural crest fate, as 

represented by the ectopic expansion of the pre-migratory and migratory NCC territories 

within Lrp2-/- embryos. Besides, the inappropriate fate adopted by the presumptive NCCs 

residing within the expanded NPB of Lrp2-/- embryos also resulted in the subsequent loss 

of the classical features required for proper NCC delamination and migration. Through 

time-lapse imaging on the cranial neural tube explant cultures, our results demonstrated 

that murine NCCs exhibited contact inhibition of locomotion (CIL) behaviour during 

directed collective migration ex vivo. In particular, CIL behaviour during directed 

migration of CNCCs ex vivo required the function of LRP2. As observed in the Lrp2-/- 

explants, migratory NCCs failed to exhibit CIL behaviour and showed disorganised 

actomyosin cytoskeleton, leading to the loss of directional persistence in their migration. 

Finally, this study has successfully identified a number of potential candidates that 

inform the possible molecular mechanisms in which LRP2 governs neural crest 

development using spatial proteomics approach. 

In summary, this study proposes LRP2 as a central regulator of vertebrate cranial 

morphogenesis, essential not only for embryonic brain development but also for shaping 

craniofacial frameworks through the regulation of NCC formation. This study, for the 

first time, unmasks the potential role of an endocytic machinery in governing murine 

neural crest development, starting from cell fate specification to the downstream 

migration. Altogether, these findings expand our current understanding of the complexity 

of embryonic cranial morphogenesis and can have broader implications that benefit not 

only the field of developmental biology but also cancer biology, given the great deal of 

similarities shared between the process of neural crest development and cancer 

progression. 

  



  IX  

ZUSAMMENFASSUNG 

Die Bildung des Kopfes von Wirbeltieren umfasst den erfolgreichen Verschluss des 

Neuralrohrs und die Entwicklung der Neuralleiste, aus der schließlich das funktionelle 

Gehirn bzw. die kraniofazialen Strukturen hervorgehen. Diese beiden Prozesse finden in den 

frühen Stadien der Embryonalentwicklung statt und umfassen unterschiedliche molekulare 

Vorgänge. In gewissem Maße sind der Neuralrohrverschluss und die Neuralleistenbildung 

jedoch voneinander abhängig, da sich die an ihrer Regulierung beteiligten Signalwege 

weitgehend überschneiden. Bislang sind die genauen Mechanismen, durch die diese Prozesse 

ineinandergreifen, nur unzureichend bekannt, und ein besseres Verständnis ist erforderlich, 

um unser derzeitiges Wissen über die Entstehung angeborener Störungen zu verbessern. 

Neuralleistenzellen (NCCs) sind eine multipotente, transiente Zellpopulation, die vom Rand 

der Neuralplatte (NPB) ausgeht. Anschließend delaminieren diese Zellen und wandern in 

großem Umfang durch den Embryo, um verschiedene Zielorte zu besiedeln, wo sie mehrere 

Zelllinien hervorbringen. Unter den verschiedenen Subtypen der NCCs tragen die kranialen 

NCCs (CNCCs) zum Großteil der kraniofazialen Merkmale in einem lebenden Organismus 

bei. Das Low-Density-Lipoprotein-Rezeptor-verwandte Protein 2 (LRP2) ist ein 

endozytischer Rezeptor, der in den frühen Stadien der Embryonalentwicklung eine zentrale 

Rolle spielt, indem er die Internalisierung verschiedener Liganden, darunter Folat und 

verschiedene Wachstumsfaktoren, vermittelt. Darüber hinaus ist LRP2 von entscheidender 

Bedeutung für die Regulierung des subapikalen Gerüstkomplexes innerhalb der 

Neuroepithelzellen, wo er dazu beiträgt, eine angemessene zelluläre Integrität während der 

embryonalen Morphogenese zu gewährleisten. Während unsere früheren Studien die 

kritische Rolle von LRP2 bei der Regulierung des korrekten Neuralrohrschlusses und der 

anschließenden Entwicklung des Vorderhirns hervorgehoben haben, sind die kraniofazialen 

Anomalien, die bei Lrp2-Nullmutanten beobachtet werden, noch nicht untersucht worden. 

Diese Dissertation liefert zahlreiche Belege dafür, dass LRP2 ein Schlüsselfaktor für die 

ordnungsgemäße Entwicklung der Neuralleiste während der frühen Schädelmorphogenese 

bei Mäusen ist, und liefert damit eine plausible Erklärung für die kraniofazialen Anomalien, 

die mit seinem Funktionsverlust einhergehen. 

Vor allem aber zeigen die Ergebnisse dieser Dissertation, dass LRP2 eine wichtige Rolle bei 

der Aufrechterhaltung eines adäquaten Neuralleistenschicksals während der ersten 

Entwicklungsphasen spielt. Der Verlust von LRP2 führte zu einem Folatmangel, der die 

Entscheidungsfindung über das Zellschicksal während der NPB-Spezifikation 
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beeinträchtigte und zu einer abnormalen Ausdehnung der NPB führte, ohne das Schicksal 

der Neuralplatte zu beeinträchtigen. Da die NPB eine Mischung aus vermischten 

Vorläuferzellen enthält, die in den primed multipotenten Zuständen existieren, eröffnete die 

erweiterte NPB einer größeren Anzahl von Zellen die Möglichkeit, das Schicksal der 

Neuralleiste anzunehmen, wie die ektopische Ausdehnung der prämigrativen und migrativen 

NCC-Gebiete in Lrp2-/- Embryonen. Darüber hinaus führte das unangemessene Schicksal 

der präsumptiven NCCs, die sich in der erweiterten NPB von Lrp2-/- Embryonen befinden, 

auch zum Verlust der klassischen Merkmale, die für eine ordnungsgemäße NCC-

Delamination und Migration erforderlich sind. Mit Hilfe von Zeitrafferaufnahmen der 

Explantationskulturen des kranialen Neuralrohrs zeigten unsere Ergebnisse, dass murine 

NCCs während der gerichteten kollektiven Migration ex vivo ein Verhalten der 

Kontakthemmung der Fortbewegung (CIL) zeigen. Insbesondere erforderte das CIL-

Verhalten während der gerichteten Migration von CNCCs ex vivo die Funktion von LRP2. 

Wie in den Lrp2-/- Explantaten beobachtet wurde, zeigten die wandernden NCCs kein CIL-

Verhalten und wiesen ein desorganisiertes Aktomyosin-Zytoskelett auf, was zum Verlust der 

Richtungsbeständigkeit ihrer Wanderung führte. Schließlich hat diese Studie erfolgreich eine 

Reihe potenzieller Kandidaten identifiziert, die Aufschluss über die möglichen molekularen 

Mechanismen geben, mit denen LRP2 die Entwicklung der Neuralleiste steuert, indem ein 

räumlicher Proteomik-Ansatz verwendet wird. 

Zusammenfassend lässt sich sagen, dass diese Studie LRP2 als zentralen Regulator der 

Morphogenese des Schädels von Wirbeltieren vorschlägt, der nicht nur für die embryonale 

Gehirnentwicklung, sondern auch für die Gestaltung des kraniofazialen Gerüsts durch die 

Regulierung der NCC-Bildung wesentlich ist. Diese Studie entlarvt zum ersten Mal die 

mögliche Rolle einer endozytischen Maschinerie bei der Steuerung der Entwicklung der 

murinen Neuralleiste, angefangen von der Spezifikation des Zellschicksals bis hin zur 

nachgeschalteten Migration. Insgesamt erweitern diese Ergebnisse unser derzeitiges 

Verständnis der Komplexität der embryonalen Schädelmorphogenese und können 

weiterreichende Auswirkungen haben, die nicht nur dem Bereich der Entwicklungsbiologie, 

sondern auch der Krebsbiologie zugutekommen, da der Prozess der 

Neuralleistenentwicklung und die Krebsentstehung viele Gemeinsamkeiten aufweisen. 
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1.1 Early stages of mouse embryonic development 

The development of a functional organism from a small, spherical embryo is driven by a 

series of sophisticated, coordinated cell fate decisions and morphogenetic events that 

begin after the process of fertilisation. Proper mammalian embryonic development 

encompasses successive establishment of patterning axes achieved through dynamic, 

spatiotemporally controlled tissue organisation which demands multifaceted cellular and 

molecular events during morphogenesis. These events converge into three different 

stages of embryonic development, namely i) formation of blastocyst, ii) gastrulation, and 

iii) organogenesis.  

1.1.1 Tissue patterning  in the early mouse embryo 

Blastocyst is typically formed on embryonic day (E) 4.5 and composed of three distinct 

tissue lineages: epiblast, trophectoderm, and primitive endoderm (Rivera-Pérez and 

Hadjantonakis, 2015). The epiblast represents a source of pluripotent embryonic stem 

cells that gives rise to the three primary germ layers which generate all tissues of the 

embryo proper during gastrulation. The trophectoderm is destined to form the 

extraembryonic ectoderm that will eventually become part of the placenta. From the 

foetal perspectives, the primitive endoderm gives rise to the visceral endoderm (VE) 

which contributes to the extraembryonic yolk sac and is of paramount importance for the 

embryonic anteroposterior axis patterning (Beddington and Robertson, 1999; Morris et 

al., 2012).  

At E5.5, a distinct population of VE cells, namely anterior VE, occupies the distal tip of 

mouse embryos to specify the anterior region where the head will eventually form (Stern, 

2002; Thomas et al., 1998). Gastrulation commences when the primitive streak is formed 

at the posterior end of the embryo at E6.5. During gastrulation, epiblast is transformed 

into the three primary germ layers: the ectoderm, which constitutes the nervous system 

and skin; the mesoderm, which gives rise to the musculoskeletal system and internal 

organs; and the endoderm, which shapes the respiratory and gastrointestinal systems 

(Yamaguchi, 2001).  

One main highlight of gastrulation is the formation of the notochord, a cylindrical 

structure that defines the midline of the embryo (Purves et al., 2001). The notochord 

induces neural plate formation, initiating from the invagination of mesodermal cells at 
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the primitive streak. The lining of the ectoderm overlying the notochord at the dorsal-

most region of the embryo is fated to become the neural ectoderm, from which the entire 

nervous system arises. On the more ventrolateral side, the non-neural ectoderm (NNE) 

is present and gives rise to the epidermis together with its associated glands. Of note, the 

neural ectoderm includes a specific region called the neural (plate) border which is 

located at its immediate boundary with the NNE. Inductive signals from the notochord 

stimulate a subset of midline neural ectoderm cells to undergo cell shape changes from 

cuboidal to columnar, ultimately forming the neural plate (Smith and Schoenwolf, 1991). 

Neural plate formation subsequently initiates the process of neurulation. Thus, the 

notochord specifies not only the basic topography of the embryo but also aids the process 

of nervous system development.  

1.1.2 Neurulation 

Neurulation is the fundamental process of embryogenesis in which the neural plate that 

has undergone convergent extension is uplifted at its connecting site with the NNE to 

form the neural folds (Figure 1). Neural folds then fuse at the midline to establish a closed 

neural tube ï the precursor of the central nervous system. In mammals, neurulation 

comprises of two phases, namely primary and secondary neurulation (Copp et al., 2003).  

 

Figure 1. Process of neurulation in mouse embryo. 

Schematic diagram showing the process of neural tube closure in transverse sections. Neural tube closure 

begins when the neuroepithelium flat sheet (cyan) overlying the notochord (NC; blue) and mesoderm 

(MES; yellow) is induced to become the neural plate (NP). The NP is separated from the adjoining non-

neural ectoderm (NNE; magenta) by a specific area called neural plate border (NPB). The bending of the 

NP results in the formation of neural folds which will then fuse along the dorsal midline to establish a 

closed neural tube. The endoderm (E) is shown in purple. Figure drawn using Affinity Photo 2. 
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Primary neurulation leads to the development of the brain and the majority of the spinal 

cord through three sequential stages of neural tube closure (Figure 2) (Copp, 2005; Copp 

et al., 2003). In mice, closure 1 is initiated at approximately six to seven somite stage (s) 

during E8.5. This begins at the area of the hindbrain-spinal cord boundary and progresses 

in rostrocaudal directions. Closure 2 and closure 3 complete the process of brain fusion 

from the forebrain-midbrain boundary and the rostral-most end of the forebrain, 

respectively. Cranial neurulation is completed once closure 2 meets with closure 3 at the 

anterior neuropore and with closure 1 at the hindbrain neuropore. The caudally directed 

zippering of closure 1 propels the closure of the posterior neuropore which then serves 

as the initiation site of the secondary neurulation (Nikolopoulou et al., 2017). Hence, 

primary neurulation in mice occurs sequentially from the anterior neuropore to the 

hindbrain neuropore, and eventually to the posterior neuropore. Without involving neural 

folding, secondary neurulation generates the most caudal part of the spine through the 

formation of a secondary neural tube at the tail bud (Schoenwolf, 1984).  

 

Figure 2. Sites of neural tube closure in mouse embryo. 

Neural tube closure begins with the initiation of closure 1 at the hindbrain-spinal cord boundary (magenta 

asterisk) at around six to seven somite stage of embryonic day (E) 8.5. Closure 1 progresses bidirectionally 

in rostral direction to allow cranial neurulation and in caudal direction to allow spinal neurulation. Closure 

2 occurs at the forebrain-midbrain boundary (blue asterisk) while closure 3 begins from the rostral 

extremity of the forebrain. Unidirectionally travel zippering from closure 3 meets with the rostrally spread 

fusion from closure 2 at the anterior neuropore. Whereas the caudally travel fusion from closure 2 meets 

with the rostrally progress neurulation from closure 1 at the hindbrain neuropore to complete the cranial 

neurulation. Closure 1 that spreads caudally completes the process of primary neurulation when the 

posterior neuropore is fused at around E10. The site of the secondary neurulation is shaded in orange at 

the tail bud. The typical neural tube defects associated with the failure of these closure events are also 

indicated. Figure drawn with Affinity Photo 2. 
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As neurulation progresses in the gastrulating embryo, the cranial region gradually adopts 

a change from biconvex to biconcave morphology, with definitive cell fates becoming 

clearly distinguished (Copp et al., 2003; Nikolopoulou et al., 2017). The neural tube 

consists of the neural precursor or neuroepithelial (NE) cells, whereas the surface 

ectoderm consists of the epidermal precursors that are of a non-neural fate. As 

mentioned, these two distinct fate-specific territories are demarcated by the neural plate 

border (NPB), a region that is composed of both neural and non-neural fate precursors 

(Thawani and Groves, 2020; Thiery et al., 2023). Lineage tracing studies have proven 

that cells that amalgamate at the NPB are divided into four different fates: i) neural, ii) 

neural crest, iii) placodal, and iv) epidermal precursors (Bronner-Fraser and Fraser, 1988; 

Groves and LaBonne, 2014; Thiery et al., 2023). The precise role of NPB during early 

mouse embryonic development will be further discussed in the latter part (Section 1.3.2). 

1.1.3 Neural tube defects 

The process of neural tube closure involves a complex series of morphological tissues 

remodelling that requires precise spatiotemporal control of various cellular and 

molecular events by a myriad of signalling pathways. Such a process is usually quite 

highly resilient to perturbations, but dysregulation in any of the key stages can result in 

improper neural tube closure. Depending on the site of closure failure, different forms of 

neural tube defects (NTDs) can arise.  

NTDs are devastating congenital defects with an estimated global prevalence rate of 2 

per 1000 pregnancies (Kancherla, 2023). With approximately 300,000 cases reported 

worldwide annually, NTDs represent the second most common form of birth deformities, 

after congenital heart defects (Copp and Greene, 2013; Zaganjor et al., 2016). NTDs can 

be broadly divided into two major groups, namely open and closed NTDs. Open NTDs 

are characterised by exposed neural tissues that are not covered by the skin as a result of 

the failure in primary neurulation. Whereas closed NTDs are usually due to disruption of 

secondary neurulation, resulting in spinal lesions that are covered by the skin. Closed 

NTDs are generally less severe and can be asymptomatic in most instances (Copp et al., 

2013).  

The most severe form of open NTDs is craniorachischisis, a lethal condition in which the 

entire neural tube from the midbrain to the lower spine remains open due to closure 1 
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failure (Greene and Copp, 2014). Open NTDs affecting only the cranial region are 

exencephaly and anencephaly. The failure of cranial neural tube closure results in the 

protrusion of neuroepithelium from the developing brain (exencephaly) which can 

progress into anencephaly in the late gestation period, when there is a complete or partial 

absence of calvarium and brain tissues (Kancherla, 2023). In contrast, an impairment in 

the spinal neurulation creates a persistently open posterior neuropore, leading to open 

spina bifida. While closed NTDs are much less severe and well-defined, spina bifida 

occulta or spinal dysraphism is commonly associated with lipoma and anorectal 

abnormalities, without the exposure of neural tissue (Copp and Greene, 2013). 

1.1.4 Cranial n eurulation and forebrain patterning as the 

prerequisites for the head formation 

Cranial neurulation primes the initial steps of brain morphogenesis and its subsequent 

progression results in the formation of three primary vesicles namely prosencephalon 

(forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain). 

Undoubtedly, complete cranial neural tube closure is essential for proper embryonic 

brain development. Looking from a broader perspective, formation of the embryonic 

head, the first major structure developed during embryogenesis, is in general tightly 

related to the process of cranial neurulation (Tam et al., 2016).   

The head represents a composite structure made up of the brain and skull, two structures 

derived from very distinct tissue lineages. While the closed neural tube will become the 

future brain, the óNew Headô hypothesis proposed by Gans and Northcutt highlighted 

that the formation of vertebrate craniofacial features is largely attributed to two distinct 

cell lineages, the neural crest and cranial placodes (Section 1.3.4.1) (Gans and Northcutt, 

1983). These two populations of cells are derived from the NPB, in parallel to the 

processes of cranial neurulation and forebrain patterning. Indeed, the positional 

patterning of early embryonic tissues allows for the regionalised activation and inhibition 

of molecular signals which is critical not only for the regulation of such events but also 

for the drafting of the skull structure (Koontz et al., 2023; Thawani and Groves, 2020). 

The initial formation of the head skeleton framework employs the area occupied by the 

embryonic brain tissues as a physical template (Thorogood, 1993). For instance, the 

cranial neural tube that fails to close properly is always associated with the absence of 
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dorsal skull elements, as seen in anencephaly (Copp, 2005). Moreover, forebrain 

patterning is closely related to craniofacial patterning, as failure of neural tube fusion at 

the anterior neuropore (closure 3) results in the split-face phenotype (Copp et al., 2003; 

Marcucio et al., 2005). The forebrain can therefore be regarded as a structural support 

for craniofacial development (Muenke, 1994). This is reflected in holoprosencephaly, 

the most common forebrain defect associated with incomplete separation of the cerebral 

hemispheres, but also often involving malformation of the midline facial bones and 

sphenoid bone (Kjaer et al., 1991; Raam et al., 2011).  Hence, the development of 

embryonic brain and craniofacial structures is contingent on successful cranial neural 

tube closure and forebrain patterning, despite involving different cell types and 

mechanisms. 

1.1.5 Signalling pathways involved in the early embryonic 

forebrain  morphogenesis 

The forebrain, being the largest part of the brain, gives rise to the majority of the 

structures involved in higher intellectual and sensory integration functions (Wilson and 

Houart, 2004). Thus, it represents one of the most complex structures that require 

tremendous spatiotemporal regulation from a multiplicity of signalling pathways to be 

involved in its specification and patterning. Along the properly patterned embryonic 

axes, several local signalling centres are defined to provide instructions to the 

neighbouring tissues for the adoption of specific fate at the appropriate timing, thus 

orchestrating the sequential events of forebrain morphogenesis (Figure 3) (Beccari et al., 

2013). These signalling events also have important roles in driving neural crest 

development (Section 1.3.2). 

Anterior neural induction typically involves the activation of fibroblast growth factor 

(FGF) signalling together with the suppression of transforming growth factor ɓ (TGFɓ) 

and Wingless-related integration site (WNT) signalling (Hoch et al., 2009). This is based 

on robust evidence from the studies in mouse, chick, Xenopus, and zebrafish, 

demonstrating the dysregulation of these signalling pathways results in caudalisation of 

the anterior identity (Andoniadou and Martinez-Barbera, 2013).  Together, the anterior 

visceral endoderm (AVE) and gastrula organiser provide a constant supply of FGF 

ligands, and antagonists for WNT and TGFɓ signalling such as Dickkopf homologue 1 
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(DKK1), cerberus-like-1 (CER1), chordin, and noggin (Arkell and Tam, 2012; Arnold 

and Robertson, 2009).  

1.1.5.1 FGF signalling in the anterior neural ridge 

Soon after the anterior neural induction is achieved, the anterior neural ridge (ANR) 

becomes the home of FGF signalling regulation (Hoch et al., 2009). The ANR is an area 

in the most rostral part of the neural plate, at the boundary between neural ectoderm and 

NNE, that will form the rostrodorsal midline following neurulation (Rubenstein et al., 

1998). During forebrain patterning, the ANR secretes FGF8, other FGF ligands, WNT, 

and bone morphogenetic protein (BMP) antagonists in response to the regulatory signals 

from the axial mesendoderm (AME) and neighbouring tissues to promote the 

telencephalic identity in the anterior neuroectoderm (Houart et al., 1998; Shimamura and 

Rubenstein, 1997). In the subsequent stages, FGF8-positive ANR cells converge towards 

the dorsal midline of the embryo to form the telencephalic primordium (Rhinn et al., 

2006).  

1.1.5.2 Signalling centres along the dorsoventral axis 

Nodal and sonic hedgehog (SHH) signalling are restrictive to the ventral region within 

the developing forebrain. Whereas the BMP and WNT ligands are localised specifically 

Figure 3. Regionalised signalling activities during early forebrain morphogenesis. 

Proper embryonic forebrain development is contingent on the regionalised activation of specific signalling 

pathways. On the rostral-most part of the developing forebrain, anterior neural ridge is the site of FGF and 

WNT antagonistic signalling. Ventrally, Nodal and SHH signalling are active, with SHH plays a more 

specific role during embryonic forebrain patterning. Along the dorsal midline, both BMP and WNT 

signalling act synergistically to ensure successful forebrain morphogenesis. D, dorsal; V, ventral; A, 

anterior; P, posterior; M, medial; L, lateral; Tel, telencephalon; Di, diencephalon. Figure drawn with 

Affinity Photo 2. 



INTRODUCTION  

 10 

to the dorsal region. The specified territories of these signalling pathways, without 

invading the neighbouring areas, are critical to ensure a proper embryonic forebrain 

patterning. 

Nodal signalling 

Nodal is expressed in mesendodermal cells around the ventral node, where it plays an 

important role in the initial formation of the notochord and prechordal plate (Zhou et al., 

1993). These structures subsequently serve as important organising centres needed for 

proper embryonic patterning. Subsequently, nodal signalling is involved in the 

specification of the ventral telencephalon (Rohr et al., 2001). Despite nodal expression 

being limited to only the ventral tissues, severe classical holoprosencephaly phenotypes 

at not only the ventral, but also the dorsal, and rostral levels, are observed in the nodal 

mutant mice (Lowe et al., 2001). This is likely due to the diverse roles of nodal in the 

patterning of the anteroposterior, left-right, and midline axis (Brennan et al., 2002; Varlet 

et al., 1997). Nevertheless, the general depicted role of nodal in the embryonic axes 

patterning suggests that its implication in forebrain patterning is most probably indirect 

(Lowe et al., 2001).  

Sonic hedgehog signalling 

Within the developing forebrain, the prechordal plate acts as a constant source of SHH 

secretion in response to inductive signals from the nodal pathway (Rohr et al., 2001). 

SHH signalling serves to induce the specification and patterning of ventral midline 

telencephalic fates in cooperation with FGF signalling, since these signalling pathways 

have positive reciprocity effects on each other (Hoch et al., 2009; Monuki, 2007). At 

later stages, SHH induces the development of medial and lateral ganglionic eminence 

(Kohtz et al., 1998). The importance of SHH signalling during forebrain development 

can be illustrated by the phenotypes of Shh-/- mouse embryos, which are initially 

characterised by the absence of ventral cell fates leading to holoprosencephaly 

(Rubenstein and Beachy, 1998). In severe cases, defective SHH signalling can result in 

cyclopia associated with the failure of telencephalic vesicle and eye field subdivision 

(Chiang et al., 1996).  
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Bone morphogenetic protein signalling 

Prior to gastrulation, BMPs are expressed in the ectoderm and its activation is needed to 

promote the formation of NNE whereas its inhibition is necessary for neural induction 

(Bond et al., 2012; Wilson and Houart, 2004). Once neurulation commences, the roof 

plate becomes the hub for BMPs production which is then essential to induce dorsal 

midline formation (Bond et al., 2012; Furuta et al., 1997). BMPs secreted from the dorsal 

midline of the telencephalon, promotes dorsomedial fates and regional apoptosis, 

eventually leading to the formation of the choroid plexus (Furuta et al., 1997). Of note, 

BMP signalling has a mutually antagonistic relationship with SHH and FGF signalling 

(Monuki, 2007; Ohkubo et al., 2002).  

Wingless-related integration site signalling 

Similar to BMPs, WNTs are secreted from the roof plate and it acts antagonistically with 

the FGF and SHH signalling during early stages of forebrain morphogenesis (Caronia-

Brown et al., 2014; Shimogori et al., 2004; Ulloa and Martí, 2010). Being highly 

enriched in the cortical hem, WNTs are critical to promote subsequent development of 

the hippocampus and choroid plexus (Grove et al., 1998). Within the dorsal domain, 

WNT signalling is not directly involved in the primary patterning, instead it exerts 

mitotic effects to stimulate the expansion of dorsal progenitor cells including the neural 

crest (Dickinson et al., 1994; Ikeya et al., 1997). For example, Wnt3a null mice shows a 

normal specification but defective proliferation of hippocampal progenitor cells (Geng 

et al., 2023; Lee et al., 2000).  

1.2 LRP2 ï Low density lipoprotein receptor-related protein 2 

Low density lipoprotein receptor-related protein 2 (LRP2), otherwise known as megalin, 

is a giant transmembrane glycoprotein with a molecular weight of approximately 600kDa 

(Saito et al., 1994). It is one of the largest cell surface proteins in vertebrates that belongs 

to the low-density lipoprotein (LDL) receptor family.  

1.2.1 LRP2, a member of the LDL receptor family 

The LDL receptor family consists of a group of transmembrane proteins that function as 

endocytic receptors which bind and internalise a wide range of ligands on the cell surface. 
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All members of the LDL receptor family share a common architecture that is highly 

evolutionary conserved across a variety of species ranging from roundworms to humans 

(Figure 4) (Nykjaer and Willnow, 2002). There are seven structurally closely related core 

members of the LDL receptor family: i) LDL receptor, the founding member of this 

family, ii) LRP1, iii) LRP1b, iv) LRP2/megalin, v) very low-density lipoprotein receptor 

(VLDL), vi) LRP4, and vii) LRP8. In addition, the family also includes LRP5 and LRP6, 

two slightly more distantly related members that share some but not all of the structural 

motifs with the core members (Herz, 2001).  

 

LRP2 consists of a large extracellular domain, a transmembrane spanning domain, and a 

relatively small intracellular domain. The extracellular domain is made up of four 

cysteine-rich complement-type repeats separated from each other by the epidermal 

growth factor (EGF)-type repeat-flanked ɓ-propeller domains (Saito et al., 1994). The 

complement-type repeat is a unified component found in the extracellular domain of the 

LDL receptor family members and is responsible for calcium-dependent ligand binding 

(Fass et al., 1997). The EGF-type repeat together with the ɓ-propeller domain is 

Figure 4. The low-density lipoprotein (LDL) receptor family.  

The members of the LDL receptor family expressed in mammalian cell types are shown. LRP2 is a member 

of this family and shares structurally similar motifs with the other members. LRP2 has a large extracellular 

domain and a short cytoplasmic tail. The cytoplasmic tail of LRP2 with its functional motifs is enlarged. 

Figure made using Affinity Photo 2. 
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important for the proper protein folding and dissociation of bound ligands in the acidic 

endosomes (Culi et al., 2004; Rudenko et al., 2002). The transmembrane domain of 

LRP2 helps to anchor the receptor to the membrane areas that are rich in cholesterol and 

glycosphingolipids (Marzolo et al., 2003).  

Having 209 amino acid residues, the cytoplasmic tail of LRP2 harbours one dileucine, 

two postsynaptic density 95, disks large, zona occludens 1 (PDZ) domain-binding, and 

three NPxY motifs. Additionally, it contains multiple consensus phosphorylation motifs 

including one highly conserved proline-rich sequence, PPPSP, which is a 

phosphorylation target of glycogen synthase kinase 3 (GSK3) (Yuseff et al., 2007). 

Phosphorylation of this site by GSK3 regulates the cell surface availability and recycling 

rate of LRP2. Along with the dileucine motifs, the first and third NPxY motifs are 

necessary to mediate clathrin-mediated endocytosis, whereas the second NPxY-like 

motif is important for apical sorting of the receptor (Hirst and Robinson, 1998; Maurer 

and Cooper, 2005; Takeda et al., 2003). There is also evidence for the endocytic 

trafficking of LRP2 via a clathrin-independent mechanism, with the help of caveolin 1 

and small GTPase ADP-ribosylation factor 6 (ARF6) (Bento-Abreu et al., 2009; Wolff 

et al., 2008).  

The PDZ domain-binding motifs of LRP2 offer opportunities for its interaction with a 

wide range of intracellular adaptor or scaffold proteins. Through binding with a number 

of different PDZ domain-containing proteins, LRP2 can implicate a variety of signalling 

transduction cascades either directly or indirectly to help mediate different cellular 

functions (Gotthardt et al., 2000).  

1.2.2 Ligands of LRP2 

LRP2 is a multi-ligand endocytic receptor that helps in mediating cellular uptakes of 

many different components. To date, there are more than 75 ligands of LRP2 which have 

been identified (Beenken et al., 2023). These identified ligands include hormones, 

lipoproteins, enzymes, morphogens, and carrier proteins (Table 1).  

The ligands of LRP2 can exist in the form of individual components or protein-bound 

complexes. The diverse ligand profiles of LRP2 are partially due to the presence of 

multiple complement-type repeats in their extracellular domain which allow for many 

different ligand-recognition sites to be encoded (Nykjaer and Willnow, 2002). More 



INTRODUCTION  

 14 

importantly, LRP2 can further expand its ligand profiles through tandem receptor-

mediated endocytosis (Nykjaer et al., 2001). In this scenario, ligands that are not 

recognised by LRP2 bind to their co-receptors such as cubilin. LRP2 then acts in concert 

with the co-receptors to drive ligand internalisation.  

Table 1. Ligands of LRP2. 

Ligands 

Hormones 
Insulin, Leptin, Angiotensin II, Thyroglobulin, 

Parathyroid hormone 

Signalling molecules 
Sonic hedgehog protein, Bone morphogenic protein 4, 

Epidermal growth factor, Insulin-like growth factor 

Lipoproteins Apolipoprotein B, E, H, M 

Enzymes Lysozyme, Pro-urokinase, Ŭ-Amylase, Lipoprotein lipase 

Vitamin carrier proteins  
Vitamin D-binding protein, Retinol-binding protein, 

Folate-binding protein 

Other carrier proteins  Albumin, Lactoferrin, Myoglobin, Haemoglobin 

 

Following internalisation by LRP2, the fate of these ligands differs depending on the cell 

types and the physiological demands (Willnow and Christ, 2017). It is known that there 

are three possible outcomes following LRP2-mediated uptake. In most cases, proteins 

endocytosed by LRP2 through clathrin-coated pits are directed for degradation in 

lysosomes while the receptor is recycled back to the apical surface. Alternatively, some 

ligands can reside in the endosomes and be secreted again at the cell surface after vesicle 

recycling (Morales et al., 2006). Another possibility is the transcytosis of the bound 

ligands from the apical to the basolateral surface of the cell (Marinò et al., 2003).  

1.2.3 Cytosolic interacting partners of LRP2 

As mentioned in Section 1.2.1, the cytoplasmic tail of LRP2 is comprised of several 

highly conserved motifs critical for the regulation of receptor trafficking and localisation 

as well as their function. These motifs, in particular the NPxY and PDZ domain-binding 

motifs, enable interactions with a broad range of intracellular adaptor or scaffold proteins 

that functionally link the receptor to diverse cellular pathways.  
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A very well-known group of adaptor proteins that bind to the cytoplasmic tail of LRP2 

include the clathrin adaptor protein complex (AP) 1, AP2, Disabled (DAB) 1, DAB2, 

and autosomal recessive hypercholesterolemia (ARH) protein (Bonifacino and Traub, 

2003; Gravotta et al., 2019; Morris and Cooper, 2001). DAB1, DAB2, and ARH contain 

a phosphotyrosine-binding (PTB) domain that recognises the NPxY motifs of LRP2 

(Bonifacino and Traub, 2003; Nagai et al., 2003). Besides interacting with the NPxY 

endocytic motifs of LRP2, AP1 and AP2 associate at the clathrin-coated pits of the 

plasma membrane. This group of adaptor proteins can also interact with each other which 

then altogether mediate trafficking and clathrin-dependent internalisation of LRP2. 

Interestingly, DAB2 and AP2 have been found to guide the clathrin-coated endocytic 

vesicles along the actin cytoskeleton through the interaction of DAB2 with myosin VI, 

an actin motor protein known to localise to the clathrin-coated pits (Morris et al., 2002). 

This provides further evidence showing the importance of cytosolic adaptor proteins in 

regulating receptor-mediated endocytosis.  

Apart from this, there is another group of proteins that interact with LRP2 through the 

recognition of PDZ domain-binding motifs. GAIP interacting protein, C terminus 1 

(GIPC1), outer membrane protein 25 (OMP25), and Na+-H+ exchanger regulatory factor 

1 (NHERF1) are all known PDZ domain-containing proteins that bind to the cytoplasmic 

tail of LRP2 (Gotthardt et al., 2000; Slattery et al., 2011). Specifically, GIPC1 is an 

important adaptor of LRP2 required to facilitate the movement of endocytic vesicles 

through the cellular actin cytoskeletal framework owing to their ability to bind with 

myosin VI (Naccache et al., 2006). By establishing a link between LRP2 and myosin VI, 

GIPC1 regulates the endocytosis of uncoated vesicles as opposed to DAB2 and AP2 

(Aschenbrenner et al., 2003; Naccache et al., 2006). The interaction with different PDZ 

domain-containing proteins allows LRP2 to participate in different cellular events 

ranging from cytoskeleton rearrangements to cellular communication.  

1.2.4 Clinical relevance of LRP2 

1.2.4.1 Donnai-Barrow syndrome 

Donnai-Barrow syndrome (DBS), previously also known as facio-oculo-acoustico-renal 

(FOAR) syndrome, is an inherited autosomal recessive disorder caused by mutations in 
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the LRP2 gene (Kantarci et al., 2008). Missense, nonsense, and frameshift mutations of 

LRP2 gene have all been reported in DBS patients (Kantarci et al., 2007). The exact 

mechanisms on how these mutations lead to DBS are yet to be elucidated but evidence 

demonstrates that the absence of functional LRP2 is mostly likely the common ground 

(Kantarci et al., 2008, 2007; Yuan et al., 2023). Despite its unknown prevalence rate, 

DBS is an extremely rare condition with only about 62 cases reported thus far (Yuan et 

al., 2023). Nevertheless, the wide spectrum of phenotypes accompanied DBS hints that 

LRP2 has very diverse roles within a living organism.  

Patients with DBS display craniofacial dysmorphism including prominent eyes, 

hypertelorism, a short bulbous nose, large anterior fontanel, posteriorly rotated ears, and 

a widowôs peak hairline (Chassaing et al., 2003). DBS is also characterised by other 

malformations including severe sensorineural hearing loss, high myopia often resulting 

in retinal detachment, and congenital diaphragmatic hernia. Additionally, almost all DBS 

patients have brain anomalies presented as the partial or complete agenesis of the corpus 

callosum (Donnai and Barrow, 1993). Other brain structural abnormalities may also 

present; hence DBS patients usually have intellectual abnormalities and developmental 

delay. In some cases, heart anomalies including ventricular septal defects, double outlet 

right ventricle (DORV), and persistent left superior vena cava have also been reported 

(Pober et al., 2009).  

Not surprisingly, DBS patients also develop defective proximal convoluted tubule 

function (renal Fanconi syndrome), leading to inadequate reabsorption of essential 

nutrients (Storm et al., 2013; Willnow and Christ, 2017). This is often characterised by 

low molecular weight proteinuria or urinary loss of the plasma carrier proteins-bound 

vitamins A, B12, D, and other LRP2 ligands in DBS patients.  

1.2.4.2 LRP2 and its association with other human disorders  

LRP2 has also been related to several other human disorders. A de novo mutation in 

LRP2 has been implicated in human congenital heart defects, indicating that genetic 

variants in LRP2 may also confer a genetic risk to heart anomalies (Zaidi et al., 2013). 

Although evidence is limited, there are proofs that LRP2 is related to human brain-related 

disorders. For example, genetic variants of LRP2 confer risks to Alzheimerôs disease, 
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autism spectrum disorders, and non-syndromic autosomal recessive intellectual disability 

(Ionita-Laza et al., 2012; Vargas et al., 2010; Vasli et al., 2016).  

In fact, LRP2 has been identified as a candidate genetic locus for holoprosencephaly, a 

condition characterised by improper separation of the forebrain cerebral hemispheres 

(Kim et al., 2019). Studies have suggested that haploinsufficiency of the LRP2 gene 

results in holoprosencephaly microforms with mild facial dysmorphology (Rosenfeld et 

al., 2010). Besides, single nucleotide polymorphisms (SNPs) in LRP2 have been 

proposed as genetic risk factors for NTDs in humans (Pangilinan et al., 2012; Prasoona 

K. et al., 2018). Intriguingly, numerous SNPs in CUB gene which encodes cubilin are 

also positively associated with NTDs (Pangilinan et al., 2012). Since cubilin is 

functionally dependent on LRP2, this provides additional evidence that LRP2 plays an 

important role in human neural tube development.  

1.2.5 Animal models resembling the phenotypes observed in 

patients with LRP2 -related disorders 

To explore the potential roles of LRP2, Lrp2 gene targeted mice were first generated in 

1996 (Willnow et al., 1996). Studies of Lrp2-deficient mice revealed abnormalities in 

kidneys, lungs, cardiovascular and central nervous system, corresponding to the site in 

which LRP2 is expressed (Section 1.2.6) (Baardman et al., 2016; Willnow et al., 1996). 

Targeted disruption of the Lrp2 gene is perinatally lethal and all mutant pups die before 

or shortly after birth, most likely due to respiratory insufficiency as a result of defective 

alveolar expansion and pulmonary inflation (Willnow et al., 1996).  

Craniofacial and forebrain anomalies in Lrp2-/- mice 

Subsequent studies in the Lrp2-/- neonates revealed that loss of LRP2 is associated with 

a diverse range of craniofacial and forebrain anomalies (Willnow et al., 1996). For 

instance, absence of LRP2 is accompanied by abnormal development of frontonasal 

bones, reflected as a shortened nose, a flattened forehead, mid-facial clefting, and 

unusual eye formation. Another typical phenotype observed in the Lrp2-/- neonates is 

holoprosencephaly, with a wide range of severities in the forebrain separation noted 

between mutants. In addition, exencephalus phenotypes have been observed 

occasionally. A closer look at Lrp2-/- neonates highlighted the absence of olfactory bulbs 
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and corpus callosum, as well as fused lateral ventricles into a single central cavity 

(Spoelgen et al., 2005; Willnow et al., 1996).  

Renal and heart anomalies in Lrp2-/- mice  

By appearance, the kidney seems to develop normally in the Lrp2-/- newborns (Willnow 

et al., 1996). However, further electron microscopy analysis showed a reduction in the 

number of apical endocytic vesicles, indicating a defect in renal function. Cardiac 

phenotypes have also been shown to accompany the loss of LRP2 function, with the most 

obvious one being a common arterial trunk (Baardman et al., 2016). Besides, Lrp2-/- mice 

display abnormal coronary arteries and epicardial blebbing. A portion of Lrp2-/- neonates 

demonstrate DORV, consistent with some DBS patients (Mecklenburg et al., 2021). 

1.2.6 Diverse expression patterns and functions of LRP2 

1.2.6.1 LRP2 in the adulthood 

Expression of LRP2 is detected in several major organs including the brain, heart, 

kidneys, intestines, and lungs. In specific, LRP2 is typically highly expressed on the 

apical surface of the absorptive epithelium of these organs to serve a critical role in the 

process of endocytosis. A few most well-studied examples will be elaborated in this 

section. 

LRP2 in the central nervous system (CNS) 

In adults, expression of LRP2 within the CNS is restricted to several specific regions. 

LRP2 is expressed in the choroid plexus epithelium and cerebral vascular endothelium, 

where it serves a very important role in regulating the uptake of numerous ligands at the 

blood-brain barrier (BBB) and blood-cerebrospinal fluid (CSF) barrier (Chun et al., 

1999). For instance, it has been reported to help in the clearance of amyloid beta protein 

through the BBB and blood-CSF barrier (Zlokovic et al., 1996). Additionally, LRP2 

regulates the uptake of leptin and insulin-like growth factor 1 (IGF1) across the epithelial 

cells of the choroid plexus into the CSF (Carro et al., 2005; Dietrich et al., 2008).  

LRP2 expression is also detected on the apical surface of ependymal cells lining the 

lateral ventricles, particularly at the region involved in adult neurogenesis, where it 

serves to negatively modulate the BMP2/4 signalling activities (Gajera et al., 2010). 
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Suppression of BMP signalling promotes the proliferation of neural progenitor cells in 

the subependymal zone, enabling the production of neuroblasts which will then migrate 

towards the olfactory bulb. Recently, it has been added that LRP2 is localised to the 

ciliary patch of these ependymal cells where it helps to control coordinated beating of 

motile cilia. This is due to the ability of LRP2 in ensuring a proper cytoskeletal 

organisation of planar cell polarity (PCP) pathway components, probably via the 

NHERF1 adaptor (Bunatyan et al., 2023). 

Within the spinal cord, LRP2 is predominantly expressed in the nuclei of myelinated 

oligodendrocytes localised in the white matter (Wicher et al., 2006). This indicates that 

LRP2 is most likely involved in the regulation of membrane-nuclear signalling within 

the oligodendrocytes. 

LRP2 in the kidney and intestines 

The absorptive epithelium lining of the proximal convoluted tubules has long been 

known to be one of the regions in which LRP2 shows the highest expression level. About 

three decades ago, studies by Christensen et al. identified the most prominent expression 

of LRP2 in Segment 1 and 2 of the renal proximal convoluted tubules (Christensen et al., 

1995). LRP2 is mostly found in the clathrin-coated pits, endocytic vacuoles, and dense 

apical tubules of the proximal convoluted tubule cells, where it helps in the retrieval of 

essential substances from the glomerulus filtrate (Christensen et al., 1998). Supporting 

this, LRP2 and its co-receptor cubilin, are believed to be the key proteins involved in 

endocytic uptakes within the proximal tubule cells as manifested in Lrp2-deficient mice 

and dogs lacking functional cubilin (Birn et al., 2000; Leheste et al., 1999). Since cubilin 

is unable to initiate endocytosis on its own, it is dependent on LRP2 to drive the 

internalisation of ligands within the kidney (Moestrup et al., 1998).  

Ligands of LRP2 during the renal reabsorption can be typically clustered as low 

molecular weight transport proteins for vitamins, lipids, and hormones (Willnow and 

Christ, 2017). LRP2 alone, or in conjunction with cubilin, mediates the uptake of retinol-

binding protein, vitamin-D binding protein, transcobalamin, as well as plasma carriers 

for vitamin A, B12, and D. They are also involved in the uptake of iron carrier protein 

such as transferrin, haemoglobin and myoglobin (Christensen and Gburek, 2004). 

Interestingly, LRP2 has also been shown to bind and mediate the uptake of soluble folate 

binding protein (FBP), also known as folate receptor alpha or folate receptor 1 (FOLR1), 
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in the proximal convoluted tubules (Birn et al., 2005). In most scenarios, these transport 

proteins are targeted to the lysosomes for catabolism to allow the bound substances to be 

liberated and re-circulated (Willnow and Christ, 2017).  

As for the intestines, LRP2 is expressed in the apical brush border where cubilin is also 

present (Yammani et al., 2001). Similar to its duties in the kidney, LRP2 regulates the 

reabsorption and re-secretion of various substances including vitamin B12 and folate 

(Birn et al., 2005; Yammani et al., 2001). Thus, it is not surprising that the lack of 

functional LRP2 is commonly associated with deficiencies in vitamin A, B12, D, and 

other nutrients (Christensen et al., 1999; Moestrup et al., 1996; Nykjaer et al., 1999). 

LRP2 in the reproductive organs 

Studies have revealed that LRP2 is detected in several steroid-responsive tissues, in 

particular the prostate and epididymis of male reproductive organs, as well as the uterus 

and ovaries of female reproductive organs (Zheng et al., 1994). LRP2 facilitates the 

endocytosis of androgens and oestrogens bound to the sex hormone binding globulin 

(SHBG) (Hammes et al., 2005). These hormones, upon entry into the intracellular 

compartments, help to induce the expression of steroid target genes. The importance of 

LRP2-mediated uptake within the reproductive organs is reflected in the adult Lrp2-/- 

mice that show a failure of genital maturation (Hammes et al., 2005).  

1.2.6.2 LRP2 during the embryonic development 

The fact that the absence of functional LRP2 is mostly embryonically lethal suggests that 

this receptor most probably has a diverse role during embryonic development. In the 

early stages of mouse embryonic development, expression of LRP2 is mainly observed 

in the visceral endoderm of the yolk sac and the neuroepithelium (Willnow et al., 1996). 

As embryos develop further, LRP2 expression can be detected in different areas of the 

developing brain, kidneys, heart, ears, thyroid, and intestines (Kounnas et al., 1994). 

While LRP2 shows a broader expression pattern during embryogenesis across different 

developmental stages, this section will focus solely on the role of LRP2 in the early stages 

of embryonic forebrain development.  
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LRP2 in the early stages of mouse embryonic forebrain development 

During neurulation, LRP2 is highly expressed on the apical surface of the 

neuroepithelium and NNE. Expression of LRP2 is detected apically as early as E7.5 on 

the induced neural plate of mouse embryos (Christ et al., 2012). Since forebrain 

anomalies are one of the most prominent phenotypes observed in Lrp2-/- mice, the role 

of LRP2 in the neuroepithelium has been extensively studied.  

As mentioned, mouse Lrp2-/- neonates and embryos exhibit forebrain defects, or 

holoprosencephaly associated with craniofacial abnormalities (Willnow et al., 1996). 

Since then, numerous studies have shed lights on the molecular mechanisms in which 

LRP2 participates to help in the regulation of embryonic forebrain development.  

LRP2 regulates SHH signalling in the ventral midline of developing mouse embryo 

An intricate balance and regulation of multiple signalling pathways are necessary to 

ensure proper embryonic forebrain development (Section 1.1.5). For instance, 

dysregulation of different signalling pathways has been implicated in the aetiology of 

holoprosencephaly. The loss of SHH expression, a morphogen specifically localises to 

the ventral developing neural tube, results in holoprosencephaly in humans and mice 

(Chiang et al., 1996; Roessler et al., 1996). Besides, upregulation of BMPs and WNTs 

which are involved in the dorsal signalling pathways, have also been shown to contribute 

to such phenotypes (Anderson et al., 2002; Golden et al., 1999; Lagutin et al., 2003).  

In relevance to LRP2, our early studies have provided evidence that the 

holoprosencephaly phenotypes observed in the mutants are a consequence of 

dorsoventral signalling dysregulation at the rostral neural tube during early stages of 

embryonic forebrain patterning (Spoelgen et al., 2005). Foremost, there is a 

downregulation of SHH signalling at the ventral midline area of the diencephalon in 

Lrp2-/- embryos at E8.5, during the critical time point of early forebrain patterning that 

decides the subsequent hemispheres separation (Christ et al., 2012). At this time point, 

the loss of LRP2 expression does not affect the BMP4 and FGF8 signalling within the 

developing forebrain. LRP2 facilitates the binding and uptake of SHH-patched1 

(PTCH1) complex into the NE cells which then liberates the inhibition on the 

transmembrane protein smoothened (SMO) (Christ et al., 2012). The activated SMO 
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accumulates in the primary cilium and triggers downstream expression of various target 

genes through the GLI transcription factors (TFs) (Dai et al., 1999).  

Dorsally, there is an enhanced BMP4 signalling that follows the impaired SHH signalling 

at the ventral midline of Lrp2-/- embryos. Similarly, an expansion of FGF8 expression 

towards a more dorsal domain is observed, most likely a downstream effect of the 

coordinated dysregulation of SHH and BMP4 signalling following the loss of functional 

LRP2 (Christ et al., 2012; Spoelgen et al., 2005).  

LRP2 is involved in the regulation of cranial neural tube closure 

Despite the dysregulation of ventral SHH signalling explaining the holoprosencephaly 

phenotypes observed in the Lrp2-/- embryos, there are additional cranial NTDs observed 

in the mutants which are beyond the responsibilities of such signalling pathway (Figure 

5). In our previous studies, approximately 38% of the Lrp2-/- embryos at E9.5 had their 

neural tubes remaining open while the neural tubes in the control were already fused 

properly (Figure 5 A) (Kur et al., 2014). Unfused neural tubes in the Lrp2-/- embryos can 

ultimately culminate in exencephaly phenotypes. Even if the neural tubes were fused in 

the remaining Lrp2-/- embryos, there was an obvious dilation of the neural tubes at the 

dorsolateral region (Kur et al., 2014).  

Figure 5. LRP2 regulates neural tube closure during early stages of mouse embryonic 

development. 

(A) The neural tube (NT) of the control embryos is fully closed at E9.5 whereas the NT of Lrp2-/- embryos 

remain unfused, suggesting NT closure defects following the loss of LRP2 function. (B, C) LRP2 interacts 

with the cytosolic adaptor proteins (B) NHERF1 and (C) GIPC1 in the neuroepithelium to help mediate 

the process of apical constriction underlying successful NT closure. (D) LRP2 helps in mediating the 

uptake of folate into the neuroepithelial cells. Folate is an important supplement that enhances the chances 

of successful NT closure. Figure adapted from published data (Kowalczyk et al., 2021; Kur et al., 2014). 
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Additionally, our previous works depicted that LRP2 serves as a co-receptor for FOLR1 

and thus helps in mediating folate uptake into the NE cells during early stages of 

neurulation (Figure 5 D) (Kur et al., 2014). The lack of LRP2 results in a significant 

reduction of folate endocytosis, as FOLR1 serves as a very high affinity folate binding 

machinery (Zhao et al., 2009). Since folate is known to reduce the risk of NTDs, this 

partially explains the mechanisms in which LRP2 is involved in the regulation of proper 

neural tube closure (Blom et al., 2006; de la Fournière et al., 2020; Sabatino et al., 2017).  

Besides, we have shown that LRP2/Lrp2 is necessary to ensure efficient apical 

constriction of the NE cells in both mouse and Xenopus embryos, a process that underlies 

hinge point formation to drive the neuroepithelium elevation and upfolding during neural 

tube closure (Kowalczyk et al., 2021). This is achieved due to the functional links 

established between LRP2 and the cytoskeleton through the intracellular adaptors 

including GIPC1 and NHERF1 in mouse (Figure 5 B, C). Whereas in Xenopus, Lrp2 is 

shown to functionally interact with Shroom3 and Gipc1 in mediating apical constriction. 

Our previous findings also suggested a role of LRP2/Lrp2 in the maintenance of cellular 

polarity through apical recycling of a core PCP protein, Van Gogh-like 2 

(VANGL2/Vangl2), to spatiotemporally regulates its localisation within mouse and 

Xenopus embryos (Kowalczyk et al., 2021). A precisely regulated PCP signalling, both 

spatially and  temporally, is needed for the proper epithelial convergent extension during 

neural tube closure (Ybot-Gonzalez et al., 2007).   

1.3 Neural crest 

Neural crest cells (NCCs) represent a transient, migratory population of multipotent cells 

derived from the NPB. Early in neurulation, NCCs emerge from the dorsal-most aspect 

of the developing NT where they are integrated within the neuroepithelium and remain 

morphologically identical to the neighbouring NE cells (Bronner, 2012). Shortly 

thereafter, these cells undergo an epithelial-to-mesenchymal transition (EMT) and lose 

intercellular connections to delaminate from the neuroepithelium and then migrate 

extensively throughout the developing embryo to reach different targeted destinations. 

Once arrive at the final destinations, NCCs give rise to diverse cell lineages that shape 

the formation of different tissues and organs (Betancur et al., 2010). In humans, there are 

at least 47 identified derivatives of the neural crest (Vickaryous and Hall, 2006).  
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1.3.1 Subtypes of NCCs and their derivatives 

NCCs can be divided into four main populations: i) cranial, ii) cardiac, iii) trunk, as well 

as iv) vagal and sacral. Together, these four groups of NCCs contribute to a prodigious 

number of structures that exist along the entire body axis of a living organism (Figure 6). 

1.3.1.1 Cranial neural crest 

Cranial NCCs (CNCCs) arise from three different regions of the developing head, 

namely the forebrain, midbrain, and hindbrain (Figure 7). CNCCs emerging from the 

forebrain migrate ventrally in a sheet towards the level of the optic vesicle (Serbedzija et 

al., 1992). From the midbrain, CNCCs migrate ventrolaterally as dispersed cells to 

colonise both the maxillary process and optic vesicle. While CNCCs from the hindbrain 

also migrate ventrolaterally, they are separated into three streams to reach the first, 

second, and third pharyngeal arches (Serbedzija et al., 1992). CNCCs differ from other 

populations of NCCs in that only they have the ability to generate bone and cartilage 

Figure 6. Neural crest derived structures. 

Four subgroups of neural crest cells (NCCs) including cranial, cardiac, trunk, as well as vagal and sacral, 

contribute to the formation of tissues and organs along the entire body axis of a living organism. Image 

taken from BioRender and figure made using Affinity Photo 2. 
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(Bronner, 2014). In fact, cranial neural crest contributes to the majority of craniofacial 

bone and cartilage, in addition to the cranial nerve ganglia, smooth muscle, connective 

tissue, and melanocytes (Achilleos and Trainor, 2012).  

 

Specifically, CNCCs from the diencephalon and rostral mesencephalon colonise the 

frontonasal and periocular regions. Together with CNCCs from the caudal 

mesencephalon that occupy the maxillary process of the 1st arch, they form the 

frontonasal bones, extrinsic ocular muscles, upper jaw and part of the lower jaw. Whereas 

CNCCs from the hindbrain populate the pharyngeal arches 1 ï 3 to give rise to the lower 

jaw, middle ear bones, and neck skeletons (Martik and Bronner, 2021; Trainor, 2010).   

1.3.1.2 Cardiac neural crest 

Cardiac NCCs are a small subset of vagal neural crest that originate from rhombomeres 

6 ï 8, at the level between the otic placode and 3rd somite (Yamagishi, 2021). These NCC 

populations migrate into the caudal pharyngeal arch 3, 4, and 6, as well as the embryonic 

outflow tract. Following differentiation, cardiac NCCs are involved in the development 

Figure 7. Distinct cranial neural crest migratory paths and the corresponding craniofacial 

features derived. 

Three migratory streams of cranial neural crest cell (CNCC) from the forebrain, midbrain, and hindbrain 

contribute to majority of the craniofacial features in the adult. Within the forebrain, CNCCs migrate 

ventrally to reach the level of optic vesicle (OV). The streams from midbrain and hindbrain (rhombomere 

(R) 1 ï 6) both migrate ventrolaterally to reach the OV and maxillary process, and to colonise the 

pharyngeal arch (PA) 1 ï 3, respectively. D, dorsal; V, ventral; A, anterior; P, posterior. Figure adapted 

from Martik and Bronner, 2021.  
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of the cardiovascular system along with the cardiac ganglia, as well as the thymus, 

thyroid, and parathyroid glands (Erhardt et al., 2021).  

1.3.1.3 Trunk neural crest 

There are two major pathways of trunk NCC migration: a ventromedial pathway in a 

segmental manner through the somitic mesoderm into the rostral sclerotome, and a 

dorsolateral pathway in an unsegmented manner between the somite and ectoderm 

towards the ventral midline of the belly (Gilbert, 2000; Krull, 2001; Serbedzija et al., 

1990). Trunk NCCs that take the dorsolateral pathway give rise to the melanocytes, 

whereas those that migrate ventromedially form the dorsal root and sympathetic ganglia 

of the peripheral nervous system, as well as the secretory cells of the endocrine system 

(Gilbert, 2000). 

1.3.1.4 Vagal and sacral neural crest 

Vagal and sacral NCCs together are responsible for forming a small portion of the enteric 

and sympathetic nervous system (Rao and Gershon, 2018). Vagal NCCs arise between 

somite 1 ï 7 and colonise the entire gut. The vagal NCCs arising from somite 1 ï 2 

migrate towards the oesophagus whereas those arising from somite 3 ï 7 are involved in 

the formation of sympathetic ganglia. Sacral NCCs originate from the caudal part of 

somite 28 and they migrate in a posterior-to-anterior fashion to form the post-umbilical 

gut (Fan et al., 2023; Rao and Gershon, 2018).  

1.3.2 Stages of the neural crest development 

Before neural crest can give rise to a multitude of their derivates at different locations, 

they first need to go through several stages of development in a sequential manner: 

induction, EMT, delamination, migration, and eventually differentiation (Figure 8). Of 

note, molecular mechanisms underlying the neural crest formation can have indefinite 

variabilities between species. While this section provides an overview of the general 

mechanisms that are mainly conserved among species, it is worth taking into 

consideration that most information was gathered from studies in chick, zebrafish, and 

Xenopus. 
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1.3.2.1 Neural crest induction 

Origin of the neural crest, the NPB, becomes specified during the early-to-mid 

gastrulation phase, prior to the detection of any neural crest-specific markers at around 5 

ï 7s in mouse (Milet and Monsoro-Burq, 2012). The timing corresponds to the process 

of neural plate induction, when the neuroectoderm and NNE are made distinguishable 

from each other. Neural crest induction is highly dependent on the tissue-mediated 

interactions between the neuroectoderm, NNE, and the underlying mesoderm, which 

altogether bring about precisely coordinated signals from a combination of BMP, WNT, 

FGF, retinoic acid (RA), and Notch pathways (Milet and Monsoro-Burq, 2012). The 

resulting signals instruct a population of cells within the neuroectoderm to adopt the fate 

of neural crest precursors and maintain their identity following induction (Basch et al., 

2004).  

An immediate downstream response of these signalling activities is the upregulation of 

a subset of TFs, collectively known as the NPB specifiers, which include zinc finger 

protein of the cerebellum 1 (Zic1), paired box (Pax)3/7, msh homeobox (Msx)1/2, and 

distal-less homeobox (Dlx)3/5 genes (Sauka-Spengler and Bronner-Fraser, 2008). The 

NPB specifiers subsequently act in a well-orchestrated, spatiotemporally fashion to 

Figure 8. Timeline of cranial neural crest development in mouse.  

Formation of cranial neural crest cells (CNCCs) in mouse involves multiple sequential stages that begin at 

around E7.5. Different signalling pathways and transcription factors play important role at distinct stages 

of CNCC formation. Figure made using Affinity Photo 2. 
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induce the formation of neural crest specifiers, which distinguish the neural crest from 

the other NPB-derived populations such as the placodal precursors. Important neural 

crest specifiers are snail family zinc finger (Snai)1/2, transcription factor AP-2 (Tfap2), 

forkhead box D3 (FoxD3), twist basic helix-loop-helix transcription factor (Twist), SRY 

(sex determining region Y)-box (Sox)9, and Sox10, which will continue to serve diverse 

regulatory roles throughout upcoming stages of the neural crest development 

(Meulemans and Bronner-Fraser, 2004).  

1.3.2.2 Epithelial-to-mesenchymal transition 

After neural crest specification, the pre-migratory NCCs reside within the NPB and retain 

epithelial fate until they undergo the process of EMT to acquire delaminating and 

migratory capacity (Figure 9). As such, EMT involves massive cytoskeletal 

rearrangements, as well as remodelling of cellular junctions and extracellular matrix 

(ECM) components, leading to substantial changes in cell polarity and cell adhesion 

(Sauka-Spengler and Bronner-Fraser, 2008). EMT is associated with downregulation of 

the epithelial genes including E-cadherin, and the upregulation of mesenchymal markers 

such as vimentin and fibronectin.   

The integration of multiple extracellular signals, including collagen and hyaluronic acid 

from the ECM, as well as a number of secreted growth factors such as those from the 

TGFɓ and FGF families, triggers EMT by upregulating expression of the neural crest 

specifiers (Thiery and Sleeman, 2006). These TFs then orchestrate the cellular changes 

needed for the occurrence of EMT. Successful progression through EMT is needed to 

allow for NCC delamination, a process in which the pre-migratory NCCs separate 

themselves from the neuroepithelium to start directional migration.  
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Cadherin switching and deconstruction of adherens junctions (AJs) 

An initial global switch from type I cadherins to type II cadherins is essential for the 

presumptive NCCs to acquire motility. The upregulated NCC specifiers, in particular the 

snail family members, repress E-cadherin expression to weaken the epithelial features of 

the cells (Sauka-Spengler and Bronner-Fraser, 2008). Abolishment of the E-cadherin 

disrupts cellular polarity and enhances several signalling pathways including WNT/ɓ-

catenin and phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) to modulate 

EMT (Loh et al., 2019). At the same time, N-cadherin is upregulated. Conversion of E-

cadherin into the weaker N-cadherin expression is considered a typical hallmark of EMT 

that allows acquisition of the mesenchymal fates. During the onset of delamination, 

another switch from abating N-cadherin expression to promoting the expression of type 

II cadherins (cadherin 6/7/11) occurs within the pre-migratory NCCs, most likely due to 

Figure 9. Formation of neural crest cells at the neural plate border. 

Schematic diagram showing the initial stages of neural crest cells (NCCs) formation at the neural plate 

border (NPB), a region flanked by the neuroepithelium (NE) and non-neural ectoderm (NNE). Presumptive 

NCCs undergo epithelial-to-mesenchymal transition (EMT) at the NPB to acquire motility for 

delamination and migration. Typically, EMT involves the dissolution of cellular junctions (tight junction, 

TJ; adherens junction, AJ) and reorganisation of the actin cytoskeleton, leading to altered cell polarity and 

cell adhesion. Cellular junctions and cytoskeletal arrangements are illustrated in only one cell within the 

NPB. Localisation of LRP2 at the base of primary cilia is also shown. Figure drawn with Affinity Photo 2. 
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the concerted action of Snai1/2, FoxD3, as well as Sox9/10 (Leathers and Rogers, 2022; 

Lee et al., 2013). 

Disassembly of tight junctions (TJs) 

TJs serve an important role in maintaining epithelial integrity through the organisation 

of the junctional complexes at the subapical regions between adjacent epithelial cells. To 

allow detachment of the NCCs from the neuroepithelium, dissolution of TJs is needed to 

disrupt the intercellular connections. As EMT begins, TFs including Snai1/2, zinc finger 

E-box binding homeobox (Zeb)1/2, and Twist1/2 have been shown to contribute to the 

downregulation of occludin and claudins, which constitute the backbone of TJs (Kyuno 

et al., 2021). Apart from establishing the physical connections between cells, TJs help to 

cluster the polarity complexes such as the partitioning-defective (PAR) and Crumbs 

complexes to define the cellular apical compartment (Lamouille et al., 2014). Thus, 

disassembly of TJs initiates the loss of cell polarity and cell adhesion to drive the 

delamination of NCCs at the NPB. 

Through zonula occludens (ZO) proteins, TJs associate with the actin filaments at their 

cytoplasmic domain. Following dissociation of TJs at the onset of EMT, pre-migratory 

NCCs reorganise their cytoskeletal actin arrangements to prime themselves for dynamic 

morphological changes and directional motility (Zhao and Trainor, 2023). In particular, 

actin-rich membrane protrusions called lamellipodia and filopodia developed at the 

leading edge to guide cell migration by sensing and degrading ECM components 

(Lamouille et al., 2014). Towards the end of EMT, pre-migratory NCCs have established 

front-rear polarity and are characterised by increased contractility as well as actin stress 

fibre formation.   

Remodelling of ECM 

To navigate towards their targeted destinations, NCCs are required to penetrate through 

the basement membrane and ECM. For this, NCCs acquire proteolytic and invasive traits 

that resemble metastatic cancerous cells during EMT, but under a precisely control 

manner. As cells gradually adopt mesenchymal features, they modulate their integrin-

mediated interactions with the basement membrane by downregulating the expression of 

epithelial-like integrins such as Ŭ6ɓ4 integrins, and upregulate the expression of other 
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integrins including ɓ1 integrin (Lamouille et al., 2014). ɓ1 integrin facilitates progression 

through EMT by mediating the ɓ-catenin and TGFɓ signalling (Kim et al., 2009).  

Integrins have been demonstrated to promote the expression and function of matrix 

metalloproteinases (MMPs), which are responsible for the degradation of ECM 

components (Yue et al., 2012). For instance, Ŭ5 and ɓ1 integrins have been reported to 

activate MMP2 and MMP9, both of which serve important roles for the delamination and 

migration of NCCs (Christian et al., 2013; Yue et al., 2012). In addition to MMPs, 

another group of proteases, namely a disintegrin and metalloproteinases (ADAMs), is 

also upregulated during EMT to aid NCC development. Studies highlighted that 

ADAM10, ADAM11, and ADAM13, are deemed important factors during NCC 

migration in both mouse and Xenopus (Christian et al., 2013; Pandey et al., 2023; Sauka-

Spengler and Bronner-Fraser, 2008).    

1.3.2.3 Neural crest delamination and migration  

The process of EMT transforms the prospective NCCs into a less adhesive, highly motile 

and invasive population, which is ready for long-range migration to reach the destined 

locations. Variations in the process of neural crest delamination and migration can exist 

between species and subtypes of NCCs (Theveneau and Mayor, 2012). A major 

difference between species is the onset of delamination and migration, such that NCCs 

in mouse and frog start delaminating while the neural plate is still open, whereas it 

happens only after NT closure in avian embryos (Duband and Thiery, 1982; Hörstadius, 

1951).  

Moreover, studies in all animal models have shown that cranial and trunk neural crest 

delaminate in distinct patterns (Duband, 2010) Unlike CNCCs which delaminate 

altogether at once, trunk NCCs delaminate progressively, one at a time (Theveneau and 

Mayor, 2012). Although all neural crest subtypes are important during embryonic 

development, the upcoming subsection will provide in-depth explanations of only the 

mechanisms underlying CNCC migration, focusing mainly on mouse whenever possible. 

However, owing to the difficulties of tracing murine neural crest migration in vivo, their 

precise mode of migration at all axial levels remains largely unknown.  
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General pattern of cranial neural crest migration 

Being generally conserved between species, CNCCs that detached from the 

neuroepithelium quickly organised themselves into three distinct segregated streams to 

mark the onset of migration (Trainor, 2005). These are the frontonasal and mandibular, 

hyoid, as well as branchial streams (Steventon et al., 2014). CNCCs do not migrate 

randomly, instead, each stream follows a precise track, invading the region between the 

surface ectoderm and cranial mesoderm (Serbedzija et al., 1992).  

NCCs can take the form of solitary migration, in which cells migrate individually, or 

more commonly, NCCs migrate collectively in chains, groups, or sheets (Theveneau and 

Mayor, 2011a). As opposed to solitary migration, collective migration requires cells to 

remain highly synchronised and cooperative (Shellard and Mayor, 2019). Hence, cells 

tend to migrate with greater persistency and directionality, which are the key factors of 

successful CNCC migration (Mayor and Etienne-Manneville, 2016).  

An important characteristic of collective cell migration is the presence of a group-scale 

polarisation, involving a division of cells within the collective migrating group into two 

distinct populations, namely the leaders and followers (Figure 10) (Qin et al., 2021). 

During directed migration of the neural crest, only the leader cells are polarised to sense 

the surrounding microenvironment, and depending on the external cues, they decide the 

direction and velocity of migration of the entire cell cluster (Mayor and Etienne-

Manneville, 2016). Whereas the follower cells constantly maintain transient cell-cell 

contacts through AJs with their neighbours and with the leaders, leading to Rac family 

small GTPase 1 (Rac1) inhibition that prohibits their protrusive behaviours. As a result, 

the follower cells through communication with the leader cells, trail them to migrate in 

a cohesive group (Mayor and Etienne-Manneville, 2016). Natheless, it is possible for the 

leaders and followers to exchange their duties during migration, especially the CNCCs 

(Richardson et al., 2016; Theveneau et al., 2010). Several crucial mechanisms that have 

been defined to guide the collective, directional migration of CNCCs will be outlined 

below.  
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1.3.3 Mechanisms of cranial neural crest migration 

1.3.3.1 Collective migration of CNCC in the segregated streams 

Since the ultimate fate of CNCC is dependent on the migratory stream that they are part 

of, distinct mechanisms must exist to confine each stream within their migratory tracks. 

For this, two main pathways that involve signals exchange between the neural crest and 

surrounding tissues are known to have important roles.  

Specific expression profile of ephrins and Eph receptors on the surface of CNCCs avoid 

mixing of distinct streams by inhibiting the invasion of CNCCs into the area where 

surrounding tissues present a different set of ephrin/Eph code (Theveneau and Mayor, 

2012). This feature is evident in the cranial neural crest of mouse, chick, and Xenopus, 

although different combinations of ephrins/Eph are reported between species (Robinson 

et al., 1997). In mouse, EphA4, EphB1, and EphB3 are expressed on the CNCCs (Adams 

et al., 2001). Upon interaction with ephrin B2 expressed in the surrounding mesenchyme, 

activated forward signalling within the CNCCs guide their migration towards the ephrin 

B2-expressing pharyngeal arches (Adams et al., 2001; Davy and Soriano, 2007). 

Similarly, ephrin B1-mediated reverse signalling within the CNCCs has been shown to 

involve in the regulation of directional migration in mouse, such that the CNCCs of 

ephrin B1 mutant embryos presented wandering behaviours (Davy et al., 2004).  

Besides ephrin/Eph signalling, repulsive signals between the class 3 semaphorins and 

neuropilin (NRP) receptors are essential to restrict CNCCs within their specific stream 

(Theveneau and Mayor, 2011b). NRP1 and NRP2 receptors are expressed on the surface 

of CNCCs whereas semaphorin ligands are secreted by the neighbouring tissues (Yu and 

Moens, 2005). Being complementary to each other, CNCCs migrate in the region devoid 

of the secreted semaphorins to reach their destinations. For example, the lack of NRP2 

or semaphorin-3F alone is sufficient to induce ectopic migration and mixing of CNCCs 

in the mouse embryo (Gammill et al., 2007).  

1.3.3.2 Contact inhibition of locomotion 

As NCCs embark on their migration routes, they maintain a certain extent of cell-cell 

interactions with one another throughout the journey. Such contacts can either be within 

a short range, involving the lamellipodia, or over a long range through the filopodia, and 
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are usually transient (Szabó and Mayor, 2018). Dynamic cellular interactions help to 

keep NCCs within the collective migrating group, thus promoting the overall 

directionality of their migration pattern (Kulesa and Fraser, 1998).  

 

 

Upon contact, NCCs undergo a series of reactions collectively known as contact 

inhibition of locomotion (CIL), a phenomenon during which two colliding cells 

temporarily cease migration, retract their protrusions, and repolarise themselves to start 

migrating in the opposite directions, away from the site of physical contact (Figure 10) 

(Mayor and Carmona-Fontaine, 2010). As such, CIL prohibits the protrusion extension 

at the site of collision, diverting the generation of protrusions and traction forces at the 

cellular free-edge. Numerous studies in Xenopus, zebrafish, and chick, have suggested 

that CIL is essential for proper directional migration of CNCCs both in vivo and in vitro 

(Carmona-Fontaine et al., 2008; Scarpa et al., 2015; Teddy and Kulesa, 2004; Theveneau 

et al., 2010). To date, there is no study relating the importance of CIL in the migration 

of murine CNCCs. Nonetheless, CIL has been shown to be involved in guiding the 

directional migration of Cajal-Retzius cells to the cerebral cortex in mouse embryo 

(Villar -Cerviño et al., 2013).  

Figure 10. Collective migration and contact inhibition of locomotion in the neural crest. 

Contact inhibition of locomotion (CIL) guides the directed migration of neural crest cells (NCCs) within 

the collective migrating group. CIL between the inner cells (follower-follower or follower-leader) prevents 

protrusion formation and cell polarisation. Whereas CIL between the leader cells results in their 

polarisation, lamellipodia and filopodia are formed to guide the directed migration of the entire cluster. 

This is achieved through the transient contact mainly mediated by N-cadherin that leads to RhoA 

upregulation and Rac1 inhibition at the site of contact. As such, Rac1 activity is promoted at the free-edge, 

resulting in the rapid actin polymerisation and generation of traction forces to pull the cells apart. Figure 

drawn with Affinity Photo 2. 
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Molecular mechanisms underlying CIL within the cranial neural crest populations of frog 

and zebrafish have been addressed. Colliding cells make transient adhesion mediated by 

N-cadherin and rapidly activate the non-canonical WNT/PCP signalling at cell-cell 

contact (Carmona-Fontaine et al., 2008; Theveneau et al., 2010). A prominent outcome 

of WNT/PCP pathway activation is the local upregulation of Ras homolog family 

member A (RhoA), which in turn promotes actomyosin contraction. Together with the 

N-cadherin-mediated inhibition of Rac1 at the site of contact and the localisation of Rac1 

at the free-edge, an intracellular small GTPases RhoA/Rac1 gradient is established 

(Theveneau et al., 2010). The resulting gradient prevents protrusion formation at the cell-

cell contact and promotes actin polymerisation at the free-edge, thus generating the 

traction forces to pull the contacting cells apart (Ridley et al., 2003). Additionally, the 

N-cadherin-mediated adhesion upon cellular contact activates Src/FAK (focal adhesion 

kinase) signalling, leading to the disruption of cell-ECM interactions at the contact site 

and generate tension across cell-cell contact to promote separation (Roycroft et al., 

2018).  

Neither RhoA/Rac1 nor Src/FAK activities have been directly related to the migration of 

murine NCCs. However, WNT/PCP signalling is likely to play a role in regulating trunk 

NCC migration in mouse (Banerjee et al., 2011). While RhoA, Rac1, and FAK mutant 

mice all develop craniofacial abnormalities, these proteins have also been associated with 

the formation of protrusions in the CNCCs (Gonzalez Malagon et al., 2018; Phillips et 

al., 2012; Thomas et al., 2010; Vallejo-Illarramendi et al., 2009).  

1.3.3.3 Chemotaxis 

CIL results in dispersed cell migration. To counteract the possibilities of adapting a 

randomly dispersed migration pattern, chemotactic interactions between NCCs serve to 

ensure continuous collective migration behaviours (Szabó and Mayor, 2018). A well-

established example of chemotactic interaction that facilitates the collective migration of 

CNCCs is the co-attraction of complement factor C3a and its receptor C3aR, described 

in studies using Xenopus and zebrafish models (Carmona-Fontaine et al., 2011). CNCCs 

that are undergoing collective migration express C3aR on their surface and locally 

secrete abundant C3a, attracting any diverted CNCCs in the vicinity. The C3a-C3aR 

complex triggers enhanced Rac1 activity in the escaped cells, allowing a cellular 
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repolarisation that promotes their recruitment back to the group (Carmona-Fontaine et 

al., 2011). 

The importance of C3a-C3aR signalling has never been reported in the coherent 

migration of CNCCs in mice despite previous studies indicating that such signalling has 

a role in the proper murine neuronal migration during brain development (Gorelik et al., 

2017). Instead, chemotactic interactions between FGF2/FGF8 and their corresponding 

FGF receptors (FGFRs) have been demonstrated to facilitate the directed migration of 

murine CNCCs (Kubota and Ito, 2000). 

Additionally, chemotactic interactions also have essential roles to guide the proper 

migration of both NCCs and placodal cells, and also to prevent the mixing of these two 

distinct cell lineages (Steventon et al., 2014). Neural crest and cranial placode are derived 

from a common origin and migrate in close proximity to colonise their targeted 

destinations, but eventually contribute to different cranial features. In this scenario, the 

complementary expression pattern of the stromal cell-derived factor 1 (SDF1) and its 

receptor C-X-C motif chemokine receptor 4 (CXCR4) on the juxtaposing placodal cells 

and CNCCs, respectively, promotes the heterotypic CIL to guide the directed migration 

of the two populations (Theveneau et al., 2013). The SDF1-CXCR4 signalling promotes 

CIL through RhoA/Rac1 activities as entailed in Section 1.3.3.2, and such interaction 

between NCCs and placodal cells is called chase-and-run (Theveneau et al., 2013).  

This chemotactic interaction has been studied extensively in Xenopus, zebrafish, and 

chick, highlighting that CNCCs and placodal cells are dependent on each other for proper 

directed migration (Olesnicky Killian et al., 2009; Rehimi et al., 2008; Theveneau et al., 

2013). In mouse, the importance of SDF1/CXCR4 signalling during directed migration 

is illustrated in the trunk NCCs (Belmadani et al., 2005). While it is yet to be studied in 

the murine CNCCs, the complementary expression pattern of SDF1/CXCR4 is evident 

within the developing head of mouse (McGrath et al., 1999). Absence of either SDF1 or 

CXCR4 obstructs murine neuronal precursors migration and is also associated with 

craniofacial abnormalities (Bagri et al., 2002; Yahya et al., 2020).  

1.3.4 Abnormal development of the neural crest 

Dysregulation in any stages of the neural crest development can lead to a group of 

heterogenous syndromes known as neurocristopathies, comprising of diverse congenital 
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malformations affecting newborns (Vega-Lopez et al., 2018). Depending on the subtypes 

of neural crest and its stages of development affected, malformations of different 

structures can occur concomitantly. Aberrant CNCC integrities due to defects in 

induction, EMT, delamination, migration, and/or differentiation, give rise to multiple 

syndromes and disorders that are commonly associated with craniofacial anomalies.  

1.3.4.1 Craniofacial abnormalities 

Craniofacial malformations are among the most common phenotypes observed in a wide 

range of birth defects (Trainor, 2010). In fact, it is estimated that about one-third of babies 

with congenital defects present at least a certain extent of craniofacial anomalies (Gorlin 

et al., 2001). Ranging from cleft lip, cleft palate, improperly positioned eyes, ears, and 

nose, as well as absent facial and skull bones, craniofacial abnormalities represent a 

major source of mortality and morbidity among newborns.  

As mentioned, neural crest and cranial placodes together contribute to the majority of the 

unique craniofacial features in vertebrates (Section 1.1.4). While cranial placodes give 

rise to most of the cephalic sensory organs, cranial neural crest provides the basic 

framework that shapes craniofacial structures (Steventon et al., 2014). Indeed, aside from 

the neurocranium that is partly neural crest-derived, the viscerocranium is formed 

exclusively from the cranial neural crest (Jiang et al., 2002; Theveneau and Mayor, 

2011b). Thus, craniofacial malformations are predominantly the outcome of improper 

cranial neural crest development that can also impact embryonic brain formation.  

1.3.5 How does LRP2 relate to the cranial neural crest? 

Among the cranial phenotypes illustrated in our Lrp2-/- mice, we have previously 

addressed the role of LRP2 in regulating the ventral midline SHH signalling during 

embryonic forebrain development (Section 1.2.6.2) (Christ et al., 2012; Spoelgen et al., 

2005). Besides, we have also partially uncovered the duties of LRP2 dorsally, where it 

serves to mediate neural tube closure by facilitating the uptake of folate and establishing 

a link with the cytosolic adaptors to drive apical constriction of NE cells (Section 1.2.6.2) 

(Kowalczyk et al., 2021; Kur et al., 2014). On top of the phenotypes that centred around 

forebrain dysgenesis, Lrp2-/- mice also displayed craniofacial abnormalities such as mid-
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facial clefting in which the mechanism is yet to be elucidated (Figure 11 A) 

(Mecklenburg et al., 2021).  

Intriguingly, our previous bulk RNA-sequencing data gathered from the head region of 

E9.5 embryos denoted a number of genes involved in neural crest development that 

appeared to be differentially regulated following the loss of LRP2 (Figure 11 B) 

(Mecklenburg et al., 2021). While endocytosis has been shown to govern important 

processes during embryonic development, there are only limited studies depicting its role 

in cranial neural crest development (Padmanabhan and Taneyhill, 2015; Piacentino et 

al., 2022). Altogether, this arouses our curiosity to investigate the potential role of the 

endocytic receptor LRP2 during CNCC development, representing the primary notion of 

this work. 

 

 

 

Figure 11. Potential role of LRP2 in the cranial neural crest development. 

(A) Lrp2-/- embryos display craniofacial malformations at E18.5, represented as absent eyes (asterisk) and 

cleft lip (arrow). Scale bar: 1mm. (B) Volcano plot showing differential expression of multiple genes 

involved in the neural crest development between the cranial region of control and Lrp2-/- embryos at E9.5, 

based on bulk RNA-sequencing. P-values were adjusted for multiple comparisons. Figure was made based 

on published data (Mecklenburg et al., 2021).  
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2.1 Primary aim 

The overarching aim of this dissertation is to ascertain the central role of the endocytic 

receptor LRP2 during early mouse embryonic cranial morphogenesis. In addition to the 

previously defined functions of LRP2 within the neuroepithelial cells during embryonic 

forebrain development, this study aims to address whether the endocytic receptor also 

has an overt influence on the cranial neural crest integrity. In other words, this 

dissertation presents the studies intended to unravel the possibility of LRP2 in bridging 

the brain and craniofacial development during the process of murine head formation.  

2.1.1 Specific aims 

Firstly, our previous findings depicted that LRP2 helps in regulating neural tube 

morphogenesis by mediating the convergent extension and apical constriction of NE cells 

(Section 1.2.6.2) (Kowalczyk et al., 2021). Along with the disrupted NE integrities 

observed in the Lrp2-/- embryos, this prompts the initiatives to look into the cellular 

junctional complexes during early stages of embryonic development and to specifically 

explore the potential roles of LRP2 in mediating cell-cell contacts through their cytosolic 

adaptors. Owing to their abilities to regulate the cytoskeletal actin organisations and cell 

polarity, cellular junctions play important role in driving cell shape changes and cell 

rearrangements, which are the fundamental processes of tissue morphogenesis. Besides, 

dynamic remodelling of cellular junctions is essential during early stages of embryonic 

development to allow proper delamination and migration of NCCs from the 

neuroepithelium. Hence, it is justifiable to bring the initial focus of this study towards 

the perspectives of cell-cell connections. 

Additionally, craniofacial malformations are presented in the Lrp2 mutant embryos. 

Given that cranial neural crest is primarily responsible for the formation of craniofacial 

features, this study aims to examine the exact neural crest-derived craniofacial regions 

affected following the loss of LRP2, based on lineage tracing studies using Sox10cre/wt; 

Ai14fx/fx; Lrp2+/- reporter mouse line.  

Furthermore, a major aim of this study is to assess the potential roles of the endocytic 

receptor LRP2 during the early stages of cranial neural crest development. Despite the 

tremendous research efforts dedicated to better understanding the nature of neural crest 

over decades, little is known about how endocytic receptors can potentially involve in 
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murine NCC formation. With craniofacial deformations being an obvious phenotype 

shown by the Lrp2 mutants, these observations hinted at a link of LRP2 to the proper 

cranial neural crest integrities. If this holds true, further investigations into the exact 

stages and molecular mechanisms of CNCC development in which LRP2 is involved will 

follow.  

The hypothesis that LRP2 could exert its function at the NPB, the home of neural crest, 

is drawn on the basis that: i) LRP2 is highly expressed within the neuroepithelium, and 

(ii) it is involved in the regulation of several signalling pathways during the early stages 

of cranial morphogenesis (Section 1.2.6.2) (Christ et al., 2012; Spoelgen et al., 2005). 

Thus, this dissertation involves elaborate works in attempt to evaluate any potential 

differences at the NPB between control and Lrp2-/- embryos. If so, the plan of integrating 

state-of-the-art omics analysis into the understanding of LRP2 function within the NPB 

and/or the CNCCs is on the agenda.  
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3.1 Materials 

3.1.1 Technical equipment 

Table 2. List of equipment used. 

Equipment Software Manufacturer  

C1000 Touch Thermal Cycler N/A Bio-Rad 

ChemiDoc Imaging System N/A Bio-Rad 

Cryostar NX70 cryostat  N/A Epredia 

EASYnLC-1200 N/A Thermo ScientificÊ 

Helios Hydra 5 CX Dual Beam 

System scanning electron microscope 
Auto Slice and View Thermo ScientificÊ 

Leica LMD 7  

laser microdissection microscope 

Leica LMD  

V 8.3.0.08259 
Leica Microsystems 

Leica MZ 10F stereomicroscope LAS X Leica Microsystems 

Leica TCS SP8  

confocal microscope 

LAS X  

V 3.5.7.23225 
Leica Microsystems 

Leica TCS SP8 STED microscope LAS X Leica Microsystems 

NanoDropÊ One Microvolume  

UV-Vis Spectrophotometer 
N/A Fisher ScientificÊ 

Nikon CSU-W1  

spinning disk confocal microscope 

NIS-Elements Ar  

V 4.5  
Nikon® 

Olympus IXplore SpinSR10  

spinning disk confocal microscope 
cellSens Dimension Olympus® 

S1000 Thermal Cycler N/A Bio-Rad 

timsTOF Pro 2 mass spectrometry N/A Bruker Daltonics 

timsTOF SCP mass spectrometry N/A Bruker Daltonics 

Zeiss EM 910 80kV  

transmission electron microscope  
iTEM Zeiss 

Zeiss LSM 980 with Airyscan 2 ZEN Blue 3 Zeiss 
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3.1.2 Chemicals and reagents 

Table 3. List of chemicals and reagents. 

Chemical/reagent Supplier Catalogue number 

Bovine fibronectin PromoCell C43050 

Bovine serum albumin (BSA) Sigma-Aldrich A9647 

Cresol Red sodium salt Sigma-Aldrich 114480 

Cy3 PEG Folic acid Nanocs PG2-FAS3-3k 

DAKO fluorescence mounting medium Agilent S302380-2 

Dimethyl sulphoxide (DMSO) Carl Roth 47204 

Disodium hydrogen phosphate (Na2HPO4) Carl Roth 4984.1 

dNTP ROTI®Mix PCR 3 Carl Roth 0179.2 

Donkey serum Biowest S2170-500 

Dulbeccoôs phosphate-buffered saline 

(dPBS), no calcium, no magnesium 
GibcoÊ 14190250 

Dulbecco's Modified Eagle Medium 

(DMEM), high glucose, GlutaMAXÊ 

Supplement 

GibcoÊ 31966021 

Ethanol Carl Roth 1HPH.1 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth 8043.2 

Fetal bovine serum (FBS) PAN-Biotech GmbH P40-37500 

Fluoromount-GÊ  InvitrogenÊ 00-4958-02 

Folate binding protein from bovine milk Sigma-Aldrich F0504 

Glycerol Carl Roth 3783.1 

Glycine Carl Roth 3790.2 

Hydrochloric acid (HCl) Carl Roth 6792.2 

Hydrogen peroxide Carl Roth 80702 

L-glutamine GibcoÊ 25030081 

Magnesium chloride (MgCl2) Carl Roth 2189.1 

MEM Non-Essential Amino Acids 

(NEAA)  
GibcoÊ 11140050 

Methanol Carl Roth KK44.1 

Paraformaldehyde (PFA) Sigma-Aldrich 16005 

Penicillin-Streptomycin GibcoÊ 15140122 

Potassium chloride (KCl) Carl Roth 6781.1 

Recombinant human fibroblast growth 

factor (FGF) basic 
R&D Systems 233-FB 

Recombinant murine Wnt3a protein Peprotech 315-20 

ROTI® Gel Stain Red Carl Roth 3865.1 

Sheep serum Sigma-Aldrich S2263 

SlowFadeÊ Diamond Antifade Mountant InvitrogenÊ S36967 
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SmartLadder (100bp) Eurogentec MW-1800-04 

Sodium acetate (NaAc) Merck Millipore 106268 

Sodium chloride (NaCl) Carl Roth 3957.1 

Sodium citrate Carl Roth 3580.3 

Sodium diphosphate (Na3PO4) Carl Roth 0269.3 

Sodium dodecyl sulfate (SDS) Serva 20765.03 

Sodium hydroxide (NaOH) Carl Roth 9356.1 

Sodium pyruvate Sigma-Aldrich S8636 

Taq polymerase New England Biolabs M0267L 

ThermoPol® buffer New England Biolabs B9004S 

Tissue-Tek® O.C.T Compound Sakura Finetek sa-4583 

Tris-HCl Carl Roth 9090.5 

Triton X-100 Carl Roth 3051.2 

Tween-20 Carl Roth 9127.2 

-̡Mercaptoethanol GibcoÊ 31350010 

 

3.1.3 Consumables and reagent kits 

Table 4. List of consumables and reagent kits. 

Consumable Supplier Catalogue number 

µ-Slide 4 Well Glass Bottom Ibidi 80427 

µ-Slide 8 Well high Glass Bottom Ibidi 80807 

384-well PCR plate Eppendorf 0030128508 

Coverslips 1.5 H Carl Roth LH25.1 

Millicell ® Hanging Cell Culture Insert Merck Millipore MCEP06H48 

Polyphenylene sulphide (PPS) membrane 

frame slide 4µm 
Leica Microsystems 11600294 

Secure-SealÊ spacer InvitrogenÊ S24737 

Reagent kit Supplier Catalogue number 

Alexa FluorÊ 647 Protein Labelling Kit InvitrogenÊ A20173 

Alexa Fluor® 555 Conjugation Kit (Fast) - 

Lightning-Link® 
Abcam ab269820 

Alexa Fluor® 647 Conjugation Kit (Fast) - 

Lightning-Link® 
Abcam ab269823 

 



MATERIALS AND METHODS 

 48 

3.1.4 Antibodies 

Table 5. List of primary antibodies. 

Antigen Host Dilution  Supplier Catalogue number 

Acetylated Ŭ-tubulin Mouse 1:1000 Sigma-Aldrich T7451 

AP2Ŭ Mouse 1:100 Santa Cruz sc12726 

ARL13b Rabbit 1:500 Proteintech® 17711-1-AP 

Cingulin Mouse 1:100 Santa Cruz sc365264 

Claudin 3 Rabbit 1:100 Abcam ab15102 

Claudin 3 Rabbit 1:100 InvitrogenÊ 34-1700 

Claudin 4 Rabbit 1:100 InvitrogenÊ 36-4800 

E-cadherin Mouse 1:100 Merck Millipore MABT26 

GFP Chicken 1:500 Abcam ab13970 

Ki67 Rabbit 1:200 Thermo Scientific RM-9106-S1 

Lamin B1 Mouse 1:200 Proteintech® 66095-1-Ig 

LRP2 Rabbit 1:1000 Abcam ab76969 

LRP2 Guinea Pig 1:2000 Homemade N/A 

N-cadherin Goat 1:100 Santa Cruz sc31030 

N-cadherin Rabbit 1:200 
Cell Signalling 

Technology® 
13116 

PAX7 Mouse 1:20 DSHB N/A 

pMLC-II, Ser20 Rabbit 1:200 Abcam ab2480 

RAB5 Mouse 1:100 Santa Cruz  sc46692 

SOX10 Goat 1:200 R&D Systems AF2864 

SOX2 Rabbit 1:100 Abcam ab97959 

SOX9 Rabbit 1:200 Merck Millipore AB5535 

Vimentin Rabbit 1:500 Abcam ab92547 

ZO-1 Mouse 1:100 InvitrogenÊ 33-9100 

 

 

 



MATERIALS AND METHODS  

  49 

Table 6. List of secondary antibodies. 

Antigen Dilution  Supplier Catalogue number 

Alexa FluorÊ 594 Phalloidin 1:500 InvitrogenÊ A12381 

Alexa FluorÊ 647 Phalloidin 1:50 InvitrogenÊ A22287 

DAPI 1:1000 InvitrogenÊ 62248 

Donkey Anti-Goat IgG H&L 

(Alexa Fluor® 488) 
1:500 Abcam ab150129 

Donkey Anti-Goat IgG H&L 

(Alexa Fluor® 647) 
1:500 Abcam ab150131 

Donkey anti-Mouse IgG (H+L) 

Highly Cross-Adsorbed, Alexa 

FluorÊ Plus 594 

1:500 InvitrogenÊ A32744 

Donkey Anti-Mouse IgG H&L 

(Alexa Fluor® 488) 
1:500 Abcam ab150105 

Donkey Anti-Mouse IgG H&L 

(Alexa Fluor® 555) 
1:500 Abcam ab150106 

Donkey Anti-Mouse IgG H&L 

(Alexa Fluor® 647) 
1:500 Abcam ab150107 

Donkey anti-Rabbit IgG (H+L) 

Highly Cross-Adsorbed, Alexa 

FluorÊ Plus 647 

1:500 InvitrogenÊ A32795 

Donkey Anti-Rabbit IgG H&L 

(Alexa Fluor® 555) 
1:500 Abcam ab150074 

Donkey Anti-Rabbit IgG H&L 

(Alexa Fluor® 647) 
1:500 Abcam ab150075 

Donkey Anti-Sheep IgG H&L 

(Alexa Fluor® 488) 
1:500 Abcam ab150177 

Donkey Anti-Sheep IgG H&L 

(Alexa Fluor® 555) 
1:500 Abcam ab150178 

Goat Anti-Guinea Pig IgG H&L 

(Alexa Fluor® 647) 
1:500 Abcam ab150187 

WGA-CF®640R 1:500 Biotium 29026 
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3.1.5 Buffers and solutions 

Table 7. List of buffers and solutions. 

Buffer/solution Composition 

Blocking buffer (sections and fixed explants) 

- Immunofluorescence staining 
10% donkey/goat serum in 0.1% PBST 

Blocking buffer (whole-mount) 

- Immunofluorescence staining 
1% donkey/goat serum + 2% BSA in 0.1% PBST 

Blocking buffer (uptake) 

- Whole embryo culture 
1.5% BSA in DMEM, high glucose, GlutaMAXÊ 

Basic reagent 

- DNA extraction (HotSHOT) 

¶ 25 mM NaOH 

¶ 0.2 mM EDTA 

¶ deionised H2O pH 12.0 

Neutralisation buffer 

- DNA extraction (HotSHOT) 

¶ 40 mM Tris-HCl 

¶ Tween-20 

¶ deionised H2O 

Neural crest basal medium 

- Neural crest explant culture 

¶ 15% FBS 

¶ 0.1 mM MEM NEAA 

¶ 1 mM sodium pyruvate 

¶ 55 µM ɓ-Mercaptoethanol 

¶ 100 units/mL penicillin-streptomycin 

¶ 2 mM L-glutamine 

¶ 25 ng/mL basic FGF 

¶ DMEM-high glucose, GlutaMAXÊ 

3.1.6 Software for data processing 

Table 8. List of software used for data analysis. 

Software Version Provider 

Affinity Designer 2.1.0 Serif (Europe) 

Affinity Photo 2.1.0 Serif (Europe) 

DIA-NN 1.8.1 
Demichev, Ralser and Lilley labs 

(Charité, Berlin) 

Huygens Professional 23.10 Scientific Volume Imaging 

ImageJ 2.14.0 Fiji, NIH 

Imaris 10.1.0 Bitplane 

MATLAB ® 23.2.0 MathWorks 

MaxQuant 2.4.9.0 Max-Planck-Institute of Biochemistry 

Migration and Chemotaxis Tool 2.0 Ibidi 

Perseus 2.0.11 Max-Planck-Institute of Biochemistry 

Prism 10.1.0 GraphPad Software 
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3.2 Experimental methods 

3.2.1 General statement 

All experiments were done in compliance with the relevant ethical regulations at the Max 

Delbrück Center für Molekulare Medizin (MDC). Animals were kept and handled based 

on the German animal protection act (Tierschutzgesetz: TierSchG §1-11). All animal 

procedures were performed according to the institutional animal welfare guidelines and 

regulations approved by the local governmental authorities (X9005/12 and X9001/21). 

3.2.2 Mouse strains 

Mouse strains used in this study are listed in Table 9. Mouse strains. 

Table 9. Mouse strains. 

Strain name Background Source and reference 

Lrp2+/- mutant (C57BL/6N) Previously described (Willnow et al., 1996) 

Sox10gfp/wt mutant (C57BL/6N) Provided by Prof Dr Carmen Birchmeier (MDC, Berlin) 

Sox10cre/wt mutant (C57BL/6J) Previously described (Matsuoka et al., 2005) 

Rosa26tdTomato mutant (C57BL/6J) Previously described (Madisen et al., 2010) 

3.2.2.1 Generation of Lrp2+/- mouse line 

Targeted disruption of the Lrp2 gene to generate the Lrp2+/- mouse line has been detailed 

previously (Willnow et al., 1996). In this study, the Lrp2+/- mouse line was crossed onto 

a pure C57BL/6N background as previously described (Spoelgen et al., 2005). Lrp2+/- 

C57BL/6N mice were then bred to obtain embryos with the genotypes of Lrp2+/+ , Lrp2+/-

, and Lrp2-/-. 

3.2.2.2 Generation of Sox10gfp/wt; Lrp2+/- reporter mouse line 

The Sox10gfp/wt mouse line (unpublished) was kindly gifted by Prof Dr Carmen 

Birchmeier (MDC, Berlin). This represents a knock-in mouse line in which the green 

fluorescent protein (GFP) is expressed only in the cells to which the Sox10 gene is 
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transcriptionally active. Since SOX10 is a well-defined marker that labels virtually all 

NCCs following their delamination, this mouse line is a valuable tool that allows tracing 

of dynamic cellular behaviours within the NCC population (Hari et al., 2012). To study 

the role of LRP2 in NCC development, the Sox10gfp/wt mouse line was crossed with the 

Lrp2+/- C57BL/6N mice to generate the Sox10gfp/wt; Lrp2+/- reporter mouse line. 

3.2.2.3 Generation of Sox10cre/wt; Ai14fx/fx ; Lrp2+/- reporter 

mouse line 

Rosa26tdTomato mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, MGI:3809524), or more 

commonly known as Ai14 mice, were generated by Zeng lab (Allen Institute for Brain 

Science, Seattle) as described in 2010 (Madisen et al., 2010). Sox10cre/wt mice (B6;CBA-

Tg(Sox10-cre)1Wdr/J, MGI: 5603117) were originally generated by Prof. William 

Richardson (UCL, London) and described before (Matsuoka et al., 2005). These mice 

express nuclear-targeted Cre recombinase under the regulation of the Sox10 promoter. 

Both Ai14fx/fx and Sox10cre/wt mice were initially crossed with the Lrp2+/- C57BL/6N mice 

to obtain the Ai14fx/fx; Lrp2+/- and Sox10cre/wt; Lrp2+/- mouse lines, respectively. 

To allow lineage tracing of the NCC derivatives in both the presence and absence of 

LRP2 expression, Sox10cre/wt; Lrp2+/- mice were crossed with Ai14fx/fx; Lrp2+/- mice. The 

resulting mouse line expresses robust red tdTomato fluorescent protein following stop 

codon excision upon Cre-mediated recombination (Figure 12).  

 

Figure 12. Generation of Sox10cre/wt; Ai14fx/fx; Lrp2+/- reporter mouse line.  

Schematic diagram showing permanent genetic lineage labelling of neural crest derivatives 

achieved through crossing of transgenic mice carrying the Sox10-cre construct with the reporter 

mice carrying a floxed stop cassette upstream of the tdTomato gene inserted after Rosa26 

promoter. Cre expression under the control of Sox10 promoter results in excision of the stop 

cassette (orange line), leading to the expression red tdTomato fluorescent protein. Figure was 

drawn using Affinity Photo 2. 
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3.2.3 Animal husbandry and breeding 

All animals were maintained under pathogen-free conditions in a fixed 12-hour light-

dark cycle (06:00 ï 18:00) and provided with ad libitum food in addition to water. Mice 

from eight weeks onwards were used for timed mating to collect embryos at the desired 

developmental stages. For timed mating, sexually mature male and female mice were 

housed together in the same cage overnight and the presence of vaginal plugs was 

checked on the next morning to allow precise tracking of the gestational ages. The day 

when a vaginal plug was noted was considered as E0.5.  

3.2.4 Genotyping 

3.2.4.1 Sample collection for genotyping 

Adult mice were kept within the animal facility and ear punches were performed by 

animal caretakers to provide genomic deoxyribonucleic acid (DNA) samples for use in 

genotyping. For the embryos collected during dissection, visceral yolk sacs were kept for 

subsequent use in genotyping. In both cases, samples were collected in 0.2 ml tubes.  

3.2.4.2 DNA extraction  

From the samples collected, hot sodium hydroxide and Tris (HotSHOT) DNA extraction 

method previously described by Truett et al. was performed to allow a rapid, inexpensive 

isolation of genomic DNA from other tissue components for genotyping (Truett et al., 

2000). The recipes of reagents used in the HotSHOT method are listed in Table 7. In 

brief, samples were first subjected to heating at 95°C for 30 mins in an alkaline lysis 

reagent and then cooled to 4°C before neutralisation buffer was added to neutralise the 

solution. Samples were briefly centrifuged to evenly neutralise the solution. The volume 

of reagents added to different tissue samples is outlined in Table 10. The resulting 

solution containing isolated DNA can then readily be used in PCR. If PCR was not 

carried out immediately, the isolated DNA solution was stored at 4°C until use.  
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Table 10. Volume of reagents used in HotSHOT method. 

Samples 
Volume of 

alkaline lysis reagent 

Volume of 

neutralisation buffer 

E8.5 20µl 20µl 

> E8.5, ear punches 30µl 30µl 

3.2.4.3 Polymerase chain reaction 

The master mix and conditions of polymerase chain reaction (PCR) assay are detailed in 

Table 12 and Table 13, respectively, using specific primers designed to amplify different 

targeted gene sequences (Table 11). 

 

Table 11. List of primers used in genotyping. 

Primer Sequence (5ô ï 3ô) Band size 

Lrp2 

G20 ï WT allele forward 

G21 ï WT + mutant allele reverse 

BPA ï mutant allele forward 

 

GAC CAT TTG GCC AGC CAA GG 

CAT ATC TTG GAA ATA AAG CGA C 

GAT TGG GAA GAC AAT AGC AGG 

CAT GC 

WT: 250 bp 

Mutant: 320 bp 

Sox10gfp 

WT1 ï WT allele forward 

WT2 ï WT + mutant allele reverse 

GFP ï mutant allele forward 

 

GTG CTC AGC GGC TAC GA 

GTA GAT GGG TGG GCG AGA T 

CAT GGT CCT GCT GGA GTT CGT G 

WT: 355 bp 

Mutant: 515 bp 

Sox10cre 

WT1 ï WT allele forward 

WT2 ï WT allele reverse 

Cre1 ï mutant allele forward 

Cre2 ï mutant allele reverse 

 

GAC AAA ATG GTG AAG GTC GG  

CAA AGG CGG AGT TAC CAG AG 

CAC CTA GGG TCT GGC ATG TG 

AGG CAA ATT TTG GTG TAC GG 

WT: 217 bp 

Mutant: 300 bp 

Ai14 

WT1 ï WT allele forward 

WT2 ï WT allele reverse 

Flox1 ï mutant allele forward 

Flox2 ï mutant allele reverse 

 

GGG AGC TGC AGT GGA GTA GG 

CCG AAA ATC TGT GGG AAG TC 

CTG TTC CTG TAC GGC ATG G 

GGC ATT AAA GCA GCG TAT CC 

WT: 279 bp 

Mutant: 196 bp 
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Table 12. Master mix of standard PCR assay. 

Reagent Stock concentration Final concentration 

Buffer Thermopol 10x 1x 

Cresol red 10x 1x 

dNTPs 10 mM 0.25 mM 

Taq polymerase 5 U/µl 0.03 U/µl 

Forward primer 10 µM 0.25 µM 

Reverse Primer 10 µM 0.25 µM 

 Volume per reaction 

Template DNA 2 µl 

dH2O Fill up to final volume 

 

Table 13. Conditions of PCR. 

 Lrp2 and Sox10gfp Sox10cre and Ai14 

Step Condition 
Number of 

cycles 
Condition 

Number of 

cycles 

Initial denaturation 94°C   2 mins  1 94°C   1 min 1 

Denaturation 

Annealing 

Extension 

95°C   30 secs 

56°C   40 secs 

72°C   35 secs 

40 

94°C   30 secs 

56.2°C   30 secs 

72°C   1 min 

30 

Final extension 72°C   5 min 1 72°C   1 min 1 

Final hold 12°C         Ð 1 12°C         Ð 1 

 

Following PCR, the fragments of DNA were separated by agarose gel electrophoresis 

and analysed based on comparison with the SmartLadder 100 bp molecular ladder. Gel 

was prepared in Tris base, acetic acid and EDTA (TAE) buffer at 2.5% weight/volume 

with ROTI®GelStain Red added to allow visualisation of DNA under ultraviolet (UV) 

light using Bio-Rad ChemiDoc gel imaging system.   
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3.2.5 Embryo collection and fixation 

Pregnant females were sacrificed by cervical dislocation based on the German animal 

protection act (Tierschutzgesetz: TierSchG §1-11) on the day of defined developmental 

stages. Embryo dissection was performed under a Leica MZ 10F stereomicroscope. 

Embryos were collected at different developmental stages including E8.5, E9.5, and 

E13.5, following dissection from the uteri of pregnant females in phosphate-buffered 

saline (PBS) on ice unless otherwise stated. Using forceps, surrounding layers of the 

embryo were carefully removed, starting from the muscle lining and then progressed to 

the decidual tissue, Reichertôs membrane, visceral yolk sac, and eventually amnion to 

expose the embryo proper. For embryos collected at E8.5 and E9.5, further staging was 

done by somite counting during dissection. E8.5 embryos were cut at the area slightly 

below the heart after somite counting to collect only the cranial neural tube tissues for 

fixation.  

Dissected E8.5 and E9.5 embryos were fixed in 4% paraformaldehyde (PFA) for 1 hr at 

room temperature (RT) and then washed twice in PBS for 10 mins each. E13.5 embryos 

were decapitated before fixing in 4% PFA overnight at 4°C and then washed overnight 

twice in PBS. All embryos were stored in PBS at 4°C until use.  

No obvious phenotypical differences were observed between Lrp2 wild-type, WT 

(Lrp2+/+ ) embryos and Lrp2 heterozygous, HET (Lrp2+/-) embryos with only one 

functional Lrp2 allele. Thus, Lrp2+/+  and Lrp2+/- embryos were both classified as control 

embryos. All analyses in this work were done based on the comparison between Lrp2 

mutant (Lrp2-/-) and control embryos to investigate the importance of LRP2 during early 

stages of embryonic development.  

3.2.6 Whole embryo culture 

Whole embryo culture was performed using embryos from E8.5 to assess the ability of 

endocytic receptor LRP2 in modulating cellular uptake of WNT3a growth factor and 

soluble folate receptor 1 (sFOLR1) ex vivo.  
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3.2.6.1 Labelling of WNT3a ligands  

To visualise the uptake of WNT3a growth factor, recombinant murine WNT3a protein 

(PeproTech) was labelled with the Alexa Fluor® 647 Lightning-Link® Rapid Antibody 

Labelling kits (Abcam) according to the manufacturerôs instructions. The fluorescently 

labelled WNT3a ligands are referred to as WNT3a-A647 and were stored at -20°C, 

protected from light, until use.  

3.2.6.2 Labelling of sFOLR1 

Prior to the uptake assay, folate binding protein from bovine milk (Sigma) was labelled 

using the Alexa FluorÊ 647 Protein Labelling Kit (InvitrogenÊ) according to the 

manufacturerôs instructions to generate sFOLR1-A647. After labelling, the concentration 

of protein within the labelled solution was measured using NanoDropÊ One 

Microvolume UV-Vis Spectrophotometer (Fisher ScientificÊ). sFOLR1-A647 was 

stored at -20°C, protected from light, until use.  

3.2.6.3 Uptake assay 

Immediately before embryo dissection, labelled protein solutions were diluted in whole 

embryo culture medium (high glucose Dulbecco's Modified Eagle Medium, DMEM 

containing 1.5% bovine serum albumin (BSA) at the desired concentration (Table 14). 

For the study of folic acid (FA) uptake through sFOLR1, labelled sFOLR1-A647 was 

premixed with FA-Cy3 (Nanocs) for 30 mins at RT to form bound complex before 

incubation with embryos. The prepared whole embryo culture medium containing 

labelled proteins was then added to a sterile 12-well plate wrapped with aluminium foil 

and kept at 37°C before dissected embryos were added. 

 

Table 14. Concentration of labelled proteins used in uptake assay. 

Labelled protein Final concentration 

WNT3a-A647 2.5 µg/ml 

sFOLR1-A647 5 µg/ml 

FA-Cy3 5 µg/ml 
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Following excision from the uteri of pregnant females, embryos were washed briefly in 

warm PBS and then immediately transferred into fresh dissecting medium (high glucose 

DMEM) prewarmed to 37°C. Embryo dissection was performed in dissecting medium 

on a heating plate to maintain the temperature at 37°C throughout the procedure. 

Embryos were dissected to remove the surrounding muscle layer, decidual tissue, and 

Reichertôs membrane, until the visceral yolk sac was made visible. A small incision was 

made to the yolk sac and amnion to allow embryos to gain access to the fluorescently 

labelled proteins during incubation. Embryos were kept within the yolk sac throughout 

the entire incubation period. Dissected embryos kept within their yolk sacs were 

transferred to whole embryo culture medium at 37°C while dissection was performed 

one at a time on the remaining embryos.  

Once dissection was completed, dissected embryos were transferred to the 12-well plate 

containing labelled proteins in whole embryo culture medium and incubated in the dark 

for 2 hrs at 37°C with 5% CO2. The plate was gently swirled every 30 minutes to evenly 

mix the labelled proteins with embryos for an adequate uptake. After incubation, 

embryos were transferred to cold PBS to continue with somite counting and yolk sac 

collection for genotyping before fixation (Section 3.2.5). 

3.2.7 Cranial neural tube explant culture 

3.2.7.1 Preparation of culture chambered coverslips 

The stock bovine fibronectin solution (PromoCell) was diluted to 40 µg/ml in Dulbeccoôs 

PBS (dPBS). Diluted fibronectin solution was added into the wells of µ-Slide 8 Well or 

4 Well high Glass Bottom (Ibidi) to completely cover the bottom of each well. The 

chambered coverslip was incubated for 30 mins at 37°C. Afterward, the fibronectin 

solution was aspirated and the wells were rinsed once in dPBS before use. 
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3.2.7.2 Preparation of explants 

Ex vivo cranial neural tube cultures were prepared with E8.5 and E9.5 embryos from the 

Sox10gfp; Lrp2+/- reporter mice as previously described with modifications to allow 

investigation of CNCC behaviours (Gonzalez Malagon et al., 2019; Wang and Astrof, 

2017). All dissecting tools were cleaned thoroughly with 80% ethanol before dissection 

to keep the procedures as sterile as possible. To prepare for the explant cultures, embryos 

were dissected in cold dPBS after removal from the uteri of pregnant females. Both E8.5 

and E9.5 embryos were initially dissected as mentioned above (Section 3.2.5).  

Figure 13. Preparation of cranial neural tube explants. 

(A) Schematic diagram showing the positions at which E8.5 and E9.5 embryos were cut during explant 

preparation. E8.5 embryo was cut just above the heart whereas E9.5 embryo was cut at the level between 

the otic vesicle and first somite, then along dorsal midline to open up the neural tube (NT) (red dashed line). 

The cleaned NT tissue can be further cut into two halves before explanting, if needed (asterisks). (B) 

Following dissection, cranial NT tissues were explanted onto the fibronectin-coated chambered coverslips 

in the form of: (i) one half of the whole cranial NT; (ii) whole cranial NT; (iii) two halves of cranial NT in 

close proximity; depending on the experimental need. A, anterior; P, posterior; D, dorsal; V, ventral. Figure 

drawn using Affinity Photo 2. 
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For E8.5 embryos, cranial neural tube tissue was isolated from the rest of the embryo by 

cutting at an area just above the heart (Figure 13). For E9.5 embryos, a cut was made at 

the level just below the otic vesicle but before the first somite (Figure 13). To open up 

the closed neural tube of E9.5 embryos, embryos were pinched at the hindbrain 

neuropore using a fine insect needle (Fine Science Tools) and then cut along the dorsal 

midline in a caudal-rostral direction. The floor plate at the level of cephalic flexure was 

slightly cut with forceps just enough to flatten the tissue without complete separation. 

Using forceps, the underlying mesodermal tissue was carefully removed to keep only the 

cleaned neural tube tissue for culturing. The cleaned cranial neural tube can either be 

explanted directly as a whole or further divided into two halves by cutting longitudinally 

at the floor plate and then explanted individually.  

Following dissection, the cleaned neural tube tissues were transferred onto a fibronectin-

coated µ-Slide 8 Well or 4 Well high Glass Bottom (Ibidi) containing NCC basal medium 

prewarmed to 37°C, and then positioned using fine insect needle to the centre of each 

well with the ventral part facing up. The explants were incubated overnight at 37°C with 

either 5% CO2
 (E9.5 ï normoxia) or 5% CO2, 3% O2 (E8.5 ï hypoxia). Survived explants 

were subsequently used either for live tracking of CNCC migration at 24 hours post-

explantation (Section 3.2.9.3) or immunofluorescence staining after fixation at 48 hours 

post-explantation (Section 3.2.8.4). 

3.2.7.3 Contact inhibition of locomotion assay 

To investigate how NCCs react upon making contact with each other, a CIL assay was 

established as previously described (Carmona-Fontaine et al., 2008). Cranial neural tube 

explants were prepared from E9.5 embryos as explained above including the final cut to 

further divide the explants into two halves (Section 3.2.7.2). The resulting two halves of 

the explants were cultured within the same well with a small distance in between (Figure 

13). NCCs from each half of the explant were allowed to grow and migrate towards each 

other under the same condition mentioned in Section 3.2.7.2. At 24 hr post explantation, 

dynamic NCC behaviours upon collision were tracked with live imaging (Section 

3.2.9.3). 
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3.2.8 Histology 

3.2.8.1 Cryosectioning of mouse embryos 

After fixation, embryos were subjected to cryoprotection through incubation in a graded 

series of sucrose solutions. Firstly, embryos were incubated in 15% sucrose in PBS at 

RT for 30 mins. Once equilibrated, embryos were transferred into 30% sucrose in PBS 

and further incubated for another 30 mins at RT. Equilibrated embryos were then briefly 

washed in the Optimal Cutting Temperature (O.C.T) Compound (Tissue-Tek®, Sakura 

Finetek) on a petri dish to remove any excess sucrose solution before embedding. Next, 

tissues were embedded within O.C.T in plastic embedding moulds of 10mm x 10mm x 

5mm in size, and snap frozen in 100% ethanol bath on dry ice. Fresh frozen O.C.T blocks 

were stored at -20°C.  

For embryo sectioning, the cryostat was equilibrated to -18°C chamber and -16°C 

specimen temperature. Once the temperature was reached, O.C.T blocks were mounted 

onto the cutting blocks containing a small amount of O.C.T. Samples were cut at a 

thickness of 10 µm in coronal plane and then sequentially transferred onto the 

SuperfrostÊ PLUS adhesion glass slides (EprediaÊ). For samples to be used in spatial 

proteomic studies, sections were mounted onto the polyphenylene sulphide (PPS) 4 µm 

membrane frame slides (Leica Microsystems). Sections were stored at -20°C until use.  

3.2.8.2 Immunofluorescence staining on sections 

Tissue sections were thawed and let dry at RT before proceeding to the standard 

immunofluorescence staining protocol. In brief, sections were washed four times for 7 

mins each in PBS with 0.1% Triton X-100 (PBST) at RT to remove any residual O.C.T 

compound. Blocking was then performed with 10% donkey or goat serum in 0.1% PBST 

for 1 hr at RT with gentle rocking. Tissues were incubated with primary antibodies 

diluted in 0.1% PBST containing 1% donkey or goat serum overnight at 4°C. The next 

day, after five rounds of 7 mins washes in 0.1% PBST at RT, tissues were incubated with 

secondary antibodies diluted in 0.1% PBST for 1 hr at RT. All antibodies used in this 

study and their corresponding dilutions were outlined in Table 5 and Table 6. In most 

cases, samples were also counterstained with DAPI. Secondary antibodies were washed 

away with 0.1% PBST at RT, 7 mins each for five times. Following washes, tissues on 
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glass slides were mounted with DAKO fluorescent mounting medium (Agilent) while 

tissues on membrane slides were mounted with Fluoromount-GÊ (InvitrogenÊ) that 

can be washed away subsequently for laser capture microdissection (Section 3.2.10.1).   

3.2.8.3 Whole-mount immunofluorescence staining of E8.5 

embryos 

Embryos were first permeabilised with 0.1% PBST for 15 mins at RT before blocking 

with 1% donkey serum and 2% BSA in 0.1% PBST overnight at 4°C. Following 

blocking, embryos were incubated with primary antibodies (Table 5) in blocking buffer 

for 48 hrs at 4°C with gentle rocking. Embryos were then washed five times for 1 hr each 

with 0.1% PBST at RT, before being transferred into secondary antibody (Table 6) 

solution diluted in blocking buffer and left incubated overnight at 4°C. DAPI was also 

included to visualise the cell nuclei of the samples. Five washes of 1 hr each in 0.1% 

PBST were performed at RT to remove any unbound secondary antibodies. Embryos 

were mounted either laterally or with the anterior side facing up between two high 

precision cover slips separated by Secure-SealTM Spacer (InvitrogenÊ) in SlowFadeÊ 

Diamond Antifade Mountant (InvitrogenÊ).  

3.2.8.4 Immunofluorescence staining of cranial neural tube 

explants 

At 48 hrs after culturing, cranial neural tube explants were fixed with 4% PFA for 30 

mins at RT. Explants were then washed three times for 5 mins each with cold PBS. 

Explants were stored in PBS at 4°C until use for immunofluorescence staining.  

All procedures were carried out within the µ-Slide 8 Well or 4 Well high Glass Bottom 

(Ibidi), with the explants remaining firmly attached to the bottom of the well. Fixed 

explants were first permeabilised in 0.1% PBST for 15 mins at RT before being subjected 

to the standard immunofluorescence staining protocol. All following steps were 

performed as described above (Section 3.2.8.2) with the exception that primary antibody 

incubation was performed at RT for 2 hrs. To visualise the F-actin filaments, phalloidin 

staining was performed after washing off the secondary antibodies. Explants were 

incubated with Phalloidin A647 (InvitrogenÊ) diluted in 0.1% PBST for 30 mins at RT. 
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After two rounds of 5 mins washing steps with 0.1% PBST, explants were mounted with 

the non-hardening ibidi mounting medium. 

3.2.9 Microscopy and imaging 

3.2.9.1 Confocal microscopy: tissue sections 

All fluorescently stained tissue sections were imaged using a Leica TCS SP8 confocal 

microscope equipped with the Leica LAS X software that is available at the Advanced 

Light Microscopy (ALM) platform of MDC. Imaging was done using the HC PL APO 

63x/1,40 OIL CS2 (Leica Microsystems) oil immersion objective. Optical zoom of 2x or 

3.5x was set for the acquisition of higher resolution images. Optical z-stacks were taken 

at an interval of 1 µm through the 10 µm-thick tissue sections.  

For image acquisition, DAPI was excited at 405 nm (detection between 420 ï 450 nm). 

Alexa Fluor 488 was excited by the 488 nm laser (detection between 500 ï 550 nm), 

Alexa Fluor 555 was excited by the 555 nm laser (detection between 570 ï 620 nm), 

Alexa Fluor 647 was excited by the 633 or 647 nm laser (detection between 660 ï 730 

nm) with a pinhole set to 1 Airy unit (AU) for normal scanning. For staining with weak 

antibodies, images were acquired by setting the pinhole to 1.5 AU to allow more signals 

to be captured. All acquired images were processed using ImageJ (Fiji, NIH).  

3.2.9.2 Confocal microscopy: whole-mount samples 

Whole-mount samples were imaged with the HC PL APO 20x/0,75 IMM CORR CS2 

multi-immersion objective of the Leica TCS SP8 confocal microscope. Glycerol was 

used as the immersion oil to match the refractive index of SlowFadeÊ Diamond Antifade 

Mountant (InvitrogenÊ) and allow a better-quality image acquisition. Optical z-stacks 

were taken at an interval of 1 µm throughout the entire tissue samples. Imaging was 

performed at the optical zoom level of 5x to acquire high resolution images with 

approximately 80 nm in pixel size.  

All 3D images were imported into Huygens Professional 23.10 software (Scientific 

Volume Imaging) to improve signal-to-noise ratio and axial/spatial resolution by 

applying deconvolution with the CMLE algorithm and background correction. 
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Deconvolved images were then ready to be visualised and processed using Imaris 10.1 

software (Bitplane). 

3.2.9.3 Live imaging: neural crest dynamics 

 

To study the dynamic migration behaviours of NCCs ex vivo, neural tube explants were 

imaged at approximately 24 hrs after culturing. Migration patterns of NCCs were 

recorded using a Nikon CSU-W1 inverted spinning disk confocal microscope equipped 

with an Okolab cage incubation chamber (37°C; 5% CO2) and two IXon Ultra 888 

EMCCD cameras (Andor), controlled by NIS-Elements Ar V4.5 software, at the ALM 

facility. For following NCC migration, time-lapse cinematography was performed at 10x 

magnification using a Nikon CFI Plan Fluor 10x/NA 0.3 phase contrast objective to 

acquire both bright-field and 488 nm (SOX10-GFP) channels at 40 ms and 300 ms 

exposure time, respectively. NCCs migration was tracked over a total time frame of 18 

hrs, with 15 mins intervals between frames. Optical z-stacks were taken at 5 µm interval 

and tile scan was set to cover the entire outgrowth area of the explants so that the 

migration paths of NCCs could be tracked from their origin. Settings were kept the same 

for all imaging to allow subsequent quantification and analyses.  

To assess CIL in NCCs, time-lapse imaging was performed at 20x magnification either 

using the Nikon CSU-W1 inverted spinning disk confocal microscope or Zeiss LSM 980 

with Airyscan 2 confocal microscope equipped with ZEN Blue 3 acquisition and analysis 

software. The objectives used were CFI Plan Apo 20x/0.75 (Nikon) for Nikon CSU-W1 

spinning disk confocal microscope and Plan Apo 20x/0.8 (Zeiss) for Zeiss LSM 980 with 

Airyscan 2 confocal microscope. A minimum of three regions of interest (ROIs) between 

two explants cultured in close proximity were imaged to capture the moments when 

NCCs from the two different origins make contact. Imaging was performed over the same 

total duration and time interval as mentioned above.  
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3.2.9.4 Confocal microscopy: fixed cranial neural tube explants  

Immunofluorescence staining of cranial neural tube explants fixed at 48 hrs post-

explantation was performed as mentioned (Section 3.2.8.4). The fluorescently stained 

explants were imaged using an Olympus IXplore SpinSR10 inverted spinning disk 

confocal microscope equipped with Yokogawa CSU-W1 scanner. The system was 

controlled by the cellSens Dimension software. Overview images of explants were 

acquired using the UPLXAPO20X (Olympus) objective whereas high resolution images 

of specific ROIs were acquired with the UPLXAPO60XO (Olympus) objective. Optical 

z-stacks were taken at an interval of 1 µm to cover the entire explants from bottom to 

surface. All acquired images were processed using ImageJ (Fiji, NIH). 

3.2.9.5 Stimulated emission depletion microscopy 

NCCs at the migration front of the neural tube explants were imaged with stimulated 

emission depletion (STED) microscopy to visualise their cytoskeletal machinery under a 

higher resolution. STED imaging provides significant resolution improvements 

compared to conventional confocal microscopy, allowing more signals to be resolved 

under the same magnification. Fixed explants were stained as described above (Section 

3.2.8.4) with the exception that AF594 Phalloidin (AAT Bioquest®) was used for F-actin 

visualisation instead of Phalloidin A647 (InvitrogenÊ), and SlowFadeÊ Diamond 

Antifade Mountant (InvitrogenÊ) was used instead of ibidi mounting medium. Besides, 

highly cross-adsorbed Alexa FluorÊ Plus 594 and 647 secondary antibodies were used 

instead of the standard secondary antibodies.  

STED imaging was performed with the HC PL APO 100x/1,40 OIL CS2 objective on a 

Leica TCS SP8 STED microscope controlled by the Leica LAS X software. The 

microscope was equipped with a pulsed white-light excitation laser and two STED lasers 

for depletion at 592 nm and 647 nm. AF594 Phalloidin (AAT Bioquest®) was excited at 

590 nm with the emission range set between 600 ï 640 nm. Specifically, images were 

acquired using the scanning format of either 8-bit sampling; 1024 x 1024 pixels; 16x line 

averaging; 6x optical zoom, or 8-bit sampling; 4096 x 4096 pixels; 16x line averaging; 

1.5x optical zoom, yielding a pixel size of 18.9 x 18.9 nm in both cases. A confocal image 

under the same settings but with just 1x line averaging was always acquired in addition 

to the STED image.  



MATERIALS AND METHODS 

 66 

3.2.9.6 Electron microscopy 

To visualise the intracellular organelle structures of migrating NCCs, electron 

microscopy (EM) was performed on the cranial neural tube explants fixed after 48 hrs in 

culture. Explants were prepared as detailed in Section 3.2.7.2 but fixation was done 

differently. In brief, explants were first fixed at RT for 10 mins using the double strength 

fixative solution (4% PFA in 0.1M phosphate buffer at pH 7.4) prepared in a 1:1 ratio to 

the NCC basal medium. Then, explants were further fixed overnight at 4°C in single 

strength fixative solution (2% PFA and 2.5% glutaraldehyde in 0.1M phosphate buffer 

at pH 7.4). After fixation, explants were stored at 4°C in 1% PFA in 0.1M phosphate 

buffer at pH 7.4 until further processed for EM imaging.  

Image acquisition was done in collaboration with the EM platform of MDC. All 

procedures after fixation were performed by Dr Mara-Camelia Rusu (EM department, 

MDC, Berlin) based on the published protocol from Beznoussenko et al. with 

modifications (Beznoussenko and Mironov, 2015). Firstly, samples were washed with 

0.1M sodium cacodylate (NaCac) buffer at pH 7.2 before being incubated for 1 hr on ice 

and in dark using 1% osmium tetroxide, 1.5% potassium ferrocyanide in 0.1M NaCac, 

pH 7.2 buffer. Then, washing was performed again using 0.1M NaCac, pH 7.2 buffer 

before samples were incubated at RT for 5 mins in freshly prepared 0.3% 

thiocarbohydrazide in dH2O. Explants were washed with dH2O and subsequently 

incubated in 1% osmium tetroxide in dH2O before being subjected to dehydration in 

graded ethanol series at 4°C. After dehydration, samples were gradually infiltrated with 

Poly/Bed® 812 epoxy resin at RT as follows: 1 hour in 30% resin in ethanol, 1 hour in 

70% resin in ethanol, overnight in 100% resin and 2 hours in freshly exchanged resin. 

The polymerisation step immediately followed the infiltration process and was 

performed at 60°C for 24 hrs. The resin blocks were then sliced with an Ultra 45° 

diamond knife (Diatome) on a Reichert Ultracut S ultramicrotome to collect the sections 

of either 70 nm or 100 nm in thickness. EM images were then acquired either using a 

Zeiss EM 910 80 kV transmission electron microscope or Helios Hydra 5 CX Dual Beam 

System scanning electron microscope (Thermo ScientificÊ).  



MATERIALS AND METHODS  

  67 

3.2.10 Spatial proteomics 

Tissue sections from E8.5 mouse embryos were cryosectioned according to the standard 

procedures and transferred onto the Leica PPS 4 µm membrane frame slides (Section 

3.2.8.1). In case immunofluorescence staining was performed prior to the spatial 

proteomic studies, aqueous-based Fluoromount-GÊ (InvitrogenÊ) mounting medium 

was used (Section 3.2.8.2). Simplified workflow of spatial proteomic analyses is 

summarised in Figure 14. 

3.2.10.1 Laser capture microdissection 

 

 

To isolate the NPB and neural crest tissues for spatial proteomic analyses, laser capture 

microdissection was performed manually on the Leica LMD 7 system equipped with 

Leica Laser Microdissection V 8.3.0.08259 software. Tissues were cut at 40x 

magnification with a HC PL FLUOTAR L 40x/0,60 CORR PH2 (Leica Microsystems) 

objective under bright-field mode. The following settings were used for laser 

microdissection: power 58, aperture 5, speed 18, middle pulse count 1, final pulse -1, 

head current 44%, pulse frequency 1500, and offset 145. Cut tissues were collected and 

sorted into a low-binding 384-well PCR plate (Eppendorf) configured over the óuniversal 

holderô function with one blank well between samples. NPB and neural crest tissues of 

each samples were sorted into separate wells to generate distinctive proteomic profiles 

Figure 14. Workflow of spatial tissue proteomics analyses. 

Neural plate border and neural crest tissues were isolated from the coronal sections of E8.5 mouse embryos 

by laser capture microdissection (red dotted lines). Isolated tissues were collected in separate wells of the 

384-well PCR plate, with one empty well between sample-containing wells. Samples were then processed 

before being subjected to the ultra-high sensitivity mass spectrometry analyses. Figure drawn with Affinity 

Photo 2. 
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for these two populations of cells. Tissue regions of approximately 25,000 µm2 were 

collected in each well.  

3.2.10.2 Sample preparation for liquid chromatography-mass 

spectrometry 

Spatial proteomic analyses were done in collaboration with the Coscia lab (MDC, 

Berlin). All procedures in liquid chromatography-mass spectrometry (LC-MS) were 

performed by Ms Janett König (Coscia lab, MDC, Berlin). The detailed protocol for 

sample preparation was described previously (Coscia et al., 2020; Makhmut et al., 2023; 

Mund et al., 2022).  

Firstly, 20 µl of ammonium bicarbonate (ABC) was added to each sample-containing 

well and briefly vortexed. The plate was then centrifuged at 2,000 g for 10 mins before 

being heated in a S1000 thermal cycler with a 384-well reaction module (Bio-Rad) at 

95°C for 60 mins. Next, samples were heated for another 30 mins at 75°C following the 

addition of 5 µl of 5x digestion buffer (60% acetonitrile in 100 mM ABC). Samples were 

then shortly cooled down before 1 µl of LysC (pre-diluted to 4 ng/µl in dH2O) was added 

to each well and digested at 37°C for 4 hrs in the S1000 thermal cycler. Following this, 

samples were added with 1.5 µl of trypsin (pre-diluted to 4 ng/µl in dH2O) and incubated 

overnight at 37°C in the S1000 thermal cycler. Trifluoroacetic acid (TFA) at 1% v/v 

concentration was added to stop the digestion and samples were vacuum dried. Samples 

were stored at -20°C until use in LC-MS analysis. To continue with LC-MS, 4 µl of MS 

loading buffer (3% acetonitrile in 0.2% TFA) was added. The plate was briefly vortexed 

before being centrifuged at 2,000 g for 5 mins.  

3.2.10.3 LC-MS analysis 

LC-MS analysis was conducted using a trapped ion mobility spectrometry quadruple 

time-of-flight mass spectrometer (timsTOF SCP and timsTOF Pro2, Bruker Daltonik) 

with a nano-electrospray ion source (CaptiveSpray, Bruker Daltonik) equipped with an 

EASYnLC-1200 system (Thermo ScientificÊ) as previously described (Makhmut et al., 

2023; Mund et al., 2022).  

In brief, peptides were loaded on a 50 cm in-house-packed HPLC column (75 ɛm inner 

diameter packed with 1.9 ɛm ReproSil-Pur C18-AQ silica beads, Dr. Maisch) and 
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separated using a linear gradient from 5 ï 30% buffer B (0.1% formic acid and 90% 

acetonitrile in LC-MS grade water) in 55 mins before increasing to 60% for 5 min. Then, 

a 10-minute wash using 95% buffer B was performed at 300 nl/min. The total gradient 

duration was 70 mins. A column oven was used to keep the column temperature constant 

at 60°C. The mass spectrometer was operated under data-dependent and data-

independent mode, as previously explained (Mund et al., 2022).  

3.2.11 Data analysis 

3.2.11.1 Immunofluorescence signal intensity and localisation  

All samples intended for both qualitative and quantitative pairwise comparisons were 

imaged under identical imaging settings including laser power, bit depth, and pixel size. 

Images were also subjected to the same post-processing steps using ImageJ. In all 

analysis, maximum projection of Z-stack confocal images was used unless otherwise 

indicated.  

For quantification of N-cadherin fluorescence intensity within the neuroepithelium, the 

freehand selection tool in ImageJ was used to manually outline the entire 

neuroepithelium of each embryo section. Whereas for selecting ROIs within only the 

NCC population, two equal-sized boxes were drawn per section. All outlined regions 

were then subjected to manual thresholding to capture all N-cadherin signals for mean 

fluorescence intensity quantification. A minimum of three tissue sections were quantified 

per embryo and then averaged.  

For visualising the localisation of the vimentin fluorescence signal, the neuroepithelium 

of each embryo section was manually outlined and adjusted for threshold as mentioned 

above. The signal intensity profile was then plotted in ImageJ. To quantify the area of 

vimentin fluorescence signal localisation within the neuroepithelium, the area positive 

for vimentin expression was normalised to the total area of the neuroepithelium. As for 

the quantification of the N-cadherin fluorescence signal, a minimum of three tissue 

sections were analysed per embryo and averaged.  
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3.2.11.2 Uptake of WNT3a 

For quantifying WNT3a uptake at the NPB, freehand selection tool in ImageJ was used 

to manually outline the NPB regions on both the left and right sides of each cranial neural 

fold section. A minimum of three sections were analysed and quantified per embryo. For 

this analysis, the left and right sides of cranial neural folds were considered 

independently. 

Within the selected ROIs, WNT3a signal was subjected to manual thresholding and then 

the total area of the WNT3a signal was measured. A normalisation to the total NPB area 

was performed before any comparison was made between the control and Lrp2-/- 

embryos. The comparison was based on averaged data from all ROIs capturing the left 

and right NPBs of each embryo.  

3.2.11.3 Cell surface area of neural crest 

Tissue sections from E8.5 mouse embryos co-stained with the neural crest marker, 

SOX10, and plasma membrane marker, wheat germ agglutinin (WGA), were used for 

cell surface area quantification. Two equal-sized ROIs were selected per embryo section, 

one on the left half of the dorsal neural tube, and one on the right. All ROIs were imported 

into Imaris Cell 10.1 (Bitplane) for further analyses. Algorithm for cell detection based 

on the cell membrane was used. The smallest cell diameter and membrane detail for all 

ROIs were manually measured before cell detection. Manual thresholding was performed 

to ensure that the actual membrane around cell periphery was selected for quantification. 

The following filters were used during the analysis: i) cell distance to image border XY, 

to exclude any incomplete cells at the image border; ii) cell intensity mean based on 

DAPI channel, to exclude any empty area between cells. Additional manual addition or 

subtraction of cell surface area was performed to make sure that only the membrane area 

of one complete cell was measured for a particular cell, if necessary. 

3.2.11.4 Neural crest migration ex vivo 

Time-lapse movies acquired with the Nikon CSU-W1 spinning disk confocal microscope 

at 10x magnification were processed in ImageJ (Fiji, NIH). Channel 488 to which 

SOX10-GFP+ NCCs were labelled was used to track cell migration. Individual cells were 
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manually tracked over the total time frame of 18 hrs using the Manual Tracking plugin 

of ImageJ. This method demands manual identification of the tracked cells at each 

individual time point. A total of ten cells per explants were randomly selected and 

manually tracked. Centre of each cell was used as the reference point during manual 

tracking. Only cells that were within the microscopic field of imaging throughout the 

entire time point of imaging were tracked. Cells that were undergoing cell division or 

constantly in close contact with another cell were excluded in this analysis.  

Following manual tracking, results in .txt format showing individual cell track numbers, 

slice numbers, and XY coordinates, were imported into the Migration and Chemotaxis 

Tool software (Ibidi) for further analyses. The Migration and Chemotaxis Tool software 

(Ibidi) allows for the quantification of mean total track distance, mean track velocity, and 

mean track Euclidean distance of migrating NCC. Track velocity is calculated based on 

the equation of velocity = displacement (dx)/ time (dt) using the XY coordinates from 

the cell tracks throughout the entire time frame. Euclidean distance is defined as the 

straight-line distance between the origin and final destination of a cell track. 

In addition, raw datasets were pre-organised into the format showing cell identification, 

time frame, and XY displacements across all time points before being imported into 

Microsoft Excel. DiPer, an open source program operating under Excel environment 

developed by Gorelik and Gautreau, was used to generate the migration map and analyse 

the directional persistence of migrating NCCs (Gorelik and Gautreau, 2014). Parameters 

measured to assess the directional persistence of neural crest migration trajectories 

include directionality ratio, mean square displacement (MSD), and direction 

autocorrelation.  

Directionality ratio reports the directionality of migration trajectory (Euclidean distance 

divided by total migration distance) over time. The values for directionality ratio range 

between 0 and 1, with the value of 1 corresponding to perfectly straight migration 

trajectory and the value of 0 corresponding to a highly curved trajectory. MSD takes into 

consideration both velocity and directional persistence of migration trajectory, and 

reflects the surface area explored by cells over time (Gorelik and Gautreau, 2014). In 

contrast, direction autocorrelation excludes the potential confounding effects from 

migration velocity during cell directionality analysis, taking into consideration only the 

migration angle of cells with respect to each other to compare the direction of a trajectory 
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to an ideal direction of migration (Figure 15). The rate of decay of these curves reflects 

the tendency of cells to turn (Gorelik and Gautreau, 2014).  

3.2.11.5 Localisation of F-actin at the neural crest leading edge 

Fixed neural tube explants were stained with phalloidin to visualise the localisation of F-

actin filaments within migratory NCCs. Two equal-sized ROIs were selected per explant 

and the total number of cells with positive actin localisation at the leading edge were 

counted and averaged. For this analysis, both lamellipodia and filopodia at the leading 

edge were considered. Only cells with continuous expression of actin at both 

lamellipodia and filopodia of the leading edge were classified as positive for actin 

localisation. Cells without actin expression at both lamellipodia and filopodia of leading 

edge, as well as cells with only spiky expression pattern of actin within the filopodia are 

all considered negative for actin localisation.  

3.2.11.6 Cell dispersion 

To calculate the distance between neighbouring migratory NCCs, cranial neural tube 

explants at 48 hrs post-culturing were analysed using the Delaunay Voronoi plugin of 

ImageJ to generate the coordinates of Delaunay triangulation. Delaunay triangulation 

informs spatial relationships between neighbouring cells by connecting the centre of each 

Figure 15. Analysis of direction autocorrelation. 

Schematic diagram showing a hypothetical migration trajectory comprising of three displacements. During 

analysis, the displacement vectors showing migration paths were normalised to the same length, and the 

vector angles (Ŭ) were compared pairwise over time by computing the angle difference (ẽ). Results were 

displayed as the cosine of angle difference. Figure made using Affinity Photo 2 based on the model 

proposed (Gorelik and Gautreau, 2014). 
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cell to generate a network of triangles with a defined area. This algorithm offers a more 

accurate assessment of cellular distances over pairwise distance measurement between 

cells such that the area of triangles directly reflects a comprehensive spatial proximity 

relationship of cells within the close vicinity.  

Two equal-sized ROIs capturing only the migratory NCC population were selected per 

explant and centre of all cells within the ROIs were marked for Delaunay triangulation. 

Results were then imported into Matlab (MathWorks) for calculating the areas of all 

triangles. Colour-coded 3D Delaunay triangulation diagrams of all ROIs were plotted 

based on the area of triangles. Mean triangle areas of both ROIs per explant were 

averaged to define the final value of each explant.  

3.2.11.7 Spatial proteomics 

Initial processing of mass spectrometric raw files and all preliminary proteomic analyses 

were performed by Dr Fabian Coscia (MDC, Berlin). Briefly, raw datasets generated 

from mass spectrometry analysis were analysed under data-dependent and data-

independent modes. Raw files acquired in data-dependent and data-independent modes 

were analysed with MaxQuant V 2.4.9.0 and DIA-NN V 1.8.1, respectively (Demichev 

et al., 2020; Prianichnikov et al., 2020). Subsequent preliminary proteomics data analysis 

was performed within the R environment using Perseus V 2.0.11 (Tyanova et al., 2016). 

Prior to differential expression analysis (two-sided unpaired t-test or ANOVA), data 

filtering was performed to keep only proteins with greater than 70% non-missing values 

in at least one group. Missing values were imputed based on a normal distribution (width 

= 0.3; downshift = 1.8) before statistical analyses. Owing to the fact that even LRP2 was 

below the 10% false discovery rate (FDR) threshold, no multiple hypothesis testing 

correction was applied. Cut-off values were set to P<0.01 and 2 times fold change. 

Volcanic plots were self-generated using Curtain 2.0 web-based tool for visualising 

differential protein expression analysis results (Phung et al., 2023).  

3.2.12 Statistical analysis 

Statistical analyses were performed using Prism 10.1.0 (GraphPad) unless otherwise 

indicated. Datasets were tested for normality prior to the comparison of differences 

between groups. Differences between normally distributed datasets were assessed with 
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unpaired Studentôs t-test whereas differences for non-normally distributed datasets were 

assessed with the Mann-Whitney U test, as indicated in the text and the corresponding 

figure legends. For the number of replicates, n refers to the total number of embryos or 

explants, unless otherwise specified. All data were presented as mean ± standard error of 

mean (SEM), unless otherwise indicated. A p-value of P<0.05 is considered statistically 

significant. The exact p-values and number of replicates are specified in the text and the 

corresponding figure legends.  

Figures were made either using Affinity Photo 2 or Affinity Designer 2 software. For 

comparisons other than the size between control and Lrp2-/- embryos, scale bars were 

adapted based on the image size for improved visual clarity and consistency, since Lrp2-

/- embryos are generally smaller in size compared to the control embryos. 
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4.1 Characterising the expression pattern of cell adhesion 

proteins during early mouse embryonic development 

4.1.1 Claudin 4 is expressed exclusively in the non-neural 

ectoderm during early embryonic development 

Our previous studies highlighted the impairment of cranial neural tube morphogenesis 

and disrupted NE integrity in the Lrp2-/- embryos (Section 1.2.6.2). The fact that dynamic 

remodelling of cell adhesion complexes has a direct influence on successful cranial 

morphogenesis prompted investigations into the potential roles of LRP2 in regulating the 

expression and localisation of apical junctional proteins. 

TJ proteins have been reported to mediate apical constriction and convergent extension 

of NE cells during neural tube formation (Baumholtz et al., 2017; Yano et al., 2021). In 

particular, CLDN3 and CLDN4 genes which encode for the two different TJ proteins, 

claudin 3 and claudin 4, respectively, have been associated with neurodevelopmental 

disorders presenting with phenotypes similar to DBS patients (Lameris et al., 2010; Mak 

and Hammes, 2024). To study the potential relationship between the apically enriched 

LRP2 and these TJ proteins, the expression patterns of claudin 3 and claudin 4 were 

examined in the murine cranial neural folds during early stages of embryonic 

development.  

At E8.5, claudin 4 was localised specifically to the NNE in both control and Lrp2-/- 

embryos. Expression of claudin 4 perfectly colocalised with the NNE marker, E-cadherin 

(Figure 16 A). Co-staining with ZO-1 confirmed that the localisation of claudin 4 in the 

NNE was TJ-specific (Figure 16 B, Bô, and Bôô). No obvious difference was observed in 

the expression pattern of claudin 4 between the cranial regions of control and Lrp2-/- 

embryos at E8.5 (Figure 16).  
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Figure 16. Claudin 4 is specifically localised to the tight junctions of non-neural ectoderm 

during early murine cranial morphogenesis.  

(A) Representative confocal images of coronal tissue sections from 9 somite (s) stage control and Lrp2-/- 

embryos stained with claudin 4 (CLDN4, yellow) and non-neural ectoderm marker, E-cadherin (ECAD, 

magenta). DAPI (cyan) marks cell nuclei. Overlapping expression pattern of CLDN4 and ECAD in both 

control and Lrp2-/- embryos indicates a specific localisation of CLDN4 to the non-neural ectoderm, 

independently of LRP2. Scale bar: 50 µm. (B) Frontal view of whole-mount control and Lrp2-/- cranial 

neural folds with immunofluorescence labelling against CLDN4 (magenta) and ZO-1 (cyan). 

Colocalization signals between CLDN4 and ZO-1 show a tight junction-specific expression of CLDN4 in 

the non-neural ectoderm. Scale bar: 50 µm. (Bô, Bôô) Higher magnification images of boxed region in B. 

Scale bar: 10 µm. Figure was adapted from published work (Mak and Hammes, 2024). 
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4.1.2 Claudin 3 shows non-junctional localisation in the early 

developing cranial neural folds 

Claudin 3 represents another member of the claudin superfamily, a group of structurally 

similar proteins that constitute the backbone of TJ strands. While previous studies have 

demonstrated the expression of claudin 3 in the choroid plexus epithelium of mouse 

embryos from E13.5 onwards, there was no existing study that ever reported the 

expression pattern of claudin 3 in the earlier stages of mouse embryonic development 

(Steinemann et al., 2016).  

 

Figure 17. Non-junctional localisation of claudin 3 in the developing cranial neural folds 

during early stages of embryonic morphogenesis.  

(A) Representative confocal images of coronal tissue sections from the 10 somite (s) stage control embryo 

stained with ZO-1 (yellow) and claudin 3 (CLDN3, magenta). DAPI (cyan) marks cell nuclei. ZO-1 is 

highly expressed on the apical surface of neuroepithelium whereas CLDN3 is expressed around cell nuclei. 

The non-overlapping expression patterns of ZO-1 and CLDN3 indicate a non-tight junction-specific 

localisation of CLDN3. Scale bar: 50 µm. (B) Immunofluorescence co-labelling of CLDN3 (magenta) and 

the nuclear lamina marker, Lamin B1 (yellow), on the tissue sections of control and Lrp2-/- embryos at 8s. 

Cell nuclei are marked by DAPI in cyan. CLDN3 colocalises with Lamin B1, suggesting its non-junctional 

expression in the nuclear membrane during early stages of embryonic development. Scale bar: 50 µm. (Bô, 

Bôô) Higher magnification images of boxed regions in B. Scale bar: 5 µm. Figure was adapted from 

published work (Mak and Hammes, 2024). 
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In this study, the localisation patterns of claudin 3 in the cranial neural folds were 

compared between control and Lrp2-/- embryos at E8.5. As opposed to a TJ-specific 

expression pattern, claudin 3 was detected instead at the perinuclear membrane, as 

indicated by its overlapping expression with the nuclear lamina marker, Lamin B1 

(Figure 17 B). Non-junctional localisation of claudin 3 was observed in all cell types of 

the cranial neural folds of both control and Lrp2-/- embryos, including the NE, NNE, and 

mesodermal cells (Figure 17).  

 

To ensure that the observed non-junctional claudin 3 localisation was not attributed to 

non-specific binding of the claudin 3 antibody, validation was performed on adult colon 

tissues from both control and Cldn3-/- mice, kindly provided by Dr Tilman Breiderhoff 

(Charité, Berlin). Colon represents a region where claudin 3 is highly expressed. 

Immunofluorescence staining detected TJ-specific apical enrichment of claudin 3 in the 

adult colon epithelium of control mice, while the Cldn3-/- colon epithelium showed no 

expression of claudin 3 (Figure 18 A). To confirm that the antibody conferred the same 

Figure 18. Tight junction -specific localisation of claudin 3 in adult and embryonic 

mouse tissues. 

(A) Colon tissues from adult control and Cldn3-/- mice with immunofluorescence labelling against 

claudin 3 (CLDN3, magenta). DAPI (cyan) marks cell nuclei. CLDN3 is highly expressed at the apical 

junction of colon epithelial cell and is absence in the adult Cldn3-/- colon. Scale bar: 50 µm. (B) Colon 

of both E13.5 and E18.5 wild-type C57BL/6N embryos, and salivary gland of E18.5 wild-type 

C57BL/6N embryos, are marked with DAPI (cyan) and CLDN3 (magenta). CLDN3 localises 

specifically to the epithelial cell border in these regions. Scale bar: 20 µm. Figure was adapted from 

published work (Mak and Hammes, 2024). 
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specificity during embryonic development, further validation was done on E13.5 and 

E18.5 wild-type mouse embryonic tissues, and the regions where claudin 3 is highly 

expressed were closely examined. In all cases, claudin 3 was specifically localised to the 

epithelial cell border (Figure 18 B). Of note, a total of two commercially available 

claudin 3 antibodies were used and validated. These results confirmed the specificity of 

the claudin 3 antibodies and therefore revealing a potential non-junctional role of claudin 

3 during early stages of cranial morphogenesis independent of LRP2. 

4.2 A closer look into the role of LRP2 during craniofacial 

morphogenesis 

Craniofacial abnormalities represent one of the most astonishing phenotypes observed in 

the Lrp2-/- mutants. In our previous works, we have yet to provide direct evidence linking 

LRP2 to the formation of craniofacial features derived primarily from the cranial neural 

crest. To first ascertain if the abnormally formed craniofacial structures in the Lrp2-/- 

mutants are neural crest-derived, Sox10cre/wt; Ai14fx/fx; Lrp2+/- reporter mouse line was 

generated for genetic lineage tracing of neural crest fate. Under the regulation of the 

Sox10 promoter, Sox10cre/wt; Ai14fx/fx reporter mice express Cre recombinase. This 

enzyme excises the stop codon upstream of the tdTomato gene, leading to the robust 

expression of the red tdTomato fluorescent protein in all SOX10-derived lineages. 

SOX10 is one of the most commonly used neural crest markers. 

4.2.1 Craniofacial abnormalities are attributed to  abnormal 

cranial neural crest development 

Lineage-labelled NCCs in the cranial region of control and Lrp2-/- embryos, isolated from 

the Sox10cre/wt; Ai14fx/fx; Lrp2+/- reporter mouse line, were visualised and compared at 

E13.5. Analysis of these embryos confirmed that the neural crest contributed 

substantially to craniofacial structures (Figure 19). 

In control embryos, the cranial neural crest contributed to the proper formation of 

frontonasal prominence, maxillary processes, and mandibular processes, which 

altogether gave rise to well-aligned craniofacial structures (Figure 19). The eyes were 

also properly formed in all control embryos (Figure 19). In contrast, Lrp2-/- embryos 

presented severe craniofacial anomalies including widened frontonasal prominence, 
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flattened rostrum, hypoplastic maxillary processes, as well as mid-facial clefting through 

the snout and lip (Figure 19). Additionally, loss of LRP2 also resulted in the absence of 

eye structures (Figure 19). Altogether, these findings demonstrate that dysregulated NCC 

development causes abnormal formation of craniofacial features, and raise the hypothesis 

that endocytic receptor LRP2 may have an important role in the regulation of proper 

cranial neural crest development during craniofacial morphogenesis. 

 

4.2.2 LRP2 is expressed in the pre-migratory, delaminating, 

and early migrating cranial neural crest cells 

To further explore the role of LRP2 during cranial neural crest development, LRP2 

expression within the CNCC population was assessed across multiple embryonic 

developmental windows. The commonly known neural crest marker, SOX10, generally 

becomes detectable at the murine NPB from the 3 ï 4 somite stage onwards, when a 

Figure 19. Loss of LRP2 leads to abnormal development of neural crest-derived 

craniofacial features. 

Representative images of control and Lrp2-/- embryos at E13.5 from lateral and frontal views. Both bright 

field and SOX10cre-tdTomato (red) channels are shown. Lrp2-/- embryos show flattened rostrum, widened 

frontonasal prominence (FNP), and hypoplastic maxillary processes (MX). Additionally, mid-facial 

clefting (yellow arrowheads) and bilateral cleft lip (white arrowheads) are observed. Asterisks indicate 

absent eye structures in Lrp2-/- embryos. Scale bar: 1 mm. FB: forebrain; FNP: frontonasal prominence; 

MX: maxillary process; MD: mandibular process. 
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small population of NCC has successfully undergone the process of neural crest 

induction and specification. Expression of SOX10 persists in the CNCCs when 

delamination and migration commence. 

  

At E8.0 ï E9.0, LRP2 was highly expressed on the apical surface of NE, NPB, and NNE 

cells (Figure 20). Co-staining with SOX10 confirmed that LRP2 was also expressed on 

the apical surface of pre-migratory NCCs residing within NPB from 4s onwards (Figure 

20 AïF). As NCCs began to delaminate and migrate from the NPB, LRP2 remained 

detectable on their plasma membrane (Figure 20 BïH, J, K and Figure 21). At 12s, when 

the neuroepithelium had been uplifted to prepare for NT closure, NCCs were still positive 

for LRP2 expression but the signal became much weaker compared to the earlier 

developmental windows (Figure 20 H, K). When the dorsolateral hinge point had been 

formed at 14s, expression of LRP2 was no longer visible within NCCs (Figure 20 I, L).  

Figure 20. Expression of LRP2 in cranial neural crest cells across several early embryonic 

developmental windows. 

Representative images of control cranial neural fold sections stained with LRP2 (yellow) and SOX10 

(magenta) during (A, B) pre-migratory and delaminating, (C ï F) delaminating and early migrating, and 

(G ï I) late migrating phase of cranial neural crest cells (CNCCs). Arrow in (I) indicates the bending of 

neuroepithelium towards dorsal midline at the dorsolateral hinge point. Scale bar: 50 µm. (J ï L) Zoom 

insets of D, H, and I, showing the gradual loss of LRP2 expression within CNCCs across embryonic 

developmental stages. Scale bar: 10 µm. 
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4.3 LRP2 is required for proper murine cranial neural crest 

cell integrities during early embryonic development 

Neural crest-derived craniofacial abnormalities observed in the Lrp2-/- mutants and 

positive LRP2 expression within CNCCs during its initial stages of development 

provided strong hints of LRP2 being an important player during cranial neural crest 

development. To interrogate whether this assertion holds true, a comprehensive look into 

the CNCC behaviours and dynamics between control and Lrp2-/- embryos were 

conducted.  

4.3.1 Loss of LRP2 leads to an expansion of neural crest 

territory in the developing cranial neural folds 

Given that LRP2 is expressed in CNCCs during early stages of embryonic development, 

neural crest domains of control and Lrp2-/- embryos were carefully scrutinised. 

Compared to control embryos, E8.5 Lrp2-/- embryos showed an aberrant accumulation 

of NCCs in the dorsal developing cranial neural folds, as illustrated by the greater number 

of SOX10+ cells that remain localised in this region (Figure 22 A).  

During early migration phase of NCCs (6 ï 9s), around 17% of cells in the cranial neural 

folds of control embryos were SOX10+ (Figure 22 B). As NCCs developed further and 

migrated (10 ï 15s), the total number of SOX10+ cells localised in the control cranial 

neural folds was maintained relatively constant at about 18% of total cell count (Figure 

Figure 21. LRP2 is expressed on the plasma membrane of cranial neural crest cells. 

Immunofluorescence staining of 9s control cranial neural fold section against SOX10 (magenta), wheat 

germ agglutinin (WGA, cyan), and LRP2 (yellow). WGA is a plasma membrane marker that recognises 

the glycoproteins on cellular membrane. Colocalization between LRP2 and WGA indicates that LRP2 is 

present on the plasma membrane of neural crest cells. Scale bar: 10 µm. 
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22 B). There was no appreciable difference in the total number of SOX10+ cells within 

the developing cranial neural folds between early and late migration phase of NCCs in 

the control embryos (P = 0.3580), suggesting that the neural crest territory was precisely 

regulated at all embryonic developmental time points (Figure 22 C).  

 

Regardless of the neural crest migration phase, Lrp2-/- embryos consistently exhibited a 

significantly greater SOX10+ cell count in the developing cranial neural folds compared 

to control embryos (Figure 22 B). Strikingly, the total number of SOX10+ cells localised 

in the developing cranial neural folds of Lrp2-/- embryos increased significantly from 

Figure 22. Lrp2-/- embryos show an expansion of neural crest territory in the developing 

cranial neural folds.  

(A) Representative images of developing cranial neural folds from control and Lrp2-/- embryos at 7s and 

10s, fluorescently stained with SOX10 (magenta). DAPI (cyan) marks cell nuclei. Compared to control 

embryos, Lrp2-/- embryos show augmented neural crest domain in the developing cranial neural folds 

during both early and late neural crest migration phase. Scale bar: 50 µm. (B, C) Quantification of the 

SOX10+ cell count relative to total cell count in the developing cranial neural folds of control and Lrp2-/- 

embryos during early and late migration phases. Data presented as mean ± standard error of mean (SEM). 

Each dot represents averaged SOX10+ cell count (% DAPI) per embryo. Early migration phase denotes 6 

ï 9s whereas late migration phase denotes 10 ï 15s. Control: n = 18 in early migration phase; n = 10 in 

late migration phase. Lrp2-/-: n = 17 in early migration phase; n = 10 in late migration phase. **P<0.01; 

***P<0.001; ****P<0.0001; ns, non-significant, based on unpaired Studentôs t-tests. 
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around 25% to 34% of the total cell count between early and late neural crest migration 

phase (Figure 22 C). These results suggest an aberrant expansion of cranial neural crest 

domain from the early onset of NCC development, attributable to the loss of LRP2 

function.  

4.3.2 Loss of LRP2 does not alter the proliferation rate of 

cranial neural crest cells 

One possible explanation for the expanded cranial neural crest territory in Lrp2-/- 

embryos is an increased rate of proliferation among CNCCs. To investigate this, NCCs 

in the developing cranial neural folds of both control and Lrp2-/- embryos were assessed 

for the expression of cell proliferation marker, Ki67 (Figure 23 A). 

At E8.5, the number of cells that were double positive for SOX10 and Ki67 in the dorsal 

developing cranial neural folds of control and Lrp2-/- embryos were similar, revealing no 

significant difference in the CNCC proliferation rate (P = 0.6664) (Figure 23 C). In both 

genotypes, approximately 6% of SOX10+ NCCs were proliferating at this stage of cranial 

morphogenesis (Figure 23 C). These findings suggest that the expansion of the cranial 

neural crest domain following the loss of LRP2 is not due to an increased NCC 

proliferation.  

4.3.3 Cranial neural crest cells in Lrp2- /- embryos show 

enlarged cell surface area 

While assessing the neural crest domains between control and Lrp2-/- embryos, one 

visually noticeable difference was that NCCs of Lrp2-/- embryos exhibited a greater cell 

surface area. To confirm this, cranial neural folds of control and Lrp2-/-embryos at E8.5 

were co-stained for SOX10 and plasma membrane marker, WGA.  

Since WGA recognises glycoproteins expressed on the cellular membrane, measuring 

the area occupied by WGA in the SOX10+ cells would inform the overall cell surface 

area of NCCs. Using Imaris Cell software, the plasma membrane of each NCC was 

outlined with the built-in algorithm, and then the threshold was manually adjusted to 

measure the cell surface area (Figure 23 B). Data from control and Lrp2-/- embryos were 

subsequently compared using unpaired Studentôs t-tests. Indeed, quantitative analysis 
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affirmed the hypothesis that there is a positive enlargement of CNCC surface area in 

Lrp2-/- embryos compared to control embryos (Figure 23 D). 

 

4.3.4 Loss of LRP2 leads to an abnormal expression pattern of 

cell adhesion molecule cingulin during early cranial 

morphogenesis 

The process of cranial morphogenesis during early stages of embryonic development 

involves a dynamic remodelling of cell junction components to suit different cellular 

Figure 23. Comparisons of cranial neural crest cells between control and Lrp2-/- embryos 

reveal an increased cell surface area but not the proliferation rate.  

(A) Representative images of cranial neural folds from the 8s control and Lrp2-/- embryos labelled with 

SOX10 (magenta) and cell proliferation marker, Ki67 (yellow). Scale bar: 50 µm. (B) Colour-coded maps 

of the neural crest cell (NCC) plasma membrane marked with WGA (yellow) on the cranial neural fold 

sections of control and Lrp2-/- embryos. Colour-coded map was defined based on surface area of NCCs. 

In the situation where segmentation failed to capture one complete cell, manual addition or subtraction of 

surface area was performed (refer to Section 3.2.11.3 for detailed explanation). Scale bar: 5 µm. (C) 

Quantification of Ki67 and SOX10 double positive cell count in the developing cranial neural folds of 

control and Lrp2-/- embryos. Data presented as mean ± standard error of mean (SEM). Each dot represents 

averaged date per embryo. Control and Lrp2-/-: n = 5. ns, non-significant, based on unpaired Studentôs t-

tests. (D) Quantification of NCC surface area. Data presented as violin plots, in which dashed lines denote 

median values whereas dotted lines denote interquartile ranges. Control: n = 1042 cells from ten embryos; 

Lrp2-/-: n = 841 cells from eight embryos. ****P<0.0001, based on unpaired Studentôs t-tests. 
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needs during specific developmental windows. While exploring the potential role of 

LRP2 in regulating the function and localisation of apical junctional proteins, the TJ 

scaffolding protein cingulin emerged as one of the top candidates due to their specific 

localisation to the cytoplasmic domain of TJs that serve a link with the cytoskeleton (Citi 

et al., 2012). Cingulin is not required for the structural maintenance of TJs, but rather 

serves a regulatory role on the TJ functions through its direct interaction with myosin 

and actin filaments, as well as the Rho family GTPases including Rac1 and RhoA (Citi 

et al., 2012; Guillemot et al., 2004; Niessen, 2007).  

 

Cingulin has been related to the ectopic expansion of CNCC domain in chick embryos 

owing to their responsibilities in the regulation of neural crest delamination and 

migration (Wu et al., 2011). To assess this from the perspective of murine CNCC 

development, the expression pattern of cingulin was examined in the cranial neural folds 

of control and Lrp2-/- embryos at E8.5. Considering how cingulin shows a specific 

spatiotemporal expression pattern during early stages of embryonic development, only 

the early stages of NCC formation where both delamination and migration are still 

extensively in progress were examined (Fleming et al., 1993; Wu et al., 2011).  

Figure 24. LRP2 is necessary for the spatiotemporal regulation of cingulin expression. 

Representative images showing the neuroepithelium and neural crest cells (NCCs) from the cranial neural 

folds of 8s control and Lrp2-/- embryos stained with cingulin (CGN, yellow) and SOX10 (magenta). DAPI 

(cyan) marks cell nuclei. The neuroepithelium and NCCs of control embryos show a complete absence of 

CGN expression at 8s. Whereas Lrp2-/- embryos at this stage show strong expression of CGN in both 

neuroepithelium and NCCs. Scale bar: 50 µm (neuroepithelium panel); 20 µm (NCC panel). 
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Strikingly, a global absence of cingulin was observed in the cranial neural folds of control 

embryos at around 8 ï 9s, coinciding with the delaminating and early migrating phase of 

NCCs (Figure 24). Conversely, cingulin was strongly expressed in the cranial neural 

folds of Lrp2-/- embryos within the neuroepithelium, NPB, and cranial mesenchyme 

including the NCCs during this time point (Figure 24). These findings suggest that LRP2 

is likely involved in regulating the specific spatiotemporal localisation pattern of cingulin 

during the early stages of cranial morphogenesis. 

4.4 Adequate cranial neural crest fate requires the function of 

LRP2 

Given that the expanded cranial neural crest territory in Lrp2-/- embryos was shown not 

to be a downstream effect of increased CNCC proliferation, more elaborative 

investigations into the process of cranial neural crest development followed. As 

introduced in Section 1.3.2, before NCCs can commit to their final fate at the targeted 

destinations, a step-wise developmental events need to take place for the transformation 

of NE cells into the presumptive NCCs that are ultimately specified to delaminate and 

migrate away from the NPB. The expanded neural crest domain observed in Lrp2-/- 

embryos during both the early and late migration phases led to the hypothesis that the 

probable impairments are most likely to arise during the initial phases of NCC 

development. 

4.4.1 Loss of LRP2 causes aberrant localisation of neural crest 

cells within the neuroepithelium 

As neural crest development is a multistep event, the expression of appropriate markers 

during the precise developmental windows is required to ensure a specific cellular 

commitment to the neural crest fate. Over the past decades, extensive studies performed 

to better understand the developmental potential of neural crest have successfully 

identified numerous markers that act in a precise temporal manner to regulate NCC 

formation. 
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Figure 25. Aberrant localisation of neural crest cells within the neuroepithelium of Lrp2-/- 

embryos. 

(A) Representative images of coronal sections from the 9s control and Lrp2-/- embryos, showing their 

respective neural plate borders (NPBs) stained with the neuroepithelial marker, SOX2 (cyan), as well as 

the neural crest markers, TFAP2Ŭ (yellow) and SOX10 (magenta). Lrp2-/- embryos show neural crest cells 

(NCCs) that also co-express SOX2, suggesting their aberrant localisation within the neuroepithelium 

(arrowheads). Scale bar: 20 µm. (B ï E) Co-staining of the (B, C) pre-migratory markers, TFAP2Ŭ (yellow) 

and SOX9 (magenta), as well as the (D, E) pre-migratory (SOX9, yellow) and migratory (SOX10, 

magenta) NCC markers, on the 8s control and Lrp2-/- cranial neural folds. DAPI (cyan) marks cell nuclei. 

Scale bar: 20 Õm. (Bô, Cô) Zoom insets of B and C. TFAP2Ŭ marks the early pre-migratory NCCs prior to 

their expression of SOX9 (dashed circles). Scale bar: 10 Õm. (Dô, Eô) Zoom insets of D and E. SOX9 

expression precedes SOX10, being positive also in the pre-migratory NCCs. Scale bar: 10 µm. Arrowheads 

in A (Lrp2-/- panel), Cô and Eô denote the NCCs that aberrantly localised within the neuroepithelium. 

Dashed circles in A, Bô, Cô, Dô, and Eô denote the pre-migratory NCCs. 
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During early stages of embryonic development, NE cells can be defined based on the 

expression of SOX2. Following neural crest induction, a defined population of NE cells 

localised at the region between neural ectoderm and NNE upregulate the expression of 

specific markers such as PAX3/7 and ZIC1/2 to demarcate the NPB. Presumptive NCCs 

subsequently upregulate the pre-migratory and migratory neural crest markers which 

program them to eventually leave the NPB. In mouse, the well-characterised neural crest 

markers including TFAP2Ŭ, SOX9, and SOX10, share a largely overlapping expression 

domain during early cranial morphogenesis. While all markers are positive in migratory 

CNCCs, TFAP2Ŭ and SOX9 precede SOX10 expression, being also present in the pre-

migratory CNCCs (Chazaud et al., 1996; Keuls et al., 2023). Notably, TFAP2Ŭ is 

initially also expressed throughout the NNE.  

Upon examining multiple markers involved in early neural crest development, a peculiar 

localisation of NCCs within the neuroepithelium of Lrp2-/- embryos was noted. At E8.5, 

control embryos showed the presence of TFAP2Ŭ+ and SOX10+ NCCs only at the very 

lateral edge of cranial neural fold, coinciding with where the NPB would normally arise 

(Figure 25 A). During this time point, some SOX2+ cells in the control NPB began to 

upregulate TFAP2Ŭ expression, delineating the pre-migratory NCCs (dashed circles in 

Figure 25 A, control panel). Moreover, co-staining of TFAP2Ŭ and SOX9, as well as 

SOX9 alongside SOX10, supported that NCC progenitors upregulate the expressions of 

TFAP2Ŭ, SOX9, and SOX10 in an orderly fashion (Figure 25 B, Bô, D, Dô). Irrespective 

of whether the cells were single or double positive for these neural crest markers, they 

were only spotted at the lateral tips of the developing cranial neural folds (Figure 25 B, 

Bô, D, Dô). 

In contrast, a notable number of TFAP2Ŭ and SOX10 double positive NCCs in the Lrp2-

/- developing cranial neural folds also showed co-expression of SOX2. This indicates the 

unusual localisation of these NCCs within the more inward domain of neuroepithelium, 

away from the lateral edge (arrowheads in Figure 25 A). Remarkably, there were a 

greater number of cells subjected to neural crest fate at the Lrp2-/- NPB compared to the 

control NPB, as illustrated by the greater number of cells that were positive for TFAP2Ŭ 

and/or SOX10 expression (Figure 25 A, Lrp2-/- panel). As in the control embryos, 

TFAP2Ŭ and SOX9 functioned upstream of SOX10, marking also the pre-migratory 

NCC population (Figure 25 C, Cô, E, Eô). However, compared to the control embryos, 
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Lrp2-/- embryos exhibited an increase in the size of the pre-migratory NCC domain, 

extending inward from the lateral edge of the neuroepithelium (Figure 25 C, Cô, E, Eô).  

Taken together, these findings suggest that CNCCs aberrantly localise within the 

neuroepithelium of Lrp2-/- embryos due to the expansion of the pre-migratory NCC 

domain, providing a reasonable explanation for the augmented SOX10+ neural crest 

territory observed. This reflects that LRP2 is involved in the decision of defining early 

neural crest fate, which in turns influences the size of neural crest territories in the dorsal 

developing cranial neural tube.  

 

 

Figure 26. Lrp2-/- embryos show an ectopic expansion of the neural plate border. 

(A, B) Representative images of the cranial neural folds of control and Lrp2-/- embryos at 9s from the (A) 

midline of anteroposterior axis and (B) the rostral end, stained fluorescently with SOX2 (cyan), PAX7 

(yellow), and SOX10 (magenta). White dashed lines mark the PAX7 positive domain within the 

neuroepithelium. Scale bar: 50 Õm. (Aô, Aôô, Bô, Bôô) Zoom insets of A and B, providing a closer look to 

the neural plate border (NPB) of both control and Lrp2-/- embryos. Scale bar: 20 µm. On the left, schematic 

diagrams of E8.5 embryo with sectioning planes marked by magenta dashed lines are shown. 
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4.4.2 The expansion of the pre-migratory neural crest domain 

in Lrp2 -/- embryos is due to the ectopic expansion of the neural 

plate border 

Since NCCs are derived from the NPB, one might ask if the expansion of the pre-

migratory NCC domain arises from the impairment of NPB specification. To assess this, 

immunofluorescence staining against the NPB specifier, PAX7, was performed. During 

murine neural crest development, the expression of PAX7 is detectable at the lateral tips 

of the developing neural folds from E7.5 (Murdoch et al., 2012). By E8.5, PAX7 

expression persists at the lateral tips but extends also into the cranial mesenchyme, 

marking a small population of cells that represent the neural crest. Importantly, PAX7 

expression during this developmental time point is absent in the region where the 

prospective forebrain would develop (Basch et al., 2006; Mansouri et al., 1996).  

In this work, the expression pattern of PAX7 within the E8.5 cranial neural folds of 

control embryos coincided with previously reported findings (Jostes et al., 1990; 

Mansouri et al., 1996; Murdoch et al., 2012). Coronal sections from both the rostral end 

and the midline of the anteroposterior axis showed positive PAX7 signals only at the 

lateral edges of the control cranial neural folds (Figure 26 A, Aô, B, Bô). NCCs within 

the cranial mesenchyme were also positive for PAX7 expression (Figure 26 A, B).  

While Lrp2-/- embryos also showed PAX7 expression at the lateral tips of the cranial 

neural folds and within the NCCs, there was an overall expansion of the PAX7+ domain 

within the neuroepithelium (Figure 26 A, Aôô, B, Bôô), similar to the expanded pre-

migratory NCC domain observed. To confirm these results in a quantitative manner, the 

region of positive PAX7 expression within the neuroepithelium was manually outlined, 

marking the area containing any PAX7+ cell (Figure 27). The area of the PAX7+ domain 

was then normalised to the total neuroepithelium area for a valid comparison. Of note, 

the left and right NPBs of each embryo were considered individually during the analysis. 

Statistical analysis revealed marked disparity between the total PAX7+ area within the 

control and Lrp2-/- neuroepithelium at E8.5, with Lrp2-/- embryos showing a significantly 

greater PAX7 area overall (Figure 27).  

So far, the reported findings convey that LRP2 has a critical role in defining cranial 

neural crest fate, starting from the phase when the decision to specify the domain of NPB 
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is needed. Since NPB represents the home of neural crest, an ectopic specification of 

NPB would also influence the subsequent NCC specification, and hence the abnormal 

augmentation of the pre-migratory and migratory neural crest territories observed within 

the dorsal developing cranial neural tube of Lrp2-/- embryos.  

 

To gain a more comprehensive view of the NPB and NCC territories during early cranial 

morphogenesis, whole-mount immunofluorescence staining was performed on the E8.5 

control and Lrp2-/- developing cranial neural folds. Supporting the findings from section 

staining, control embryos displayed a very specific, discrete NCC territories, without 

intermingling with the adjacent neuroepithelium domain where the future brain will form 

(Figure 28 A, B). TFAP2Ŭ also nicely labelled the NNE cells in addition to the NCCs 

(Figure 28 A). From the lateral view, PAX7 clearly delineated the NPB, showing a clear 

downregulation at the region where SOX2 was highly enriched (Figure 28 B). Aside 

from that, SOX2 formed a gradual weakening expression pattern towards the area where 

SOX10+ NCCs occupied (Figure 28 B). The specific expression pattern of these markers 

indicates well-defined territories of neural crest, NPB, NE, and NNE cells when LRP2 

function is in place.  

Figure 27. Quantification of the PAX7 positive domains within the neuroepithelium of 

control and Lrp2-/- embryos. 

Immunofluorescence staining against SOX10 (magenta), SOX2 (cyan), and PAX7 (yellow) define the 

neural crest, neuroepithelium, and neural plate border (NPB) territories, respectively, on the cranial neural 

fold sections of 9s control and Lrp2-/- embryos. White dashed lines represent the area manually outlined 

for quantification. PAX7 positive domains are marked from the lateral edges of neuroepithelium to the 

regions where the innermost PAX7+ cells are present. Statistical analysis using the unpaired Studentôs t-

tests shows a significant expansion of the NPB domain within the neuroepithelium of Lrp2-/- embryos. 

Data presented as mean ± standard error of mean (SEM). Each dot represents averaged data of the single 

NPB from either the left or right side of each embryo. A minimum of two sections were quantified per 

embryo, and the results from all left/right NPB of each embryo were averaged to generate the final area 

represented by the dots in the graph. Control: n = 18 NPBs from nine E8.5 embryos; Lrp2-/-: n = 12 NPB 

from six E8.5 embryos. ****P<0.0001, based on unpaired Studentôs t-tests. 
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On the whole-mount level, Lrp2-/- embryos exhibited an even more obvious ectopic 

expansion of the NCC and NPB territories. Firstly, a remarkable number of both pre-

migratory (TFAP2Ŭ+ and/or SOX9+) and migratory (SOX10+) NCCs were spotted to 

localise aberrantly within the presumably neuroepithelium domain, from both anterior 

and lateral views (Figure 28 A, B). PAX7 expression did not show clear downregulation 

at the anterior forebrain region where SOX2 was enriched and failed to specifically 

define the appropriate NPB domain (Figure 28 B). Besides, there was a weakening of the 

SOX2 downregulation gradient towards the NCC territory (Figure 28 B).  

Strikingly, there was a strong aggregation of SOX10+ cells at the relatively more dorsal 

region of the Lrp2-/- cranial neural folds, as visualised from the lateral view (Figure 28 

Figure 28. LRP2 helps to properly define the territories of neural crest and neural plate 

border. 

(A) Representative images showing the whole-mount cranial neural folds of 7s control and Lrp2-/- embryos 

from the anterior view. Embryos were labelled with TFAP2Ŭ (cyan), SOX9 (yellow), and SOX10 

(magenta). Arrows indicate the migration pattern of the cranial neural crest cells (CNCCs). Arrowheads in 

the Lrp2-/- panel indicate the NCCs that aberrantly localise within the presumably neuroepithelium domain. 

Scale bar: 50 µm. (B) Representative images showing the whole-mount cranial neural folds of 8s control 

and Lrp2-/- embryos from the lateral view, with immunofluorescence labelling against SOX2 (cyan), PAX7 

(yellow), and SOX10 (magenta). Note the gradually weakening expression pattern of SOX2 towards the 

SOX10+ territory and the clear downregulation of PAX7 at the SOX2 enriched territory of the control 

embryos. In contrast, these specific expression patterns are lost in the Lrp2-/- embryos. SOX10+ NCCs also 

strongly localise in a more dorsal aspect of the developing cranial neural folds of Lrp2-/- embryos compared 

to control embryos. Arrowheads in the Lrp2-/- panel indicate the NCCs that aberrantly localise within the 

presumptive neuroepithelium domain. Scale bar: 100 µm. 
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B). Along with this, there was a seemingly less dorsal-to-ventral but more lateral-to-

medial oriented NCC migration pattern (Figure 28 A). Taken together, considering that 

CNCCs migrate dorsoventrally, these observations suggest a likely additional disruption 

of NCC dynamics in the absence of LRP2. 

4.4.3 Loss of LRP2 is associated with an increased epithelial-

to-mesenchymal transition 

Originating from the NE cells, the prospective NCCs undergo EMT to acquire the ability 

to delaminate and migrate from the NPB. As such, a successful EMT progression dictates 

the formation of the migratory NCC domain and its subsequent migratory capacity. The 

ectopic expansion of the pre-migratory and migratory NCC domains, as well as the NPB 

observed in Lrp2-/- embryos, warranted an investigation into the general EMT status of 

the cells within the neuroepithelium. 

EMT involves drastic changes in cellular behaviours, accompanied by the 

downregulation of epithelial markers and upregulation of mesenchymal markers that 

enhance cell motility and invasiveness. To examine whether the loss of LRP2 also affects 

EMT progression, immunofluorescence staining was performed on the cranial neural 

fold sections of control and Lrp2-/- embryos to evaluate the expression pattern of the 

mesenchymal marker, vimentin.  

Within both control and Lrp2-/- headfolds, vimentin was strongly expressed within the 

cranial mesenchyme during E8.5 (Figure 29 A). In control embryos, vimentin expression 

was detected only at the lateral edges across the entire lining of the neuroepithelium, 

coinciding with the NPB region where EMT is expected (Figure 29 A). The plotted 

vimentin intensity profile revealed no signal above the detectable threshold within the 

control neuroepithelium at the site where epithelial fate needs to be maintained (Figure 

29 B), suggesting a spatiotemporally regulated promotion towards mesenchymal fate.  
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In contrast, the vimentin signal was above the detectable threshold not only at the NPB 

but also in the proper NE lining closer to the dorsal midline of Lrp2-/- cranial neural folds 

(Figure 29 A, B). Statistical analysis confirmed a significantly greater vimentin positive 

area within the NE lining of Lrp2-/- embryos relative to control embryos (Figure 29 C). 

Figure 29. LRP2 is involved in the spatiotemporal regulation of epithelial-to-mesenchymal 

transition.  

(A) Cranial neural folds from the control and Lrp2-/- embryos at 11s stained with SOX10 (magenta) and 

vimentin (cyan). Zoom in to the boxed regions on the left panel are shown on the right panel. Arrowheads 

denote the NCCs that aberrantly localise within the expanded neural plate border (NPB) domain of Lrp2-/- 

neuroepithelium (NE). Scale bar: 50 µm (neuroepithelium panel); 10 µm (NPB panel). (B) Vimentin 

intensity profiles of the whole neuroepithelial lining of control and Lrp2-/- embryos. (C) Quantification of 

the vimentin positive area within the neuroepithelium of control and Lrp2-/- embryos. Data presented as 

mean ± SEM. Each dot represents averaged data per embryo. Control: n = 7; Lrp2-/-: n = 6. **P<0.01, 

based on unpaired Studentôs t-tests. 
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Additionally, vimentin expression appeared stronger at the lateral tips of the Lrp2-/- 

cranial neural folds compared to control, presumably due to a greater number of cells 

undergoing active EMT (Figure 29 A, B). The intensity profile of vimentin also 

supported an expanded NPB domain within the Lrp2-/- neuroepithelium, as reflected by 

the wider distance from the lateral edges of the neuroepithelium with high peaks of 

vimentin signal (Figure 29 B).  

Interestingly, NCCs that aberrantly localised within the expanded NPB of Lrp2-/- 

embryos were positive for vimentin expression, indicating an acquisition of 

mesenchymal fate which subsequently also enables these cells to delaminate from the 

region where normally only epithelial fate is present (arrowheads in Figure 29 A). Taken 

together, these results imply that LRP2 not only governs an adequate transition to the 

neural crest fate, but is potentially also involved in regulating their overall dynamics and 

behaviours.  

Another typical hallmark of EMT is the switch from E-cadherin to N-cadherin expression 

within the neuroepithelium. Numerous studies in mouse, chicken, and Xenopus have 

demonstrated that N-cadherin is expressed in the neural plate and cranial mesenchyme, 

but is absent in the NPB and NNE during early stages of cranial morphogenesis 

(Nakagawa and Takeichi, 1998; Rogers et al., 2018; Tondeleir et al., 2014). Specifically, 

the downregulation of N-cadherin at the NPB is critical to allow the successful 

delamination of NCCs. 

To investigate this, the expression profiles of N-cadherin between the cranial neural folds 

of E8.5 control and Lrp2-/- embryos were compared. No discernible distinction of N- 

cadherin signal intensity was observed in the neuroepithelium and NCCs between control 

and Lrp2-/- embryos (neuroepithelium: P = 0.3619; NCC: P = 0.2857) (Figure 30). At 

first glance, there was also no difference in the expression pattern of N-cadherin observed 

(Figure 30).  
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A closer look into the NPB however identified an impaired N-cadherin downregulation 

at the NPBs of Lrp2-/- embryos (Figure 31 A). At 11s, several of NCCs were delaminating 

from the NPB of control and Lrp2-/- embryos (arrowheads in Figure 31 A). While the 

NCC at control NPB had successfully downregulated N-cadherin to detach from the 

neuroepithelium, those NCCs at the Lrp2-/- NPB retained the expression of N-cadherin 

(Figure 31 A). A disoriented organisation of microtubules was also noticed at the NPB 

of Lrp2-/- embryos (Figure 31 A). Intriguingly, a positive N-cadherin expression within 

the NNE of Lrp2-/- embryos was also spotted upon detailed examinations at a higher 

magnification (Figure 31 B).  

Figure 30. LRP2 does not affect the expression level of N-cadherin during early cranial 

morphogenesis.  

Representative images showing the expression of N-cadherin (NCAD, magenta) within the entire cranial 

neural folds (left panel) and neural crest cells (NCCs) (right panel) of control and Lrp2-/- embryos at 11s. 

DAPI (cyan) marks nuclei on the left panel while SOX10 (yellow) marks NCCs on the right panel. Scale 

bar: 50 µm (neuroepithelium panel); 10 µm (NCC panel). Quantification of mean NCAD intensity within 

the neuroepithelium and NCCs are also shown. Data presented as mean ± SEM. Each dot represents 

averaged data per embryo. Control and Lrp2-/-: n = 8 for neuroepithelium; n = 6 for NCCs. ns, non-

significant, based on unpaired Studentôs t-tests.   
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In conclusion, all findings reported in this section highlight that LRP2 is responsible for 

a complete EMT progression to prepare NCCs for their subsequent delamination and 

migration. The loss of LRP2 function results in a state that promotes the mesenchymal 

fate within the neuroepithelium but somehow fails to induce the proper features that 

ensure a smooth delamination of NCCs at the NPB. Nevertheless, this does not 

completely hinder NCC delamination, as majority of the NCCs do delaminate and 

migrate in the Lrp2-/- embryos. 

 

Figure 31. Loss of LRP2 impairs the typical features of the neural plate border and non-

neural ectoderm needed for a proper cranial morphogenesis. 

(A) Immunofluorescence staining of acetylated tubulin (Ac. Tubulin, cyan), N-cadherin (NCAD, 

magenta), and SOX10 (yellow) at the neural plate border (NPB) of control and Lrp2-/- embryos at 11s. 

DAPI is shown in grey. NCAD is downregulated at the control NPB but not at the Lrp2-/- NPB. A disrupted 

microtubules organisation is also seen at the Lrp2-/- NPB. Arrowheads denote the delaminating neural crest 

cells at the NPB. Arrows in the Lrp2-/- panel denote positive NCAD expression within the non-neural 

ectoderm (NNE). Scale bar: 50 µm. (B) High magnification images showing the NNE region from coronal 

sections of 11s control and Lrp2-/- embryos. E-cadherin (ECAD, cyan) delineates the NNE in both control 

and Lrp2-/- embryos. NCAD (magenta) expression is absence within the NNE of control embryos but is 

presence within the NNE of Lrp2-/- embryos. DAPI (grey) marks cell nuclei. Scale bar: 10 µm. 
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4.5 Migratory behaviours of cranial neural crest cells are 

governed by the function of LRP2 

To evaluate whether LRP2 influences the migratory dynamics of NCCs, Sox10gfp/wt 

reporter mice that enable all NCCs with transcriptionally active Sox10 expression to be 

fluorescently labelled were crossed with the Lrp2+/- mice to allow the tracking of NCC 

migration in both control and Lrp2-/- embryos. 

At E9.5, the endogenous GFP signals in the control and Lrp2-/- embryos endorsed the 

findings that have just been described above, supporting impaired NCC dynamics during 

early cranial morphogenesis when the function of LRP2 was abolished. Among control 

embryos, the GFP signal was evenly distributed around the optic vesicle within the 

forebrain region at 16s (Figure 32 B). The signal within the developing forebrain then 

showed a gradual weakening pattern as embryos reached 20s and subsequently 25s, 

indicating a sequential downregulation of SOX10 expression as NCCs reached the 

designated locations and began to differentiate into specific cell lineages (Figure 32 A ï 

C).  

Figure 32. Sox10gfp/wt; Lrp2+/- reporter mouse line supports an impaired cranial neural crest 

cell dynamic in the Lrp2-/- embryos.  

(A ï F) Lateral view of the control and Lrp2-/- embryos isolated from the Sox10gfp/wt; Lrp2+/- reporter mouse 

line during E9.5. Scale bar: 200 µm. (A, D) Both bright field and GFP channels are shown for the 20s 

embryos. (B, C, E, F) Only GFP channel is shown for the embryos from (B, E) 16s and (C, F) 25s. Arrow 

in (D) denotes an open neural tube in the Lrp2-/- embryos. Arrowheads in (D, E) denote the U-shaped like 

GFP signal. TEL, telencephalon; OPV, optic vesicle; PA, pharyngeal arch; OV, otic vesicle. 
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Now looking at the Lrp2-/- embryos during 16s, while GFP signal was also enriched 

around the developing optic vesicle, they exhibited a kind of U-shaped pattern rather than 

being evenly distributed (arrowhead in Figure 32 E). As Lrp2-/- embryos reached 20s, the 

U-shaped pattern GFP signal persisted, and there was no apparent downregulation of 

SOX10 expression within the forebrain region, unlike what was observed in the control 

(arrowhead in Figure 32 D). At 25s, the GFP signal diminished within the developing 

forebrain of Lrp2-/- embryos. However, the remaining signal somehow appeared non-

uniformly distributed and also showed an invasion into the presumably optic vesicle area 

(Figure 32 F).  

Thus, the examination of SOX10-GFP+ embryos provides further evidence supporting 

the initial hypothesis that LRP2 is an important player in the regulation of CNCC 

dynamics.  

 

 

Figure 33. LRP2 regulates cranial neural crest cell migration ex vivo. 

(A) Cranial neural tube (NT) explants prepared from the E9.5 control and Lrp2-/- embryos at 24 hr after 

culturing. White dashed lines denote the explanted neural tube tissues; cyan dashed lines represent the area 

occupied by the pre-migratory neural crest cells (NCCs); magenta dashed lines mark the regions of 

migratory NCCs (mNCCs). Scale bar: 500 µm. (B) Quantification of the total NCC outgrowth area 

normalised to the area of explanted tissues. Data presented as mean ± SEM. Each dot represents normalised 

data of each explant. Control: n = 21; Lrp2-/-: n = 14. ***P<0.001, based on unpaired Studentôs t-test.   
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4.5.1 Loss of LRP2 leads to reduced outgrowth area of 

migratory neural crest cells ex vivo 

To investigate the role of LRP2 during CNCC migration, ex vivo cranial neural tube 

cultures were prepared from E8.5 and E9.5 control and Lrp2-/- embryos of the Sox10gfp/wt; 

Lrp2+/- reporter mice. The explants were cultured on the fibronectin-coated dishes for 24 

hrs to allow sufficient NCCs to leave the neural tube tissues and start migrating before 

imaging (Section 3.2.7). Due to an insufficient number of E8.5 explants that survived 

imaging, only time-lapse videos from the E9.5 explants were quantified and presented 

below.  

By 24 hrs, NCCs have emigrated from the explanted tissues, with the pre-migratory 

NCCs forming a continuous dense, epithelial-like sheet around the explanted tissues, 

while the migratory NCCs form an outer ring (Figure 33 A). Quantitative analysis 

comparing the total outgrowth area of NCCs between control and Lrp2-/- explants 

revealed a significant reduction in the area occupied by the NCCs in the absence of LRP2 

(Figure 33 B). For this analysis, the area occupied by both the pre-migratory and 

migratory NCCs was included and normalised to the area of the explanted tissues for 

comparison. These results provide an initial hint that LRP2 is potentially involved in the 

regulation of NCC migration.  

4.5.3 Loss of LRP2 results in a distinct migration pattern of 

cranial neural crest cells ex vivo 

The migration dynamics of CNCCs can be followed ex vivo by tracing the GFP-

expressing migratory NCCs as they emigrate from the cultured cranial neural tube 

tissues. For this purpose, cranial neural tube explants were cultured for 24 hrs and time-

lapse imaging was performed for a total duration of 18 hrs, with 15-min intervals between 

frames. Individual GFP-expressing migratory CNCCs were then manually tracked using 

the Manual Tracking plugin of ImageJ to generate the XY coordinates of every tracked 

cell. Data were subsequently used for the analysis of cell migration parameters and 

plotting the cell migration map (see Section 3.2.11.4 for details).  

The CNCC migration tracks of control and Lrp2-/- explants demonstrated a clear 

difference in their overall migration pattern (Figure 34). While the control CNCCs 
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migrated in consistent, linear tracks away from the explanted tissues, the Lrp2-/- CNCCs 

showed a random migration pattern, with the direction of migration that was not clearly 

defined by their migration tracks (Figure 34 A). Additionally, CNCCs from the Lrp2-/- 

explants showed a much higher tendency to turn, unlike the control CNCCs that clearly 

followed the established direction of migration from the origin (Figure 34 B). Together, 

these results suggest that LRP2 is required to help in regulating the migratory behaviours 

of CNCCs.  

Figure 34. LRP2 function is required for the proper migration of cranial neural crest cells 

ex vivo.  

(A) Snapshots from the time-lapse videos of GFP-expressing migratory neural crest cells (NCCs) 

emigrating from the E9.5 control and Lrp2-/- cranial neural tube explants acquired 24 hours after culturing. 

The frames at time point 0, 6, 12, and 18 hour are shown. The migration tracks of the ten individual cells 

followed are shown as the overlay dots and lines plot on the time-lapse videos (1 frame/ 15 mins, 18 hrs 

video). Scale bar: 100 µm. (B) Trajectory plots of the tracked migratory NCCs from the representative 

E9.5 control and Lrp2-/- cranial neural tube explants. Each coloured line represents the full migration path 

per cell over the total 18-hour duration.  
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4.5.4 LRP2 does not influence the total distance and velocity of 

cranial neural crest cell migration 

To better understand what specific migration parameters are under the influence of LRP2 

function, quantitative analyses were performed to calculate the mean accumulated and 

Euclidean distances, velocity, as well as the directionality of each migration track. In 

brief, accumulated distance refers to the total length of a migration track, whereas 

Euclidean distance is defined as the straight-line distance between the origin and final 

destination. Velocity represents the total migration distance over time, while 

directionality is the ratio of the total Euclidean distance to the total migration distance.  

Ex vivo assays showed an overall linear, directed migration of control NCCs away from 

the cranial neural tube tissues. In particular, control NCCs exhibited a collective chain-

like migration pattern, with the leader cells migrating in the front and the follower cells 

trailing behind them (Figure 35 A). By contrast, instead of showing a clear migration 

direction away from the cultured tissues, NCCs of the Lrp2-/- explants migrated more 

laterally, adjacent to the cranial neural tube tissues, with no collective chain-like 

migration pattern observed (Figure 35 A). Quantitatively, NCCs of the E9.5 control and 

Lrp2-/- explants showed no significant differences in the mean accumulated migration 

distance and mean velocity of their migration. The complete 18-hour migration tracks of 

both control and Lrp2-/- NCCs were approximately 700 µm in length (P = 0.5874) while 

the mean velocities of both were at around 0.65 µm/min (P = 0.5723) (Figure 35 B, C).  

Interestingly, NCCs of the Lrp2-/- explants showed a significant reduction in their 

Euclidean distance during migration compared to the control NCCs, suggesting a 

decreased straight-line distance travelled (Figure 35 D). Similarly, a compromised linear-

like migration pattern was also reflected in the overall significantly reduced directionality 

of migratory NCCs in the Lrp2-/- explants (Figure 35 E).  

Taken together, these findings propose that LRP2 has no influence on the total distance 

and velocity of NCC migration ex vivo. However, it is essential to guide the directed 

migration of NCCs during early stages of cranial morphogenesis.  
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Figure 35. LRP2 does not affect the total migration distance and velocity of cranial neural 

crest cells ex vivo.  

(A) Snapshots from the time-lapse videos showing the emigration of neural crest cells (NCCs) from the 

E9.5 control and Lrp2-/- explants at the 18-hour time point of imaging. Arrows indicate the overall 

migration direction of NCCs. White dashed lines mark the area of explanted tissues. Scale bar: 100 µm. 

(B ï E) Quantification of (B) mean track accumulated distance, (C) mean track velocity, (D) mean track 

Euclidean distance, and (E) mean track directionality of NCCs. Data presented as mean ± standard error 

of mean (SEM). Each dot represents the averaged data from 10 cells per explant. Control: n = 10; Lrp2-/-: 

n = 11. ****P<0.0001; ns, non-significant, based on unpaired Studentôs t-tests. OV, otic vesicle. 
























































































