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ABSTRACT 

 

Early post-implantation vertebrate embryos are shaped by complex 

cellular and molecular mechanisms. In mice, the visceral endoderm, an extra-

embryonic cell lineage that appears before gastrulation, provides several 

important functions such as nutrition and mechanical protection. My thesis 

research focused on the role of the visceral endoderm in embryo patterning, a 

newly discovered function for this tissue. My results showed that an interplay 

between two subpopulations of visceral endoderm the anterior and posterior 

visceral endoderm, located on the opposite sides of the developing conceptus, 

are critical for the establishment of the anteroposterior body axis of the embryo. I 

also found that senescence-associated β-galactosidase activity delineates the 

visceral endoderm marking apical vacuole, a lysosomal-like organelle. This 

however indicates the nutritional function of visceral endoderm cells rather than a 

senescent population. My studies highlight the fundamental role of extra-

embryonic tissues in patterning mammalian embryos as opposed to 

housekeeping roles. They also reveal important difference when conducting 

studies at the organismal level rather than in cells in culture. 
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The understanding of early embryonic development remains a source of 

fascination for scientists and lay people alike, presumably stemming from the 

human desire to know one’s own origins.  Within mammals, the mouse is the 

best model for understanding human development due to the following reasons: 

reproductive capacity, close taxonomic distance to man, relatively easy 

manipulation and ethical considerations compared to other mammalian models 

(Slack, 1991). 

One fundamental question of mammalian development is how a zygote 

becomes a unique animal with diverse appearance and complex internal organ 

organization. The answer to this question lies at the early stages of development 

when crucial developmental decisions take place. The mouse gestation period is 

about 3 weeks long, however, not many people appreciate that the fundamental 

body plan of the embryo becomes evident within one week after fertilization 

(Beddington and Robertson, 1999) and soon after, a miniature individual, 

consisting of a central nervous system, notochord, somites, pharyngeal arches, 

and other tissues develops from a homogeneous group of cells, the inner cell 

mass of the blastocyst (Slack, 1991; Wolpert, 2002). All of these compartments, 

which contain specific cell types, must lie in the proper position relative to each 

other, which is determined by the anterior-posterior (AP), dorsal-verntral (DV) 

and left-right (LR) embryonic axes. 

In later development, there is a fast increase in embryo size and 
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differentiation of specific organs (Slack, 1991; Wolpert, 2002). All this develops 

on the framework of the basic body plans that is laid down during gastrulation, a 

period of embryonic development in which the cells undergo complex 

morphological movements to generate the three primary germ layers (ectoderm, 

mesoderm and endoderm), from which the whole fetus develops later. (Snow 

and Bennett, 1978; Skreb et al., 1991; Tam et al., 2006; Tam and Loebel, 2007; 

Solnica-Krezel and Sepich, 2012) 

The term gastrulation is derived from the Greek word “gaster” meaning 

belly or stomach, first coined by the German embryologist Ernst Haeckel in his 

1872 work “The biology of calcareous sponges” (Stern, 2004). The process of 

gastrulation is widely studied in a variety of animal models, and it is basic for our 

understanding of birth defects, such as spinal bifida and LR asymmetry 

abnormalities (situs inversus, right and left Isomerism). The study of gastrulation 

also provides an excellent model to understand the molecular mechanisms that 

regulate tumor growth and metastasis, especially cell differentiation, cell 

migration and epithelial to mesenchymal transition (EMT). In addition, the study 

of gastrulation also benefits the regenerative medicine field with parallels 

between the mechanisms of regeneration and those that govern gastrulation 

(Solnica-Krezel and Sepich, 2012). 

Unlike other vertebrates such as frogs and fish, the mouse embryo 

contains elaborate extra-embryonic tissues (Beddington and Robertson, 1999; 

Solnica-Krezel and Sepich, 2012). One of these extra-embryonic cell lineages, 
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the visceral endoderm, the subject of this work, performs critical functions to 

regulate gastrulation in the mammalian embryo development.  

 

 Early mouse development  

The course of normal mouse development up to the implantation stage is 

shown in Figure. 1.1 (Hogan, 1994; Tam and Behringer, 1997; Beddington and 

Robertson, 1999). The first few cleavage stages after fertilization are very slow, 

taking approximately 48 hours to reach the 8-cell stage. Soon after, the whole 

embryo acquires a nearly spherical shape in a process called compaction. The 

compacted morula then begins the process of cavitation that results in the 

generation of the blastocoele.  Around three days after fertilization, the embryo 

moves from the oviduct to the uterus. The blastocoele cavity enlarges and 

transforms the morula into a blastocyst, which is composed of two distinct tissues: 

an outer cell layer called the trophectoderm (TE) and a clump of cells attached to 

the interior, the inner cell mass (ICM) (Johnson and Ziomek, 1981; Slack, 1991).  

The course of mouse development up to early post implantation stage is 

shown in Figure.1.2 (Hogan, 1994; Tam and Behringer, 1997; Beddington and 

Robertson, 1999). At around embryonic day 4.5 (E4.5), the ICM generates a 

layer named primitive endoderm (PE) on the blastocoelic surface. The PE will 

generate the extra-embryonic parietal and visceral endoderm (Gardner, 1983). 

The rest of the ICM, now called epiblast, will give rise to the fetus, including the  
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Figure 1.1. Schematic representation of early mouse embryogenesis up to 

implantation stage. Cartoon depicts E0 to E 3.5 embryo development. The 

fertilized egg undergoes several cell divisions to form a compacted morula. Fluid 

fills blastoceole and two different cell lineages begins to form - trophectoderm 

and inner cell mass. ICM: inner cell mass; TE, trophectoderm. This figure is 

adapted from the Figure. I in the paper (Rivera-Perez, 2007). 
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Figure 1.2. Schematic representation of early post-implantation stages at 

peri-gastrulation stages. Cartoon illustrates two days of early post-implantation 

development of mouse embryogenesis (E4.5 – E6.5). The inner cell mass cells 

sits on top of blastoceole differentiate into primitive endoderm, and continues to 

form visceral endoderm, surrounding both ectoderm and epiblast at around E5. 

At E5.5, the visceral endoderm cells locating in the distal tip of the egg cylinder 

become specified and shift to the future anterior side around E5.75. Around E6.5, 

the primitive streak develops on the posterior side. The emergence of primitive 

streak is the first morphological landmark of gastrulation. The different colors 

(red, yellow, light grey and dark grey) represent different cell types with specific 

fate commitments.Primitive endoderm PE: primitive endoderm; PS, primitive 

streak; DVE, distal visceral endoderm; AVE anterior visceral endoderm. This 

figure is adapted from the Figure. I. in the paper (Rivera-Perez, 2007). 
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three germ layers and the extra-embryonic mesoderm (Beddington and 

Robertson, 1999; Stern, 2004).  

The TE cells overlying the ICM, continue to divide, generating extra-

embryonic ectoderm (ExE), which pushes the epiblast and surrounding visceral 

endoderm distally towards the blastocoele (Beddington and Robertson, 1999). 

The embryo thus acquires the shape of a cup made up of two cell layers, the 

inner epiblast and the outer visceral endoderm (VE). Recent studies suggest that 

the visceral endoderm overlaying the epiblast also contributes to the embryo 

(Kwon et al., 2008). 

At around E5.5, a cavity is formed in the center of the epiblast. This 

proamniotic cavity is generated by a mixture of apoptotic and survival signals 

emanating from the visceral endoderm (Coucouvanis and Martin, 1995). During 

the immediate post-implantation period (E5.0 to E6.5), the mouse embryo 

changes dramatically in size due to the rapid proliferation of epiblast and extra-

embryonic ectoderm (Tam and Behringer, 1997). Around 6.5 days after 

fertilization, morphological signs of embryonic anterior posterior pattern become 

evident with the formation of the primitive streak at one edge of the embryonic 

ectoderm (Slack, 1991; Beddington and Robertson, 1999). At this time, the 

epiblast cells, adjacent to the posterior visceral endoderm, first a homogeneous 

epithelium, undergo an epithelial to mesenchymal transformation and form the 

primitive streak. The primitive streak marks the posterior end of the future 

embryonic axis, which will extend across the ectoderm from the rim of the cup 
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(proximal) to its distal tip during the next 12–24 hr (Figure.1.3). The primitive 

streak is also a conduit for the generation of mesoderm and endoderm, also 

known as mesoendoderm. At E6.5, the posterior amniotic fold, an outgrowth of 

the ectoderm and extra-embryonic mesoderm, forms at the junction of the 

primitive streak and extra-embryonic ectoderm (Pereira et al., 2011). The 

posterior amniotic fold cavitates and enlarges, pushing the extra-embryonic 

ectoderm proximally and eventually fusing with the opposite side to the embryo. 

The side of the fold closer to the epiblast becomes the amnion, the innermost 

extraemrbyonic membrane that surrounds the fetus and thus provides protection 

for the embryo (Schmidt, 1992). The side nearer the ectoplacental cone becomes 

the chorion, a layer that surrounds the embryo and other membranes, and allows 

transfer of nutrients from maternal blood to fetal blood (Pereira et al., 2011).  

At the anterior end of the streak, a specialized structure forms, known as 

the node (Figure.1.3). Axial mesendoderm derived from the node, comprises that 

mesoderm which will populate the midline of the embryo (prechordal plate and 

notochord) and the gut endoderm. The posterior end of the streak gives rise to 

extra-embryonic mesoderm, while lateral plate mesoderm and paraxial 

mesoderm emerge from the middle levels of the streak. 

The appearance of the primitive streak heralds the process of gastrulation, 

a series cell movements and rearrangements that transform a bilayered embryo 

into one containing the three germ layers; ectoderm, mesoderm and endoderm. 

The purpose of gastrulation is to generate a body plan that serves as a blueprint  
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Figure 1.3. Schematic representation of an E7.5 and E9.5 stage embryo. At 

E7.5 embryo, the amniotic folds develop at the junction of primitive streak and 

extraembryonic ectoderm and continues to grow to attach to the chorion; The 

blood islands, appear as a circle under the proximal yolk sac near the 

ectoplacental cone; The node is formed at the most anterior of the primitive 

streak and axial mesoderm come firstly out of the it. At E9.5 emrbyos, after 

turning, the embryo is well wraped under aminion and visceral yolk sac, and 

connected through the ambilicol cord to placental. eem, extraembryonic 

ectoderm; ps, primitive streak; mes, mesoderm; bl, blood islands; pl, placenta; 

vys, visceral yolk sac; am, amnion. 
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for the subsequent morphogenesis of the embryo (Tam and Behringer, 1997). 

Because of its outsized role in gastrulation, the origin of the primitive streak is 

critical because it defines the anteroposterior axis of the embryo.  

The dorsoventral axis is determined by how the embryo is implanted in the 

uterus at the blastocyst stage and the orientation of the LR axis is dependent on 

the orientation of the DV and AP axes. Thus, the LR pattern also ultimately relies 

on where the streak forms. Not surprisingly, this morphological sequence of 

events suggests that pattern formation in the mammalian embryo could be 

explained once the cues for positioning the primitive streak are understood. 

 

The visceral endoderm 

The visceral endoderm, a cell layer that appears before gastrulation, is 

derived from the primitive endoderm, a transient cell layer that appears on the 

blastocoelic surface of the blastocyst between days 4 and 5 of development 

(Gardner, 1983; Rossant, 1986; Hogan, 1994) (Figure.1.2). The primitive 

endoderm generates two extra-embryonic cell types, the parietal endoderm and 

the visceral endoderm (Gardner, 1983). The parietal endoderm is formed when 

primitive endoderm cells migrate over the surface of the trophectoderm that 

surrounds the blastocoelic cavity. The parietal endoderm synthesizes type IV 

collagen and laminins and together with trophectoderm, produces the parietal 

yolk sac, also known as Reichert’s membrane. The parietal yolk sac surrounds 

the embryo and filters nutrients (Gardner, 1983; Freeman, 1990; Bielinska et al., 
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1999).  

The visceral endoderm is derived from primitive endoderm cells that 

remain in contact with ICM cells. Visceral endoderm cells have microvilli on the 

apical surface and contain numerous endocytotic vesicles, which actively 

internalize various molecules, including transferrin, immunoglobulins (Ig), 

lipoproteins and albumins (Huxham and Beck, 1985; Ichimura et al., 1994; 

Assemat et al., 2005). All these features ensure that maternal nutrients are 

efficiently absorbed, digested and transferred to the adjacent epiblast and extra-

embryonic ectoderm (Morrisey et al., 1998; Barbacci et al., 1999; Bielinska et al., 

1999). 

At the egg cylinder stages of development, a layer of visceral endoderm 

cells covers the epiblast and extra-embryonic ectoderm (Figure.1.2), however, 

cells in this endoderm layer are not uniform in morphology or molecular 

characteristics (Bielinska et al., 1999). Visceral endoderm cells overlying the 

epiblast, also known as embryonic visceral endoderm, are a group of monolayer 

cells with columnar morphology, while those covering the extra-embryonic 

ectocerm, known as extra-embryonic visceral endoderm, are cuboidal (Gardner, 

1983; Rivera-Perez et al., 2003). These morphological features are accompanied 

by regional differences in gene expression, as illustrated by the marker α-

fetoprotein (Afp) and the thyroid hormone transport protein Transthyretin (Ttr). 

Before gastrulation, Afp and Ttr are expressed only in the visceral endoderm 

covering the epiblast. At E 7.5, Afp and Ttr expression are relocated to visceral 
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endoderm covering the extra-embryonic ectoderm and proximal epiblast 

(Dziadek, 1978; Dziadek and Adamson, 1978; Dziadek and Andrews, 1983; 

Kwon and Hadjantonakis, 2009). Therefore, regional differences in gene 

expression may reflect different interactions between visceral endoderm and 

underlying ectoderm (Bielinska et al., 1999). 

At around the time of gastrulation, visceral endoderm cells overlying the 

epiblast are gradually displaced by definitive endoderm cells derived from the 

epiblast. Transplantation and dye injection experiments indicate that visceral 

endoderm cells located anterior to the primitive streak are displaced anteriorly 

and laterally (Lawson and Pedersen, 1987). The displaced visceral endoderm 

cells, form a crescent that overlays the anterior half of the epiblast and eventually 

are destined to the visceral yolk sac (Figure.1.3 & Figure.1.4).  

The consensus among mammalian developmental biologists was that 

definitive endoderm eventually extrudes the vast majority of embryonic visceral 

endoderm cells from the invaginating foregut endoderm and the remainder of the 

embryo (Tam and Behringer, 1997; Thomas et al., 1998). However, a recent 

analysis of the fate of the visceral endoderm using fluorescent reporters has 

shown that visceral endoderm cells overlying the epiblast get incorporated into 

the definitive endoderm layer of the embryo (Kwon et al., 2008). This study 

suggests the visceral endoderm, derived from an extraembryonic cell lineage 

may contribute to the embryonic fetus, which contradicts with the prevailing view 

that only three germ layers give rise to the whole embryo proper.   
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Figure 1.4. Schematic drawing of visceral endoderm cells movements 

during gastrulation. The anterior and distal visceral endoderm cells (dotted) at 

pre-streak embryos are displaced to form a crescent that overlays the anterior 

half of the epiblast at early-streak embryos (strips). Ant, anterior; Pos, posterior. 

The different colors represent different cell types with specific fate commitments. 
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Besides the traditional role in gas exchange and nutrient uptake, the 

visceral endoderm also performs critical functions during gastrulation and 

provides cues for later hematopoiesis and organogenesis. Explant experiments 

have shown that the visceral endoderm is required for the generation of 

cardiomyocytes (Arai et al., 1997). In chick and in Xenopus experiments, Dkk1 

and Cerberus, which have a restricted expression pattern in visceral endoderm 

during early development, are known to induce cardiogenesis in a non-cell 

autonomous manner (Marvin et al., 2001; Schneider and Mercola, 2001; Foley et 

al., 2007). In addition, chimeric analysis for the homeobox gene Otx2 showed 

that the visceral endoderm also plays an important role in induction of the 

forebrain and midbrain (Rhinn et al., 1998). 

The importance of the VE in peri-impantation nutrition is evidenced by 

Neural tube defects (NTDs), which arise from failure to close the neural tube 

completely during development, an event that occurs before establishment of the 

placenta, representing some of the most common congenital malformations in 

humans (Zohn and Sarkar, 2010).  

 

The distal and anterior visceral endoderm 

One day before the emergence of the primitive streak, a group of 

morphological and molecularly distinct visceral endoderm cells form at the distal 

tip of the epiblast (Figure.1.2 & Figure.1.5). These distal visceral endoderm (DVE) 

cells shift in a polarized manner to the region overlying the future anterior aspect  
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Figure 1.5. Schematic drawing of anterior visceral endoderm movements. 

At E5.5, distal visceral endoderm cells (green) located at distal tip of the egg 

cylinder shift to the future anterior side that overlays the anterior epiblast in 7 

hours. Starting from E 5.5, Wnt3 is emanating from posterior visceral endoderm 

(shown in strip). 
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of the embryo to become anterior visceral endoderm (AVE) (Thomas et al., 1998; 

Rivera-Perez et al., 2003; Srinivas et al., 2004). The unidirectional change in the 

location of distal visceral endoderm cells, has been well documented in lineage 

experiments using DiI (Thomas et al., 1998), iontophoresis (Rivera-Perez et al., 

2003) and time-lapse imaging (Srinivas et al., 2004). However, the mechanisms 

behind this movement remain unknown. Differential growth rates have been 

proposed as a possible explanation (Thomas et al., 1998; Yamamoto et al., 

2004), however, evidence is accumulating that suggest that active cell migration 

drives the conversion of DVE into AVE (Rivera-Perez and Hadjantonakis, 2013). 

There is also evidence that the canonical Wnt signaling pathway and its 

antagonists might also provide a mechanism in guiding the movement of DVE 

cells (Kimura-Yoshida et al., 2005). 

 The DVE/AVE is characterized by the expression of multiple genes that 

include Hex and several repressors of Nodal and Wnt signaling such as Cer1, 

Lefty1, Dkk1, Sfrp5 and Sfrp1 (Beddington and Robertson, 1998; Biben et al., 

1998; Oulad-Abdelghani et al., 1998; Mukhopadhyay et al., 2001; Perea-Gomez 

et al., 2001; Pfister et al., 2007). Emerging evidence suggests that these events 

provide important developmental cues for anterior and posterior axial patterning 

(Thomas and Beddington, 1996; Bally-Cuif and Boncinelli, 1997; Tam and 

Behringer, 1997; Beddington and Robertson, 1998).  

 

The posterior visceral endoderm 
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The posterior visceral endoderm (PVE) is a recently identified region of 

embryonic visceral endoderm located opposite to the AVE (Rivera-Perez et al., 

2003) (Figure.1.2). . This region of visceral endoderm is characterized by the 

expression of Wnt3 (Liu et al., 1999; Rivera-Perez and Magnuson, 2005) and 

Mixl1 (Pearce and Evans, 1999; Robb et al., 2000).  The PVE, as defined by the 

expression of Wnt3, is first discernible at around E5.5 as a small area of visceral 

endoderm overlying the posterior epiblast at the junction between the epiblast 

and extra-embryonic ectoderm. As development proceeds this area expands 

distally and circumferentially such that by E6.5 it spans half the length of the 

epiblast and tapers around the circumference of the egg cylinder (Rivera-Perez 

and Magnuson, 2005). 

Unlike the AVE, the PVE cells do not change position and appear to have 

minimal mixing (Kwon et al., 2008). These cells remain in place through the 

process of gastrulation and get incorporated into the embryo (Kwon et al., 2008). 

Recent studies showed the posterior visceral endoderm plays an important role 

in the establishment of anteriorposterior axis (Tortelote et al., 2013). More 

detailed infomation regarding on posterior visceral endoderm signaling center will 

be shown in the following chapters.  

 

The extra-embryonic visceral endoderm 

Visceral endoderm cells overlying the extra-embryonic ectoderm become 

the outer layer of the visceral yolk sac (Figure.1.3). The inner lining of the 
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visceral yolk sac is covered by extra-embryonic mesodermal cells derived from 

the primitive streak. The extra-embryonic visceral endoderm lines the outside of 

visceral yolk sac and coordinates blood cell differentiation and vessel formation 

in the adjoining extra-embryonic mesoderm (Boucher and Pedersen, 1996; 

Belaoussoff et al., 1998; Bielinska et al., 1999). Blood islands (Figure.1.3), 

consisting of hematopoietic progenitors surrounded by endothelial cells, appear 

as a complete band in the proximal yolk sac, near the site of maternal attachment 

and away from the distally located embryo (Dzierzak and Medvinsky, 1995; Zon, 

1995; Ferkowicz and Yoder, 2005).  

Chick explant experiments also suggest that the removal of the endoderm 

layer disrupts erythropoiesis and blood island formation (Bielinska et al., 1999). 

The visceral yolk sac continues to expand in the next few days of development 

and after embryo turning it forms a sac that surrounds the embryo (Bielinska et 

al., 1999). 

 

Vertebrate gastrulation 

All vertebrates develop based on a very similar body plan (Figure 1.6). 

Along the anterior-posterior (A-P) axis they form head, trunk, and tail, and in the 

dorsal-ventral (D-V) axis they form backbone and gut. During development, the 

ectoderm gives rise to the central nervous system (CNS), epidermis and its 

derivatives. The mesoderm differentiates into prechordal plate and notochord, 

somites (muscle, bone), kidney, etc. The endoderm develops into the 
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gastrointestinal and respiratory tracts, pancreas, liver, thymus, thyroid, etc. The 

molecular mechanisms that govern these cell fate decisions and tissue 

differentiation in the embryo between different species also show striking 

similarities.  

 

Amphibians 

A considerable amount of work has been contributed to early embryo 

patterning from studying the early development of the frog Xenopus laevis. There 

are mainly two reasons for this: frog embryos are externaly fertilized and 

relatively big (1-2mm in diameter), so they are easily visualized, manipulated and 

cultured. Xenopus embryos also undergo very rapid cell cycles during early 

development – 90 minutes for the first cell cycle and 20 – 30 minutes with no gap 

in the next consecutive eleven cell cycles. The zygotic genome transcription 

commences at the end of the twelfth cell cycle and the dorsal lip of the 

blastopore (Speman-Mangold Organizer) forms at the fifteenth cycle, which is 

followed by the gastrulation movements to form all the three layers and 

eastablish the DV and AP axes (Gilbert, 2000; Wolpert, 2002).  

Xenopus embryo patterning is lay down at the time when the sperm enters 

the animal hemisphere (Wolpert, 2002). The sperm entry starts cytoskeleton 

rearrangements and later a phenomenon known as cortical rotation, in which the 

egg cortex rotates 30° counterclockwise relative to the interior components of the 

egg and leads to the prospective dorsal side opposite to the sperm entry site 
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(Slack, 2013). In Xenopus embryos, an organizer, called Speman-Mangold 

organizer (SMO), forms in an equatorial sector at the early gastrula stage and 

establishes the initial patterning of the embryo (Harland and Gerhart, 1997; De 

Robertis et al., 2000).  Experiments in which the vegetal side of the zygote was 

irradiated with UV light showed that the embryo did not develop dorsal tissues, 

leaving only a ventralized (belly) piece, suggesting the existence of dorsal 

determinants in the vegetal side in oocytes. This phenotype could be rescued by 

injection of β-catenin mRNAs (De Robertis et al., 2000).  Maternal β-catenin 

mRNAs are enriched in the nuclei of dorsal cells during cleavages and blastula 

stages (De Robertis et al., 2000), suggesting the initiation of canonical Wnt 

signaling (Heasman, 2006). When a “morpholino” oligo complementary to 

Frizzled-7 Wnt receptor mRNA is injected into oocytes, it abolishes the Frizzled-7 

receptor in early gastrula and leads to a ventralized phebotype (Sumanas et al., 

2000). The origin of the SMO can be traced back to the Nieuwkoop center, which 

is an area of the dorsal-vegetal region of dorsal endoderm of the blastula, 

inducing the organizer in a non-cell autonomous manner (Harland and Gerhart, 

1997).  In explants experiments done first by Pieter Nieuwkoop, the dorsal-

vegetal cells from mid-blastula embryos, were recombined with animal cap cells. 

The cells from the animal cap are destined to a neurectoderm fate during normal 

development, however, after recombination, they became mesendoderm cells. 

Therefore, the dorsal-vegetal cells of mid-blastula embryos have the capacity to 

induce the SMO. This group of cells is now known as the Nieuwkoop center 
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(Harland and Gerhart, 1997; Gerhart, 1999) 

In experiments conducted by Pieter Nieuwkoop, the Nieuwkoop center 

was shown to secrete a dorsalizing signal that induces the formation of the SMO. 

Later it was shown that this process requires maternal Wnt activity (Vonica and 

Gumbiner, 2007). Recently it was proposed that maternal Wnt11 is the initial 

signal required for establishing axis formation in Xenopus embryos, acting 

through the Canonical Wnt Signaling Pathway (Tao et al., 2005). 

 
Birds 

The chick is one of the favorite model organism animals by embryologists 

because the chick embryos can be cultured ouside the egg and convenient for 

surgical manipulation. Also most of the organs are formed in chick in an similar 

way to the mammals (Wolpert, 2002; Stern, 2004). 

The fertilized egg undergoes a few cleavages in the chick’s oviduct to form 

a disc of cells, named blastoderm, lying on a huge amount of yolk. It takes the 

fertilized egg 20 hour to pass through the oviduct and get laid. At that time, the 

egg has a basic structure, which is composed of the blastoderm (60,000 cells), 

the egg white, shell membrane and the shell (Wolpert, 2002). After that, the 

cleavages go deeper and thus completely separate the cells to form cleavage 

furrow. The periphery cells in blastdoderm get thicker while the cells in the 

central region become a thin layer, which surround a cavity (the epiblast lies on 

the top, while the hypoblast lies on the bottom). Chick gastrulation starts with the 

emergence of primitive streak, visible as a dense strip which develops from the 
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posterior marginal zone, located at the junction between the area opaca and area 

pellucida at the posterior of the embryo (Wolpert, 2002). 

The specification of the primary axes in chick embryos occurs during the 

cleavage stage. The chick embryo always develops perpendicularly to the long 

axis of the egg (Wolpert, 2002).The anterior-posterior axis is already established 

at the time when the hen lays the egg. Moreover, this axial polarity cannot be 

changed after that, which suggest the basic body plan is determined when the 

egg is in the hen intra-uterus course (Kochav and Eyal-Giladi, 1971). Gravity is 

considered the driving force that determines the anterior-posteior axis. As the 

egg passes through the uterine tract, the egg rotates around its long axis in the 

uterus (10-15 revolutions per hour) and this rotation separates components 

inside the embryo (the yolk moves under the blastoderm); one end of the 

blastoderm is raised up and becomes the future posterior end, where the 

primitive streak appears (Gilbert, 2000; Stern, 2004) 

Transplant experiments show that the posterior marginal zone (PMZ) of 

the chick embryo can induce a complete primitive streak without contributing to 

the induced streak (Skromne and Stern, 2001). Among all the Wnts, only Wnt8C 

is expressed in the marginal zone, in a gradient decreasing from posterior to 

anterior. This indicates a fundamental role of Wnt signaling in inducing the chick 

anterior-posterior axis. Wnt activity seems to require cVg1 in chick embryos.  

Misexpression of Wnt1 in the area pellucida enables this region to form a 

primitive streak in response to cVg1. The Wnt antagonists Crescent and Dkk-1 
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block the primitive streak-inducing ability of cVg1 in the marginal zone. These 

findings suggest that Wnt activity defines the marginal zone and allows cVg1 to 

induce an axis.  

 

Mouse 

Unlike frog and chick embryos, the mouse embryo takes a relatively long 

time to reach gastrulation stages (about one third of the total gestation time). This 

is most likely due to viviparity (Beddington and Robertson, 1999). Before 

acquiring a definitive body plan, the murine embryo consumes lots of time and 

energy to generate complicated extraembryonic tissues. This is likely due to 

throphic reasons.   

The Nieuwkoop center in amphibians is defined as an area of the dorsal–

vegetal region of the blastula that can induce an organizer without contributing 

cells to the induced axial structures (Harland and Gerhart, 1997). In the mouse, 

the Wnt signaling pathway emanating from the posterior visceral endoderm has 

been proposed to be equivalent to the Nieuwkoop center for the following 

reasons: Wnt3 has the right temporal and spatial expression profile (Rivera-

Perez and Magnuson, 2005). In early post-implantation embryos, Wnt3 

expression is first observed in the posterior visceral endoderm of embryos 

dissected at E 5.5. This is likely the first symmetry breaking event, even earlier 

than AVE movement (Rivera-Perez and Magnuson, 2005). Belaoussoff and co-

workers showed using tissue recombination experiments that a diffusible signal 
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from the posterior visceral endoderm has the capacity to respecify anterior 

ectoderm into a posterior mesodermal fate (Belaoussoff et al., 1998).  In addition, 

visceral endoderm is traditionally thought not to contribute to the embryo 

(Bielinska et al., 1999).  Morever, the activate form of β-catenin, an indication of 

canonical Wnt pathway, is present in the posterior epiblast and overlying 

posterior visceral endoderm (Mohamed et al., 2004). Interestingly, chicken Wnt8c, 

can induce an ectopic primitive streak in mice (Popperl et al., 1997).  These data 

suggest that Wnt3 is the key player in the posterior visceral endoderm – 

Nieuwkoop center analogue- in the anterior-posterior axis establishing process.  
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Figure 1.6. The predicted location of Nieuwkcoop center and organizer in 

vertebrates before gastrulation. In a Xenopus blastula, the blastoderm is on 

the outside, sitting on top of a large amount of yolk with blastocoel in between. 

Pushing down to flatten the frog blastoderm and also decrease the amount of 

hypoblast produce the equivalent of chick blastoderm. Continuing to push down 

to bend the chick blastoderm creates the equivalent of mouse egg cylinder. The 

predicted nieuwkcoop center and organizer location are as marked in different 

vertebrate embryos. 
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Signaling networks in axial specification  

In mice, the induction of the primitive streak is the initial step of 

mesoendoderm induction. In amphibians, the induction of the spemann organizer, 

which releases a cocktail of factors to form the three germ layers is conducted by 

the Niewukoop Center (Harland and Gerhart, 1997). Maternal Wnt11 has been 

shown to be the initial signal to activate the canonical Wnt signaling pathway 

required for axis formation (Tao et al., 2005).  In Chick, the equivalent to the 

Nieuwkoop center is considered to be the posterior marginal zone (PMZ), where 

Wnt8c is expressed in a gradient high in posterior, low in anterior parts of the 

blastodisc (Skromne and Stern, 2001). Therefore, the “Nieuwkoop center” in 

mouse should have the following features if evolutionarily conserved with other 

vertebrates: The mouse “Nieuwkoop center” should stay in close proximity with 

the primitive streak. It should stem from an extraembryonic cell lineage. The 

mouse “Nieuwkoop center” should be able to induce the primitive streak without 

contributing to it. The initial signal inside the “Nieuwkoop” center develops earlier 

than the formation of organizer (the primitive streak). The canonical Wnt 

signaling pathway should be present both in the primitive streak and the mouse 

“Nieuwkoop” center.   

Four main types of signaling pathways are implicated in the formation of 

meso-endoderm and anterior-posterior patterning in mice, including signaling by 

bone morphogenetic proteins (BMPs), fibroblast growth factor (FGF), the 

transforming growth factor-beta (TGF-β) superfamily and the Wnt molecules.  
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Wnt Signaling 

The first Wnt gene, mouse Wnt-1/Int-1, was discovered as an oncogene 

caused by a retroviral integration of mouse mammary tumor virus (MMTV) in 

mammary tumors (Nusse and Varmus, 1982). It was later recognized that 

Drosophila wingless (Wg) is the ortholog of the vertebrate int-1/Wnt-1 gene 

(Rijsewijk et al., 1987). It is now known that Wnts are conserved in the animal 

kingdom, from hydra to human. Nineteen Wnt family glycoproteins have been 

indentified in human and mouse (Kemp, 2007).  

The Wnt signal can be transduced between cells in canonical (β-catenin 

dependent) or noncanonical (β-catenin independent) pathways. A simple outline 

of canonical Wnt signaling transduction is presented in Figure.1.7. (Harland and 

Gerhart, 1997; Wodarz and Nusse, 1998). In the absence of Wnt ligands, the 

cytoplasm β - catenin is sequestered by the β-catenin degradation complex, 

GSK-3β/Axin/APC (glycogen synthase kinase-3/Axin/Adenomatous Polyposis 

Coli).  In the presence of Wnt signals, the signals are transduced into the nucleus 

through a series of events. First, Wnts are secreted after post-translational 

modification, and binding to the Frizzled (Fz)/low density lipoprotein (LDL) 

receptor-related protein (LRP) complex on the targeted cell surface. The Wnt 

signal is transduced to the intracellular protein Dishevelled (Dsh), which further 

recruits Axin to destroy the β-catenin degradation complex. Once the degradation 

pathway for β-catenin is inhibited, β-catenin accumulates in the cytoplasm and  
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Figure 1.7. Schematic representation of canonical Wnt signaling and 

anatagonists. In cells (left panel), in which the presence of Wnt anantagonists 

(SFRPs and WIFs) inhibits the binding of Wnts to Frizzled receptors, the 

concentration of cytoplasmal β-catenin is low since it is degraded by the 

Axin/GSK3/APC complex. When Wnt proteins (right panel) present on the cell 

surface by interacting with Frizzled/LRP receptor complex, this leads to the 

recruiments of Dishevelled (Dsh), which may further interacts with Axin, causing 

the degradation of Axin/GSK3/APC complex. This facilitate the β-catenin is 

accumulated in the nucleus, and interacts with TCF to regulate transcription. This 

figure is adapted from the Figure. 1. In the paper (Logan and Nusse, 2004). 
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nucleus. Finally, the enriched nuclear β-catenin interacts with transcription 

activators LEF/TCF (lymophoid enhancer-binding factor 1 / T cell-specific 

transcription factor) to control target transcription. When the Wnts are not present 

on the target cell surface, β-catenin is degraded by the GSK-3β/Axin/APC 

complex in the cytoplasm, and consequently cannot enter the nucleus to activate 

target gene transcription (Wodarz and Nusse, 1998; Logan and Nusse, 2004). 

The developmental role of Wnts in mice, has been mainly obtained through 

knockout studies (van Amerongen and Berns, 2006). The Wnt proteins play 

central roles in controlling many aspects of embryonic development (Chien et al., 

2009).  

Non-canonical Wnt signaling converges on two main pathways: the 

Wnt/Ca2+ and Wnt/planar cell polarity (PCP) pathways. The Wnt/Ca2+ pathway 

has been shown to regulate Xenopus gastrulation and the PCP pathway has 

been shown (Kuhl, 2002) to regulate the convergent extension movements 

during gastrualtion (Barrow, 2006). 

Wnt signaling regulates many aspects in early mammalian development. 

Many Wnts, are present as early as blastocyst stage, however, no evidence 

shows the activation of Wnt signaling (Kemp et al., 2005). At E5.5, active β-

catenin is present in the extra-embryonic visceral endoderm and posterior 

visceral enododerm, and then appears in the primitive streak (Mohamed et al., 

2004). The embryos lacking β-catenin do not develop a distal visceral endoderm 
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(DVE) suggesting that β-catenin plays a role in specification of DVE (Huelsken et 

al., 2000). The mesoderm also fails to develop in β-catenin -/- embryos 

(Huelsken et al., 2000), indicating the formation of mesoderm is also dependent 

on β-catenin signaling. In the mouse, Dkk1 has been shown to play a role in 

regulating Wnt canonical signaling in the AVE migration process (Kimura-

Yoshida et al., 2005). Besides mDkk1, Sfrp1, Sfrp5, Fzd5 and Fzd8 are also 

expressed in the DVE, suggesting tight control of Wnt signaling through multiple 

redundancy of Wnt antagonists (Kemp, 2007).   

As mentioned above, Wnt signaling plays a cetral role in mouse anterior-

posterior axis formation and mesoderm induction. As the DVE moves to the 

anterior side, Wnt3, is first expressed in the posterior visceral endoderm and then 

expands to the posterior epiblast (Rivera-Perez and Magnuson, 2005). 

Coincident with the formation of the primitive streak, other Wnt family members, 

Wnt2b, Wnt5a, Wnt8a, Wnt3a, Wnt11 and Fzd10, are expressed in the primitive 

streak, promoting the correct anterior-posterior patterning (Kemp et al., 2005). In 

embryos lacking Wnt3, the primitive streak is lost while the AVE is intact and 

moves to the anterior side (Liu et al., 1999). This suggests a direct role of Wnt3 

in regulating the formation of primitive streak but not in the movement of the AVE. 

A transgenic reporter mouse line (BAT-gal), in which the lacZ gene is 

under the control of TCF binding elements, demonstrated the activation of 

canonical Wnt signaling in the primitive streak (Maretto et al., 2003). LRP5; LRP6 

double knockout embryos lack a primitive streak resembling embryos lacking 
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Wnt3 (Kelly et al., 2004). Embryos lacking Axin, a negative regulator of canonical 

wnt signaling, develop duplicated axial structures (Zeng et al., 1997). Together, 

these data firmly place the canonical Wnt signaling at the center of the complex 

signaling networks during mouse gastrulation.  

 

Nodal signaling 

Nodal, a member of transforming growth factor β (TGFβ) super family of 

signaling molecules was identified as a mutation that affected gastrulation in a 

genetic screen of retrovirus mutated transgenic mouse strains (Conlon et al., 

1991). In frogs, the TGFβ signals, such as activin and its relative Vg1, serves as 

mesoderm inducers in vivo (Schier and Shen, 2000). 

Nodal ligands activate TGFβ signaling pathways through serine/threonine 

kinase receptors to regulate downstream target gene expression (Schier, 2003). 

A simple outline of the canonical Nodal signaling transduction pathway is 

presented in Figure.1.8. When Nodal is present on the cell surface, the signal is 

transduced by type I and II Activin receptors and EGF-CFC co-receptors, 

resulting in phosphorylation of Smad2, which forms a complex with Smad4. This 

complex then enters the nucleus to associate with members of the FAST family 

of transcription factors to regulate the expression of downstream target genes.  

During early mouse development, Nodal has been suggested to play 

central roles in four main aspects: axis formation, mesoderm formation, neural 

patterning and left-right asymmetry patterning (Schier, 2003). Nodal is present in  
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Figure 1.8. Schematic representation for the dual roles of Cripto in Nodal 

signaling pathway. Cripto acts as a coreceptor for Nodal (left panel). In addition 

Cripto can act together with Nodal as a paracrine signal following by the 

cleavage of the GPI linkage (right panel). The binding of Nodal, Cripto and 

ActRIIA/ActRIIB receptors leads to the activation of Smad2. The phosphorylated 

Smad2 and Smad 4 form a complex to enter into nucleus, further interact with the 

transcriptional factor FAST1 to control downstream target gene expression. This 

figure is adapated from the figure in the webpage (http://cisreg.cmmt.ubc.ca/cgi-

bin/tfe/articles.pl?tfid=171) . 
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the inner cell mass of the blastcyst (Tam and Loebel, 2007). At egg cylinder 

stages, the Nodal mRNA is present in the whole epiblast and overlaying visceral 

endoderm (Varlet et al., 1997). As development advances, the expression of 

Nodal forms a proximal-distal gradient. Coincident with the emergence of the 

primitive streak, the expression of nodal is present in the nascent primitive streak 

(Brennan et al., 2001). In Nodal mutant embryos, the distal visceral endoderm 

also fails to develop and move to the anterior side of the embryo, indicating nodal 

plays a role in DVE specification and migration. In addition, the embryos deficient 

for Nodal show the loss of the primitive streak and mesoderm, lacking posterior 

gene expression,such as Wnt3, Brachyury and Cripto (Zhou et al., 1993). The 

embryos lacking Smad2, the downstream effector of Nodal signaling, also show 

early patterning defects, causing ectopic expression of Wnt3, Cripto and Eomes 

all over the epiblast at a high levels, indicating that Nodal signaling plays a role in 

maintaining posterior pattern features in early development (Brennan et al., 

2001). Nodal signaling is also required for left-right patterning and asymmetric 

organogenesis in later development (Schier, 2009). 

 

Fgf signaling 

The first fibroblast growth factor (FGF) ligands, FGF1 and FGF2, were 

purified from human and murine fibroblasts as mitogenic factors (Gospodarowicz 

and Moran, 1975). Twenty-two FGF family members have been indentified and 

four FGFR (FGF receptor) genes, which generate various FGF receptors 
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isoforms through alternative splice (Dorey and Amaya, 2010).  

The FGF ligands binds to FGF receptors and lead to dimerization of the 

receptors, which in turn result in phosphorylation of the intracellular tyrosine 

residues (Dorey and Amaya, 2010). This transduces the signal to downstream 

cytoplasmic signaling pathways, such as Ras/ERK and the Akt or PKC pathways 

in, which further activate the downstream genes to affect cell proliferation, 

differentiation, survival and migration (Dorey and Amaya, 2010). 

In early vertebrate embryos, FGF signaling plays roles in many aspects, 

such as cell fate decision, axes patterning and morphological movements. In 

Xenopus and Zebrafish, FGF signaling is required for axial mesoderm and 

paraxial mesoderm formation. In mice, Fgf8 and Fgf4 are coexpressed in the 

primitive streak of the gastrulating mouse embryo. 

 Fgf8 mutant mice initiate gastrulation but show failure of mesendoderm 

migration which results in accumulation of cells in the primitive streak and 

subsequent lethality (Sun et al., 1999). 

In embryos lacking of both FGF8 and FGF4, no embryonic mesoderm- or 

endoderm-derived tissues develop due to the defects in coordinated epiblast cell 

movements, which suggest Fgf signaling is required for early gastrulation and 

cell migration in the primitive streak (Sun et al., 1999). 

 

Bmp signaling 
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Bone morphogenetic proteins (BMPs) constitute a subgroup of the 

transforming growth factor β superfamily (Dutko and Mullins, 2011). Although 

initially discovered as osteogenic fators in demineralized bone, BMPs are also 

implicated in many aspects during early embryonic development, such as 

patterning embryonic axial structure, nerual crest cell differentiation and limb bud 

patterning (Bandyopadhyay et al., 2013) 

The BMP signaling pathway shares some similarities with other TGF-β 

signaling pathway components. First, BMP ligand dimers bind type I and type II 

serine-threonine kinase receptors, resulting in phosphorylation of the Smad 

intracellular effector proteins (Smads1/5/8). These activated Smads then recruit 

Smad4 to enter into nucleus and regulate downstream gene expression (Dutko 

and Mullins, 2011). 

In the mouse and chick embryo, bone morphogenetic protein 4 (Bmp4) is 

required in extra-embryonic ectoderm for normal formation of node and primitive 

streak (Fujiwara et al., 2002). In mouse embryos, there is no evidence that Bmp 

signaling is activated at the pre-implantation stage embryo. The expression of 

Bmp4 mRNA is present in the extraembryonic ectoderm adjacent to the epiblast 

around E6.0 (Winnier et al., 1995).Coincident with the emergence of the 

primitive streak, the expression of Bmp4 is present in the forming primitive streak 

(Winnier et al., 1995). In Bmp4 null embryos, the phenotype varies. Some fail to 

develop a primitive streak, while some form a primitve streak, indicating Bmp4 

plays a role in gastrulation (Winnier et al., 1995). However, whether Bmp4 plays 
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a role in initiating the gastrulation or maintaining the gastrulation process remains 

unknown. Another BMP ligand, BMP2 expressed in anterior visceral endoderm 

(AVE) signals to epiblast derivatives to initiate ventral folding morphogenesis 

during gastrulation and initial stages of morphogenesis (Pfister et al., 2007). All 

these indicate Bmp signaling plays important roles during early development. 

 

In mice, complex molecular crosstalks between extraembryonic and 

embryonic tissues are involved at the stage when the mouse embryo is 

establishing its axial polarity. Evolutionarily canonical Wnt signaling is present in 

posterior visceral endoderm and also the top candidate to induce the formation of 

primitive streak. In addition, Bmp signaling from extra-embryonic ectoderm could 

be the potential regulator to activate Wnt signaling. TGF-β/Nodal signaling plays 

a role in regulating DVE specification and Cripto-dependent Nodal signaling 

functions importantly in driving the AVE movements. 
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CHAPTER II: 

 

THE AVE BLOCKS WNT3 EXPRESSION IN THE ANTERIOR EGG CYLINDER 

TO POSITION THE PRIMITIVE STREAK 



46

Preface 

 

The work shown in this chapter is part of the manuscript “Extra-embryonic 

Wnt3.is essential for mouse gastrulation currently under review in Developmental 

Biology”.  The Wnt3lacZ knock-in mice were generated by Dr. Maki Wakamiya. 

The rest of the work described here was designed by Dr. Jaime Rivera and 

Tingting Huang and performed by Tingting Huang. 
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Abstract 

 

During early mouse embryogenesis, temporal and spatial regulation of 

gene expression and cell signaling influences lineage specification and 

embryonic polarity. Two extra-embryonic tissues, the anterior visceral endoderm 

(AVE) and the posterior visceral endoderm (PVE), located on opposite sides of 

the embryo, are thought to play an important role in establishing the antero-

posterior (AP) body axis. This chapter focuses on studying the interaction 

between AVE and PVE cells and the molecular cross-talk between epiblast and 

extra-embryonic tissues in establishing the pattern of Wnt expression responsible 

for positioning the primitive streak at early post-implantation stages.   
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Introduction 

 

The formation of the organizer, an area that releases a cocktail of factors 

and plays a central role in the formation of the embryonic axis, is one of the most 

fundamental events in establishing the primary body axes during early vertebrate 

development. The mouse equivalent to the organizer is the primitive streak, 

which forms in a localized region of the epiblast adjacent to the extra-embryonic 

ectoderm where it marks the future posterior side of the embryo (Figure.1.6). 

During gastrulation, the primitive streak serves as a conduit for the generation of 

mesoderm and definitive endoderm (Tam and Gad, 2004). 

The visceral endoderm plays a pivotal role in establishing the anterior-

posterior axis of the mouse embryo, but the molecular nature of the signals 

required remains to be determined. Loss-of-function mutations of Otx2, Cripto, 

Nodal, and Wnt3 have been shown to disrupt the signaling cascade, in which the 

embryo fails to establish the A-P axis (Acampora et al., 1995; Liu et al., 1999; 

Schier and Shen, 2000). Here, I examine the interaction between AVE and PVE 

cells and the molecular cross-talk between epiblast and extraembryonic tissues 

in the establishment of the pattern of expression of Wnt3 and other primitive 

streak markers and their effect on axial development. 

This work began with the observation that the AVE and Wnt3 expression 

occupy complementary regions in E6.5 mouse embryos. As mentioned above, 

the AVE, first occupies the distal tip and then moves to the anterior side of the 
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egg cylinder. The AVE expresses the Wnt antagonists Dkk1, Sfrp1 and Sfrp5. On 

the other hand, Wnt3, has been shown to be essential for gastrulation in loss of 

function studies (Liu et al., 1999) and our lab has provided evidence that Wnt3 

emanating from the posterior visceral endoderm is the main signal that controls 

the formation of the primitive streak (Tortelote et al., 2013). These observations 

led us to hypothesize that the AVE prevents Wnt3 activity from reaching the 

anterior side of the embryo. 

 

Two models for primitive streak formation 

Mammalian embryos arrive at gastrulation in a shape that differs from 

other vertebrate embryos in two main aspects: first mammalian embryos inherit a 

restricted amount of maternal components and thus the embryos need to activate 

the zygotic genome as early as the two-cell stage (Schultz, 2002). Second, the 

number of epiblast cells when mammalian embryos initiate gastrulation is much 

smaller than in Xenopus (a few hundred cells in mice vs thousands of cells in 

Xenopus) (Solnica-Krezel and Sepich, 2012) .  

Two regions of the early post-implantation mouse embryo have been 

proposed to be responsible for the formation of the primitive streak (Conlon, 1995; 

Bachvarova et al., 1998). One is the extra-embryonic ectoderm, a tissue that 

abuts the proximal epiblast. In this model, Bmp4 from the extra-embryonic 

ectoderm signals to the adjacent epiblast, to activate primitive streak markers, 

among them Brachyury (T). The induced epiblast then undergoes an epithelial to 
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mesenchymal transition to become the primitive streak, allowing gastrulation and 

the subsequent generation of mesoderm and endoderm (Beddington and 

Robertson, 1998). Several genetic and embryological arguments have been 

provided to support this hypothesis (Beddington and Robertson, 1999; Donnison 

et al., 2005; Ben-Haim et al., 2006; Arnold and Robertson, 2009) (Figure.2.1A) 

An alternative signaling center is the prosterior visceral endoderm, an 

extra-embryonic component of the mouse conceptus located adjacent to the 

regioin of the epiblast that becomes the primitive streak. It was proposed that the 

posterior visceral endoderm serves as a signaling center that directs the 

formation of the primitive streak and that Wnt3 is the effector molecule (Rivera-

Perez and Magnuson, 2005). In this model, Wnt3 emanating from posterior 

visceral endoderm, signals to the adjacent epiblast, to activate primitive streak 

markers, among them Brachyury (T). Several lines of evidence support this PVE 

signaling model. The embryos lacking Wnt3, show the complete loss of primitive 

streak, while the DVE cells are specified and move to the prospective anterior 

side, which suggests the formation of primitive streak is dependent on the Wnt3 

expression, while independent on the relocation of DVE to the prospective 

anterior side (Liu et al., 1999). The loss of the canonical Wnt signaling effector, β-

catenin, causes the embryos to die around early post-implantation stages, 

without developing a correct anterior-posterior axis (Huelsken et al., 2000). The 

embryos homozygous for Axin1 or APC null alleles, both of which are essential 

components in β-catenin degradation machinery Axin/GSK/APC, develop A-P 
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axis duplication (Zeng et al., 1997; Ishikawa et al., 2003) (Figure.2.1B). 

In addition unpublished data from our laboratory has shown that 

inactivation of Wnt3 in the posterior visceral endoderm of mouse embryos leads 

to a phenotype that phenocopies the phenotype of Wnt3 null embryos, 

suggesting that Wnt3 function in the posterior visceral endoderm is essential for 

the initiation of the primitive streak. Morever posterior visceral endoderm-

signaling model was further supported by experiments in which Wnt3 was 

conditionally inactivated in the epiblast of developing embryos (Tortelote et al., 

2013). Embryos lacking Wnt3 in the epiblast fail to thrive but still establish the 

antero-posterior axis and initiate gastrulation (Tortelote et al., 2013). 

Interestingly, in these embryos, Wnt3 expression is temporarily present in the 

posterior visceral endoderm (Tortelote et al., 2013) suggesting that Wnt3 

signaling from the posterior visceral endoderm is responsible for this initiation of 

gastrulation.  
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Figure 2.1. Schematic representation of the posterior visceral endoderm 

and extra-embryonic ectoderm signaling models.. (A) Posterior visceral 

endoderm model. Wnt3 expression begins in the posterior visceral endoderm at 

E5.5, and then it activates primitive streak makers in the posterior epiblast (blue 

arrows). At E6.0, Wnt3 signaling expands anteriorly, however, the anterior 

visceral endoderm (green) located in the anterior side at this time of 

development, releases Wnt antagonists that block Wnt3 expansion to the anterior 

side of the egg cylinder. This process restricts the formation of the primitive 

streak in the posterior side of the embryo. (B). Extra-embryonic ectoderm 

signaling model. Bmp4 (blue arrows) expressed in the extra-embryonic ectoderm 

induces the adjacent epiblast to express markers of the future primitive streak 

such as Brachyury and Cripto. Later, Hex-expressing (green) distal visceral 

endoderm cells move to one side of the epiblast. These cells then inhibit Bmp4 

signaling in the anterior side, which leads to the expression of the primitive streak 

makers only in the posterior epiblast and hence the formation of the primitive 

streak. Figure. A is adapted from the paper (Rivera-Perez and Magnuson, 2005) 

and Figure. B is adapted from the paper (Beddington and Robertson, 1998). 
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Cripto and EGF-CFC family 

Cripto, is the founding member of EGF-CFC family of signaling molecules. 

The EGF-CFC family members contain a cystein rich domain called the Cripto, 

FRL-1 and Cryptic (CFC) motif and an epidermal growth factor (EGF) - like motif.  

The EGF-CFC gene family is conserved in vertebrates, including Cripto, 

Cryptic, frog FRL-1, and zebrafish one-eye pinhead (oep) (Persico et al., 2001). 

Genetic evidence in fish and mice demonstrated the EGF – CFC family members 

play a key role in early embryonic development in patterning the early embryo 

(Griffin et al., 1998; Ding et al., 2005). Cripto has been shown to be essential for 

mouse anterior-posterior patterning (Ding et al., 1998) and Cryptic is required for 

left-right axis formation (Yan et al., 1999). Maternal – zygotic oep mutants show 

lack of endoderm and mesoderm, and defects in anterior-posterior patterning 

(Schier et al., 1997). In Nodal signaling pathway, Cripto can act as a co-receptor 

and co-ligand for Nodal (Figure. 1.8). A mammalian cell culture assay by using a 

luciferase reporter showed Cripto, in addition to its role as a coceptor for Nodal 

ligands, can also function as a secreted signaling factor in cell coculture assays, 

suggesting that it may also act as a coligand for Nodal (Yan et al., 2002). In 

Xenopus, Frl1 has been implicated in Wnt pathway and also shown to be a 

coreceptor for Wnt11 (Tao et al., 2005).  

Cripto mRNA is present in the blastocyst stage embryo (Pfister et al., 

2007). As development proceeds, Cripto is expressed uniformly in the epiblast of 

egg cylinder stage embryos and then in the primitive streak as gastrulation starts. 
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In mice, Cripto is required for the shift of the AVE to the anterior side of the 

embryo (Ding et al., 1998). Chimeric analysis shows that Cripto acts non-cell 

autonomousily way during axial mesendoderm formation in the mouse embryo, 

which suggests the possibility of transducing intercellular signaling (Chu et al., 

2005). Current models suggest that in early mouse emrbyogenesis, Cripto acts 

as a coreceptor to facilitate Nodal binding to an type I and II Activin receptor 

complex (Shen and Schier, 2000). However, another study also showed Cripto 

regulates mouse anterior – posterior axis specification via a Nodal-independent 

signaling pathway (D'Andrea et al., 2008). In vitro studies showed Cripto can 

activate a ras – raf –MAP kinase signaling pathway (Bianco et al., 2003). 

 

Here I hypothesized the relocation of DVE to the future anterior side, a 

fundamental step during early mouse embryogenesis, regulates the formation of 

primitive streak via blocking the expression of Wnt3 into the anterior side. 
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Results 

 

Cripto expression is present in the whole epiblast at E5.5 and then is 

restricted to the primitive streak 

Cripto expression is known to mark the primitive streak during gastrulation 

(Ding et al., 1998). We analyzed Cripto RNA in embryos dissected at stages from 

E5.5 to E6.5 using a full length coding sequence and portions of the 5’ and 3’ 

untranslated region. Cripto expression is restricted to the epiblast. In embryos at 

E5.5, Cripto RNA was detected in the whole epiblast (Figure 2.2). Later, Cripto 

expression forms a gradient along the proximal–distal axis of the epiblast with 

higher expression in the proximal and lower expression in the distal regions. 

Coincident with the emergence of the primitive streak, the Cripto expression was 

exclusively restricted to the primitive streak (Figure 2.2). All the embryos show no 

Cripto expression in the extra-embryonic ectoderm and visceral endoderm.
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Figure 2.2. Whole-mount in situ hybridization of Cripto expression in 

embryos dissected between E5.5 and E6.5. Cripto RNA is first detected in the 

whole epiblast of the egg cylinder in E5.5 embryos (arrows) and then forms a 

proximal-distal gradient at around E5.75 (white arrowhead). Starting at E6.0, the 

expression of Cripto mRNA becomes restricted to the posterior epiblast and later 

to the primitive streak (asterisks). Scale bar: 100 µm. 
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Wnt3 is essential for primitive streak formation 

 As previously described, embryos homozygous for a Wnt3 null allele lack 

primitive streak, mesoderm and node (Liu et al., 1999). The Wnt3 allele I used is 

a null allele which carries a lacZ cassette and a floxed PGKneobpA cassette in 

exon 4 (Figure 2.3A) (Tortelotte et al., unpublished). The Wnt3 promoter driven 

lacZ allele recapitulates the endogenous expression pattern of Wnt3 and the 

mice homozygous for Wnt3lacZ gene generate a null mutation that phenocopies 

the straight knockout phenotype of Wnt3 (Figure 2.3 C - E).  

 To inactivate Wnt3 in the early developing mouse embryo, the 

homozygous mutant embryos were obtained from the intercross between Wnt3 

lacZ/+ heterozygous mutant mice (Figure. 2.3B). Morphological analysis of Wnt3 

mutant embryos at E6.5 revealed the absence of primitive streak, as shown in 

the previous study (Liu et al., 1999) (Figure. 2.3 C, D). To determine if the 

primitive streak was specified in Wnt3 null embryos, we analyzed the expression 

of T (Brachyury) (n=8) and Cripto (n=5). These genes mark the primitive streak 

and its precursors in the epiblast (Pfister et al., 2007). T also marks the distal 

third of the extra-embryonic ectoderm adjacent to the proximal epiblast (Perea-

Gomez et al., 2004; Rivera-Perez and Magnuson, 2005). Wnt3 null embryos did 

not show expression of any of these markers at E6.5 (Figure. 2.3C, D). 

Expression of T in the extra-embryonic ectoderm was present but reduced 

showing that although its initial expression in this tissue is independent of Wnt3 
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function in the visceral endoderm Wnt3 is required to maintain T expression in 

the extra-embryonic ectoderm (Figure.2.3C). Expression of Cripto in the epiblast 

is absent in Wnt3 mutant embryos (Figure.2.3D). From this set of experiments 

we conclude that Wnt3 function is essential for the specification of the primitive 

streak in the mouse embryo. 

It has been suggested that Bmp4 emanating from the extraembryonic 

ectoderm induces the formation of the primitive streak (Winnier et al., 1995). 

Therefore, we wondered if the absence of the primitive streak in Wnt3 mutants 

was an indirect effect of an absence of Bmp4 expression in the extraembryonic 

ectoderm. To address this question, we analyzed the expression of Bmp4 in 

Wnt3 mutant embryos (Wnt3 lacZ/lacZ) dissected at E6.5. All the mutant embryos 

tested (n=5), expressed Bmp4 in the distal third of the extraembryonic ectoderm 

comparable to control embryos (Figure. 2.3E). Since no primitive streak is 

observed in Wnt3 mutant embryos, these results suggest that Bmp4 is not 

sufficient for the formation of the primitive streak.
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Figure 2.3. Wnt3 function in early mouse development. A. Schematic 

representation of the Wnt3 locus and targeted Wnt3lacZ allele. B. Genetic strategy 

to generate. Wnt3lacZ/lacZ embryos. C-E. Control and Wnt3 mutant embryos 

dissected at E6.5 and hybridized with Brachyury (T), Cripto and Bmp4. Wnt3 

mutant embryos express T in the extra-embryonic ectoderm but here is no 

expression of Cripto. Bmp4 is normally expressed in the extra-embryonic 

ectoderm. Scale bars: 50 µm. 
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The location of DVE/AVE is complementary to Wnt3-expression in pre-

gastrulating embryos 

Anterior visceral endoderm cells shift to one side of epiblast from E5.5 to 

E5.75 marking the future anterior side of the embryo (Thomas et al., 1998; 

Rivera-Perez et al., 2003). On the posterior side of the embryo, Wnt3 is present 

in the posterior visceral endoderm starting as early as E5.5 and expands 

anteriorly in a pattern complementary to the position of the AVE (Rivera-Perez 

and Magnuson, 2005). To confirm these observations, we compared the position 

of the AVE marked by fluorescence provided by the Tg(Hex-eGFP)ARbe 

transgene (Thomas et al., 1998) and the expression of Wnt3, marked by the 

Wnt3lacZ allele (Figure. 2.4A). Hex is a marker for the AVE during early mouse 

embryogenisis (Thomas et al., 1998).  

At E6.5 embryos, the Hex expression domain was clearly restricted to 

anterior visceral endoderm and extended from the distal tip to the extra-

embryonic boundary, while the expression of Wnt3 extended to half the length of 

the epiblast and overlying visceral endoderm and tapered anteriorly 

encompassing the whole circumference of the egg cylinder.  The overlaying 

image shows that Hex transcripts remain localized to the visceral endoderm 

diametrically opposite the streak. These results provide direct evidence that the 

anterior visceral endoderm is located just opposite to the area where Wnt3 is 

expressed at pre-gastrulation stages (Figure 2.4B-D). 
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Figure 2.4. Comparison between the location of the AVE and Wnt3 

expression domains. A. Schematic representation of the genetic strategy to 

generate embryos heterozygous for Wnt3lacZ and hemizygous for the TgHexGFP 

transgene. B-D. E6.5 Wnt3lacZ/+;TgHexGFP/+ embryos assayed for β-galactosidase 

activity. The location of the AVE is revealed by green fluorescence generated by 

TgHexGFP. Wnt3 expression is complementary to the location of the AVE. Scale 

bar: 50 µm. Right arrow: posterior visceral endoderm.  
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Wnt3 forms a ring of expression in the proximal region of Cripto mutant 

embryos 

The above observations led us to postulate that the AVE prevents Wnt3 

activity in the anterior side of the embryo. To address this question we took 

advantage of Cripto mutant embryos. In Cripto mutants (Figure. 2.5), the AVE 

fails to localize to the anterior side of the epiblast and remains at the distal tip of 

the conceptus (Ding et al., 1998), which is evident by the distal visceral 

endoderm thickening. We postulated that Wnt3 was radialized in Cripto mutant 

embryos. 

Analysis of Wnt3 expression in Cripto null embryos (n=11) revealed that 

Wnt3 expression was indeed radialized in mutant embryos forming a ring of 

expression around the proximal epiblast region (Figure. 2.6A).  Histological 

analysis showed that Wnt3 expression was mainly present in the visceral 

endoderm layer and was nearly absent from the epiblast (Figure. 2.6B). These 

results indicate that the AVE prevents the expansion of Wnt3 expression to the 

anterior side of the embryo and that Wnt3 expression is downstream of Cripto in 

the epiblast.  
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Figure 2.5. Analysis of Cripto function in early mouse development. A. 

Schematic representation of the Cripto locus and targeted CriptolacZ allele. B. 

Genetic strategy to generate CriptolacZ/lacZ embryos. C. Control and Cripto mutant 

embryos dissected at E6.5 and hybridized with Brachyury (T). Cripto mutant 

embryos show radialized T expression in the proximal epiblast. D. Wild type, 

heterozygous and homozygous for CriptolacZ embryos dissected at E6.5 and 

assayed for β-galactosidase activity. Cripto mutants show Cripto promoter 

activation in the proximal epiblast region, while heterozygous Cripto mutants 

mainly show Cripto promoter activation in the primitive streak region. Arrowheads 

mark the extra-embryonic/embryonic boundary. Scale bars: 100 µm in C and D. 
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Figure 2.6. Whole mount in situ hybridization analysis of Wnt3 expression 

in Cripto mutant embryos. A. Wnt3 expression in a litter dissected at E6.5 

obtained from heterozygous for CriptolacZ crosses. The red arrow marks the 

location of the AVE in a mutant embryo. B. Heterozygous and Cripto mutant 

embryos dissected at E6.5 and hybridized with a Wnt3 probe. In the Cripto 

mutant embryo, Wnt3 expression is mainly radialized in the proximal visceral 

endoderm region (a) while in the heterozygous embryo, it is present in both the 

epiblast and the visceral endoderm (b). The dotted lines in B, represent the 

approximate location of the sections shown in a and b. Scale bars 30 µm. Epi, 

epiblast; VE, visceral endoderm. 
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Primitive streak markers are present in the proximal epiblast of Cripto 

mutant embryos.  

Analysis of T expression in Cripto null embryos (n=11) revealed that T 

expression was radialized in mutant embryos in the proximal epiblast region 

(Figure. 2.5C). Analysis of Cripto-promoter activation in Cripto null embryos (n=6) 

also revealed that the Cripto-promoter driven lacZ expression is present in the 

proximal region of epiblast, which suggests that Cripto expression, as reflected 

by CriptolacZ activity, is also radialized in Cripto mutants. Surprisingly, histological 

analysis showed that Wnt3 expression was restricted to the visceral endoderm 

layer and was absent from the epiblast (Figure. 2.5D). These results indicate that 

the AVE prevents the expansion of Wnt3 signaling to the anterior side of the 

embryo and that Wnt3 expression is downstream of Cripto in the epiblast. T 

expression in the epiblast depends on Wnt3 (Liu et al., 1999; Barrow et al., 2007; 

Tortelote et al., 2013).  
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Brachyury expression is completely abolished in the Cripto/Wnt3 double 

mutant embryos. 

To determine if the ectopic expression of Wnt3 in the visceral endoderm 

was responsible for the expression of T in the anterior epiblast, we removed 

Wnt3 activity from Cripto mutants by generating Cripto/Wnt3 double mutant 

embryos. We generated 87 embryos from double heterozygous 

(Wnt3lacZ/+;Cripto+/-) crosses and obtained five Cripto/Wnt3 double mutant 

embryos. In all these double mutant Wnt3/Cripto embryos, the Brachyury 

expression is completely abolished (Figure. 2.7). Therefore, the radialized 

expression of Wnt3 in the proximal visceral endoderm of Cripto mutants leads to 

ectopic activation of T in the anterior epiblast. 

These results indicate that in Cripto mutant embryos, Wnt3 expression in 

the posterior visceral endoderm is sufficient to induce primitive streak markers in 

a non-cell autonomous manner. 
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Figure 2.7. Whole mount in situ hybridization analysis of Brachyury in 

double mutant Cripto/Wnt3 embryos. A. A litter dissected at E6.5 obtained 

from double heterozygous CriptolacZ/+;Wnt3lacZ/+ crosses. B-E. Cripto 

Heterozygous (B), Wnt3 mutant (C), Cripto mutant (D) and double Wnt3/Cripto 

mutant (E) embryos dissected at E6.5 and hybridized with Brachyury. Brachyury 

is expressed in the extra-embryonic ectoderm (arrow) and epiblast (black 

arrowhead) of wild-type embryos and weakly in the extra-embryonic ectoderm of 

Wnt3 mutants. The double mutant embryo completely lacks Brachyury 

expression showing that in Cripto mutant embryos Wnt3 is essential for 

radialized Brachyury expression. The white arrowhead represents the extra-

embryonic-embryonic boundary. H.  Schematic representation of the events 

occurring in wild type, Cripto heterozygous and Cripto/Wnt3 double mutant 

embryos. In Cripto mutants, the anterior visceral endoderm remain at the distal 

tip of the eg cylinder, allowing expansion of  Wnt signaling to anterior region of 

the embryo. This causes the radialized expression of primitive streak markers in 

Cripto mutants. The removal of Wnt3 in Cripto mutants causes a complete 

abolishment of the expression of primitive streak markers. 
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Materials and Methods 

 

Embryo staging 

Embryos were staged based on morphological landmarks as previously 

described (Downs and Davies, 1993; Rivera-Perez et al., 2010) or described in 

terms of dissection time. Noon of the day that a mating plug was observed was 

considered embryonic day 0.5 (E0.5) of gestation. All embryos were derived from 

mice maintained on a CD-1 genetic background. 

 

Generation of Wnt3lacZ knock-in mice 

The targeting vector contained a 6 kb NotI-BamHI genomic DNA fragment 

(129S6/SvEvBrd) containing exons 3-4 of the Wnt3 locus (Figure 2.3A). A lacZ 

cassette and a floxed PGKneobpA cassette were inserted into the ClaI site in 

exon 4. The IacZ cassette contained an internal ribosomal entry site (IRES) and 

an SV40 polyA signal sequence. An HSV-tkpA cassette was added to the 5'-

homologous arm. Gene targeting in ES cells was performed as previously 

described (Mishina et al., 1995). A total of 192 G418; FIAU double-resistant ES 

cell colonies were screened for homologous recombination by Southern blotting 

using a Wnt3 3’ UTR probe (Liu et al., 1999). Twenty-seven lines were positive in 

the initial screening, and two lines gave rise to germ-line chimeras. Heterozygous 

mutants were normal and fertile. The phenotype of the Wnt3lacZ homozygous 

mutants was indistinguishable from that of Wnt3 null mutants previously reported 
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(Liu et al., 1999; Barrow et al., 2007) (Figure 2.3A), indicating that the Wnt3lacZ 

allele is a null allele. 

 

Mouse strains and genotyping 

Cripto lacZ/+ mice (Ding et al., 1998) were obtained from crosses between 

mixed stock heterozygous males and CD-1 females. Heterozygous Wnt3 lacZ/+ 

mice were also maintained by the same strategy. Male mice heterozygous for 

Wnt3 lacZ/+ were crossed with female mice heterozygous for Cripto lacZ/+ to 

generate the mice double heterozygous for the Wnt3 lacZ/+ allele and the Cripto 

lacZ/+ allele. All the CD-1 mice were obtained from Charles River Laboratories.  

Embryos were genotyped retrospectively after wholemount in situ 

hybridization or after the β-galactosidase assay. Each litter was pictured before 

genotyping to allow unique identification of each embryo. Embryos were placed 

in 15-20 µl of PCR lysis buffer (50 mM KCl, 10 mM Tris-HCl pH8.3, 2.5 mM 

MgCl2, 0.1 mg/ml gelatin, 0.45% IGEPAL and 0.45% Tween 20) containing 100 

mg/ml Proteinase K and incubated overnight at 56oC. After lysis, proteinase K 

was inactivated at 95oC for 5 min and 1 µl of the sample was use for the PCR 

reaction. Mice were genotyped at postnatal day 10 using a 2 mm tail tip piece. 

 PCR for Cre, LacZ and Wnt3c allele was carried out using Go Taq Flexi 

DNA polymerase (Promega cat no. M8295) using the following PCR cycle 

conditions: 30 sec. at 95oC, 40 sec. at 60oC and 40 sec. at 72oC repeated 31 

times with an initial denaturation cycle of 5 min. at 95oC and a final elongation 
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step of 7 min. at 72oC. The Wnt3Δ
3-4 allele was amplified using the following cycle: 

1 min at 95oC, 1 min at 58oC and 1 min at 72oC were repeated 35 times. We 

used the following oligonucleotides: Progeny of the above cross were genotyped 

using the following primers:  

Cripto Fwd: 5’- CCT CCG AAG TCC TCA ATC AC-3’ 

Cripto lacZ/+Rev: 5’-GAT TAA GTT GGG TAA CGC CAG-3’ 

Cripto Rev: 5’-TCC GAA GTG GCT ATC TCC AG-3’ 

LacZ Fwd: 5’-GCG TTA CCC AAC TTA ATC G-3’ 

LacZ Rev: 5’- TGT GAG CGA GTA ACA ACC-3’ 

Ptmw1: 5’- GAC TTC CTC AAG GAC AAG TAC G-3’ 

Ptmw2: 5’- GAA GAC GCA ATG GCA TTT CTC-3’ 

neoF2: 5’- TGG CTA CCC GTG ATA TTG CTG-3’ 

We amplified a around 300bp DNA fragment for Cripto allele by using 

Cripto Fwd and Cripto Rev primers, a 500bp DNA fragment for Cripto lacZ/+ allele 

by using Cripto Fwd and Cripto lacZ/+ Rev primers, a 300 bp DNA fragment for 

lacZ allele by using LacZ Fwd and LacZ Rev primers, a 300 bp DNA fragment for 

Wnt3 allele, and a 300bp DNA fragment for Wnt3 lacZ/+ allele. We performed PCR 

reactions for different alleles separately.  

 

Dissection and embryo staging 

Dissections were conducted in DMEM (Dulbecco’s Modified Eagle 

Medium) (Invitrogen, Cat. No. 31600-034) containing 10% heat inactivated fetal 
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bovine serum (Atlanta Biologicals, Cat. No. S11150), penicillin (100 U/ml), (Cat. 

No. 15140-122) and 20 mM HEPES (Fisher, Cat. No. BP310).  Dissected 

embryos were examined on a Nikon diaphot microscope equipped with DIC 

optics. Embryos with any obvious mechanical damage or an extremely bent 

ectoplacental cone were not considered for further study. Embryos were 

photographed by using a CCD camera (Leica Inc. DFC420). 

 

Whole mount in situ hybridization 

Whole-mount in situ with digoxigenin-labeled probes was performed as 

previously described (Rivera-Perez and Magnuson, 2005). The plasmid used to 

generate the Brachyury probe was a gift from a gift from B. Herrmann (Duke 

University, Durham, NC). Plasmids for Wnt3 probe were a gift from R. Behringer 

at Sealy Center for Cancer Cell Biology (University of Texas Medical Branch, 

Galveston. TX). Plasmids for Cripto probe were a gift from M. Shen at 

Department of Genetics and Development from Columbia University Medical 

Center. 

 

Histology and salmon-gal staining 

The protocol for Salmon-gal staining was previously described 

(Sundararajan et al., 2012). Embryos dissected at E6.5 were fixed in 2% 

formalin, 5 mM EGTA and 2 mM MgCl2 in 0.1 M phosphate buffer (pH 7.3) for 5 

minutes. They were then washed three times in rinse solution: 0.1% sodium 
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deoxycholate, 0.2% IGEPAL, 2 mM MgCl2 and 0.1 M phosphate buffer (pH 7.3) 

for 20 minutes each. Embryos were then incubated in the dark in staining 

solution at 37°C. The staining solution consisted of 1 mg/ml Salmon gal (6-

chloro-3-indolyl-β-D galactopyranoside) (Lab Scientific, catalog number X668) 

and 0.4 mM of TNBT (5-bromo-4-chloro-3-indoxyl phosphate) (VWR, catalog 

number 101108-494) in rinse solution.  
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Discussion 

 

My studies show the relocation of the DVE from the distal to the 

prospective anterior region of the embryo results in restriction of Wnt signalling 

activity to the posterior side of the embryo. This in turn leads to the positioning of 

the primitive streak to one side of the epiblast commencing the process of 

gastrulation. These results support the novel view that interplay between the 

anterior and posterior visceral endoderm is a developmental mechanism for the 

proper establishment of the anteroposterior axis in mammals. The fact that 

ectopic expression of Wnt3 in the visceral endoderm of Cripto mutants leads to 

the expression of Brachury in the proximal epiblast suggests Wnt3 is sufficient to 

induce the formation of the primitive streak. The unpublished data done by 

Giovane Tortolotte from our laboratory showed the Wnt3 in the visceral 

endoderm was essential for the formation of primitive streak, together with my 

data, implying an interesting parallel between the posterior visceral endoderm in 

mice and Nieuwkoop center of amphibians. Another study done by Jeff Barrow 

(Barrow et al., 2007) showed the expression of Wnt3 is dispensable for mouse 

gastrulation, which is not consistent with Tortolotte’s data. This could be due to 

the different mouse strains two groups used.   

As this study and previous reports described, normal Bmp4 expression 

was observed in Wnt3-null mutant embryos that had no primitive streak. This 

suggests that Bmp4 is not sufficient to induce a primitive streak in mouse 
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embryos as previously suggested (Ben-Haim et al., 2006). More recent studies 

show that the Wnt3-visceral endoderm knockout embryos also do not develop a 

primitive streak while Bmp4 is still present in the extraembryonic ectoderm 

abutting the epiblast (Tortelotte et al. unpublished), which indicate that Bmp4 is 

dispensable for the initiation of gastrulation. However, a certain amount of 

embryos lacking Bmp4 do not develop a primitive streak (Winnier et al., 1995), 

suggesting Bmp4 plays a role in gastrulation albeit as a permissive rather than as 

an instructive signal. The presence of Bmp4 in the extra-embryonic ectoderm in 

Wnt3 mutant embryos shows that Bmp4 expression in this region of the embryo 

is not dependent on Wnt3. This draws an intriguing linear gastrulation model in 

which Bmp4 in the extra-embryonic ectoderm regulates Wnt3 in the posterior 

visceral endoderm and then initiate the whole gastrulation process. To address 

this possibility, it would be interesting to study the expression of Wnt3 in Bmp4 

mutant embryos.   

Nodal is an important regulator for early mouse development. Nodal 

mutants have a small epiblast, lack a primitive streak and the AVE remains at the 

distal tip of the embryo (Conlon et al., 1994). During normal development, Nodal 

antagonistic action emanating from the AVE is necessary to restrict the formation 

of the primitive streak to the posterior side of the embryo (Perea-Gomez et al., 

2002; Robertson et al., 2003). Interestingly, Nodal expression is lost in Wnt3 

mutants (Liu et al., 1999) and the regulatory region of Nodal that controls its 

expression in the primitive streak has TCF/LEF binding sites (Norris and 
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Robertson, 1999; Ben-Haim et al., 2006; Granier et al., 2011). Thus, Nodal 

expression in the posterior epiblast/primitive streak seems to depend on Wnt3 

signaling acting through the canonical Wnt signaling pathway. An intriguing 

possibility is that the AVE restricts a Wnt3-dependent Nodal activity in the 

epiblast to the posterior side of the embryo.  

Apart from Cripto mutants, the DVE cells of Otx2 mutant embryos fail to 

locate to one side of the embryo. In Otx2 null embryos, Wnt3 and Brachyury 

expression are present in the proximal region of the embryo (Kimura et al., 

2001), suggesting the possibility that the proximal expression of Wnt3 induces 

the corresponding Brachury expression in the proximal region in the Otx2 

mutants. This hypothesis could be addressed by generating double Wnt3/Otx2 

mutants to investigate the sufficiency of Wnt3 expression in proximal region for 

maintaining Brachyury expression. The expected result is that the expression of 

Brachyury is lost after removing Wnt3 activity in Otx2 mutants. The data from this 

experiment will reinforce the conclusion from the Cripto mutant experiment, that 

the relocation of DVE to the anterior side plays a role in mouse embryo 

patterning via blocking Wnt3 expression. Moreover, testing the same hypothesis 

in two different models (Otx2 -/- and Cripto -/-) also exclude the possibility that it 

is the gene (Cripto or Otx2) but not the failure of AVE movements leads to the 

expansion of Wnt3 expression.   

The loss of Cripto leads to the failure to position the AVE even though the 

DVE may have been generated. In embryos lacking Wnt3, Cripto expression is 
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initiated in the whole epiblast at E6.0 (Tortelotte et al. unpublished), however 

could not be maintained later at E6.5 (Figure 2.3). This suggest that the initial 

expression of Cripto is not dependent on Wnt3, while Cripto expression in the 

primitive streak is dependent on Wnt3. Morever, complete loss of Wnt3 in both 

epiblast and VE (Liu et al., 1999) does not seem to affect the formation of the 

AVE. Taking these two together, indicates that the loss of Cripto in the primitive 

streak would have no effect on the formation of the AVE, or contribute to the 

"radialization" of T expression. Thus, the initial expression of Cripto in the 

epiblast is most likely responsible for the DVE to AVE transition and affects the 

positioning of primitive streak (Figure 2.8). 

Wnt antagonist (Dkk1) has been suggested as an attractive guidance cue 

to drive AVE migration to the prospective anterior side (Kimura-Yoshida et al., 

2005). The embryos lacking Otx2 die during early gastrulation and exhibit 

anterior-posterior patterning defects due to the failure of AVE positioning. In Otx2 

mutants, Dkk1 expression in the DVE/AVE is missing and moreover, the A-P 

patterning defects could be partially resuced via removing one copy of β-catenin 

gene, which leads to the reduced canonical Wnt signaling activity. This further 

indicates the anatagonist role of DVE-expressing Dkk1 in Wnt signaling during 

the establishment of the anteroposterior axis in mouse embryos (Kimura-Yoshida 

et al., 2005).  

Since Wnt3 mutants lack Cripto expression in the primitive streak, Wnt3 

functions upstream of Cripto. However, Cripto is required for maintaining Wnt3 
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expression in the epiblast, therefore, Wnt3 acts downstream of Cripto in the 

epiblast. This paradox can be explained by placing the same molecules into 

different developmental time windows. Since Cripto is known to be a co-receptor 

for Nodal signaling pathway in vertebrate development (Yan et al., 2002), the 

loss of Wnt3 expression in the epiblast in the Cripto mutants is likely to due to the 

distrupted Cripto-dependent Nodal signaling pathway in Cripto mutant embryos 

embryos. In addition, at E6.5, Wnt3 is upstream of Cripto during the stage when 

primitive streak forms. However, the Wnt3 activity in Cripto mutant embryos 

could still exist even though the whole mount in situ for Wnt3 is not sensitive 

enough to detect it, which is also revealed by p21 whole mount in situ and RT-

PCR (Figure3.6).  

The emerging view put forward by our results, suggests that the signaling 

cascades that pattern the mouse anteroposterior axis act in a spatially and 

temporally controlled manner (Figure. 2.8). Around E5.5, nodal precursors are 

produced in the epiblast, processed into a mature form in extraembryonic 

ectoderm and then released to the proximal epiblast. Nodal ligands from the 

epiblast activate the expression of several genes in visceral endoderm at the 

distal tip of the egg cylinder via Cripto-dependent or Cripto-independent signaling 

pathway (Tam and Loebel, 2007). Concurrently, Wnt3 emanates from posterior 

visceral endoderm, which provides a repulsive cue to guide AVE, while Wnt 

antagonist (Dkk1) from the distal visceral endoderm provides an attractive cue to 

guide AVE migration migration (Kimura-Yoshida et al., 2005). The AVE cells 
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actively migrate to the prospective anterior side of the egg cylinder around E5.75. 

At primitive streak stage (E6.5), Wnt3 signals from the posterior visceral 

endoderm to the adjacent epiblast to induce the expression of primitive streak 

markers among them Cripto, Brachyury, etc. Cripto expression in the epiblast is 

necessary for the expression of Wnt3 in the epiblast, which is the reason that in 

Cripto mutant embryos, Wnt3 expression in the epiblast is absent. The Wnt3 

expression in the epiblast is magnified via canonical Wnt signaling and the 

epiblast-expressing Wnt3 is likely to signal back to the visceral endoderm to 

augment the Wnt3 expression in the visceral endoderm via an autoregulatory 

loop. As Wnt3 expression expands anteriorly, the AVE release Wnt antagonists 

(Dkk1, Sfrp1&5, etc) to block Wnt3 expression in the epiblast and visceral 

endoderm. All these complex molecular crosstalks between visceral endoderm 

and epiblast ensure the right positioning of primitive streak during early 

gastrulating mouse embryos.  

In conclusion, my data provide novel evidence that indicate that an 

interplay between the anterior and posterior visceral endoderm regulates 

gastrulation. These results open the way to dissect the complex network of 

visceral endoderm signaling in vivo. In the future, genetic manipulations, which 

selectively eliminate a subset of inhibiting activities will be crucial to dissect the 

complex functions of the AVE and its inhibitory role for Wnt signaling emanating 

from the posterior visceral endoderm. It will be important to determine, whether 

visceral endoderm specific double or triple mutant embryos for mDKK1, Sfrp1&5 
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and Cer-I can lead to the expansion of canonical Wnt signaling and a ectopic 

primitive streak. 
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Figure 2.8. Proposed model to explain the signaling events that pattern the 

early mouse embryo. (A). Signaling events at E5.5 mouse embryos. In wild type 

embryos, nodal precursor protein (Nodal-P) is processed in the extraembryonic 

ectoderm (ExE) (step 1). Nodal signals from the epiblast to maintain the 

expression of Cripto (step 2), which in turn works with Nodal to activate the 

expression of Lefty1 in the distal visceral endoderm cells (step 3). Cripto-

independent-Nodal signaling also maintains the expression of some other genes 

(Dkk1, Sfrp1&5, CerI), which are required to specify DVE cells (step 4). 

Canonical Wnts and Wnt antagonists (Dkk1) are repulsive and attractive 

guidance cues respectively for relocating the DVE cells to the prospective 

anterior side by active cell migration (step 5). In Cripto-/- mutant, Cripto-

dependent Nodal signaling is disrupted, which leads to the absence of Lefty-1 in 

the DVE cells. The DVE cells fail to shift to the future anterior side by unknown 

mechanisms. (B). Signaling events at E6.5 mouse embryos. In wild type 

embryos, Wnt3 emanating from the posterior visceral endoderm activates 

primitive streak markers (Brachyury, Nodal and Cripto) in the adjacent posterior 

epiblast (step1 and 1’). The expression of Wnt3 in the epiblast is dependent on 

Cripto expression (step 2). The expression of Wnt3 in the epiblast is magnified 

potentially through canonical Wnt signaling (step 3) and canonical Wnt signaling 

also signals to the posterior visceral endoderm to magnify Wnt signals (step 4). 

The expression of Wnt3 is prevented from reaching the anterior epiblast by the 

AVE cells which express multiple antagonists of Wnt signaling to block Wnt3 
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expression in the epiblast (step 5) and visceral endoderm (step 5’). In Cripto 

mutants, the AVE remains at the tip of the epiblast allowing expansion of Wnt3 

expression to the anterior visceral endoderm where it induces primitive streak 

markers leading to radialization of the primitive streak (step 1 and 1’). 

Abbreviations: Epi, Epiblast; AVE, anterior visceral endoderm; PVE, posterior 

visceral endoderm; ExE, extra-embryonic ectoderm.  
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CHAPTER III: 

 

ANALYSIS OF SENESCENCE-ASSOCIATED β-GALACTOSIDASE 

STAINING IN EARLY MOUSE EMBRYOS INDICATES ACIDIC β-

GALACTOSIDASE ACTIVITY PRESENT IN APICAL VACUOLES OF 

VISCERAL ENDODERM CELLS 
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Preface 

 

The work shown in this chapter forms part of the article “Senescence-

associated β-galactosidase staining in early mouse embryos indicates 

acidic β-galactosidase activity present in apical vacuoles of visceral 

endoderm cells”. This paper is currently in press in the journal Genesis. Most of 

the work described here was designed by Jaime Rivera and Tingting Huang and 

all the work was conducted by Tingting Huang. 



94

Abstract 

 

Senescence-associated β-galactosidase (SA-β-gal) staining is widely 

used as a marker of cellular senescence and has been suggested to be an 

indicator of organismal aging. Here we conduct an analysis of SA-β-gal activity in 

early post-implantation mouse embryos and show that SA-β-gal staining marks 

the visceral endoderm, an extra-embryonic tissue, in predictable patterns that 

change as the embryo develops. However, both of the analysis of the cell 

proliferation in visceral endoderm and the whole mount in situ hybridization 

studies for analyzing the expression of Cdkn1a (p21), a marker of senescent 

cells, do not support the conclusion that the cellular senescence is occurring in 

the visceral endoderm at early post-implantation embryos. Detection of SA-β-gal 

activity and endocytotic labeling was conducted using a fluorescent β-

galactosidase substrate in cultured embryos in the presence of rhodamine 

dextran. My results revealed the presence of SA-β-gal activity in apical vacuoles 

indicating the presence of acidic β-galactosidase. Taken together, our results 

show that in early mouse embryos SA-β-gal staining indicates acidic β-

galactosidase activity in apical vacuoles of visceral endoderm cells. Previous 

studies have shown that SA-β-gal staining reflects the activity of lysosomal β-

galactosidase in senescent cells, which might be the case in visceral endoderm 

cells since apical vacuoles are organelles with lysosomal activity. 
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Introduction 

 

Normal somatic cells do not proliferate indefinitely in culture. At the end of 

their limited replicative lifespan, they enter a permanent growth arrest of cell 

division by a process termed cell senescence (Hayflick and Moorhead, 1961; 

Campisi and d'Adda di Fagagna, 2007). Some characteristics of senescent cells 

include an increase in cell size (Simons, 1967; Bowman et al., 1975; Meek et al., 

1977; Schneider et al., 1977), growth arrest typical at G1-phase (Di Leonardo et 

al., 1994; Ogryzko et al., 1996; Serrano et al., 1997; Herbig et al., 2004) and 

apoptosis resistance (Campisi and d'Adda di Fagagna, 2007). Senescent cells 

also show altered gene expression, including increased expression of the Cdk 

inhibitor proteins p21 (Cdkn1a) and p16 (Cdkn2a) (Campisi, 2001), which 

function in parallel signaling pathways to maintain senescence growth arrest 

(Campisi, 2001; Espinosa et al., 2003; Ben-Porath and Weinberg, 2005; Jackson 

and Pereira-Smith, 2006).  

The first and also the most extensively used biomarker of senescent cells 

is SA-β-gal staining (Dimri et al., 1995; Lee et al., 2006; Campisi and d'Adda di 

Fagagna, 2007). SA-β-gal activity is typically measured by in situ staining under 

acidic conditions using a chromogenic substrate. During an experiment designed 

to ectopically induce senescence in transgenic mouse embryos, we noticed that 

wild-type control embryos assayed for SA-β-gal activity developed staining in the 

visceral endoderm, an extra embryonic component of the developing conceptus. 
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This observation prompted us to expand these studies and explore the pattern of 

acidic β-gal activity in early post-implantation embryos. 

A systematic analysis of embryos dissected at stages spanning embryonic 

days 5.5 and 9.5 (E5.5 –E9.5) revealed that SA-β-gal activity marks the visceral 

endoderm in predictable patterns that vary as the embryo progresses in 

development. This activity was first observed in the whole visceral endoderm 

layer of embryos at E5.5, approximately one day before the appearance of the 

primitive streak. After that, it was gradually restricted to extra-embryonic regions 

of the conceptus and by primitive streak stages it marked the extra embryonic 

and posterior visceral endoderm. Later, at gastrulation stages and during early 

organogenesis, SA-β-gal activity was detectable solely in the visceral yolk sac. 

Determination of the mitotic index of visceral endoderm cells using phospho-

Histone H3 immunostaining and analysis of the expression of Cdkn1a (p21), a 

marker of senescent cells, did not reveal evidence of senescence in visceral 

endoderm cells. Instead they showed that visceral endoderm cells are actively 

proliferating. Moreover, we detected expression of Cdkn1a in the primitive streak, 

a region of high cellular proliferation, which is intriguing since p21 is a cell cycle 

negative regulator and normally associated with cellular senescence and 

apoptosis. Analysis of embryos cocultured with rhodamine dextran to mark 

endocytotic vesicles in combination with fluorescent SA-β-gal staining, revealed 

the presence of SA-β-gal activity in apical vacuoles an organelle that has 

lysosomal activity. From these studies, we conclude that the SA-β-gal activity 
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observed in visceral endoderm cells is not related to senescence but likely 

represents acidic β-galactosidase activity present in apical vacuoles and 

associated with the nutritional function of visceral endoderm at early post-

implantation stages. 

 

Replicative senescence 

As Hayflick described in 1965, cellular senescence is encountered when 

cultured cells enter into a permanent cell cycle arrest at the end of their 

replicative life span (Hayflick, 1965). The classic experiment was done in human 

fibroblast cells. The human fibroblasts divide quickly at first multiple generations, 

then gradually lose the ability to proliferate. However, the non-dividing cells do 

not die for long time, and fail to proliferate even with sufficient living resources. 

The study of the mechanism of cellular senescence contributes to the 

study of cancer research. The first indication of senescence being an anti-tumor 

mechanism came from the observation that the merge of an immortal cell and a 

normal cell give rise to a cell undergoing senescence, indicating senescence 

could be a potential therapeutic medical treatment for cancer (Smith and Pereira-

Smith, 1996). Cellular senescence is also relevant to the regenerative medicine 

research since senescence is proposed as a process of recapitulating the 

process of aging in vivo. The loss of regenerative abitity of the tissues and the 

accumulation of senescent cells are always associated with aging process 

(Campisi and d'Adda di Fagagna, 2007). 
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Human adult fibroblast cells show enlarged cell size after the primary cells 

undergo senescence, sometimes increasing in size more than two-fold relative to 

the non-senescent counterparts (Hayflick, 1965; Simons, 1967). In addition, 

senescent cells show different characteristics from quiescent cells, which can 

reverse the growth cycyle arrest by resuming cell proliferation after spending long 

time intervals. However, senescent cells cannot reverse the permanent cell cycle 

arrest and start cycling (Campisi and d'Adda di Fagagna, 2007).  Senescent cells 

also show high-level autofluorescence due to the accumulation of lipofuscin in 

lysosomal compartment, which could be detected by fluorescence/confocal 

microscopy (von Zglinicki et al., 1995; Hohn et al., 2010). Senescent cells also 

show altered gene expression, including increased expression of the Cdk 

inhibitor proteins p21 (Cdkn1a) and p16 (Cdkn2a) (Campisi, 2001), which 

function in parallel signaling pathways to maintain senescence growth arrest 

(Campisi, 2001; Espinosa et al., 2003; Ben-Porath and Weinberg, 2005; Jackson 

and Pereira-Smith, 2006) 

Senescence can be induced by multiple stimuli. Aging cells are normally 

associated with the end-replication problem due to the dysfunctional telomeres, 

which trigger a DNA damage response (DDR) to induce senescence (Hemann et 

al., 2000; Martens et al., 2000; Gire et al., 2004). DNA damage, which creates 

DSBs, also trigger many cell types to undergo senescence (Di Leonardo et al., 

1994; Parrinello et al., 2003). Both dysfunctional telomeres and DDR trigger 

senescence through p53-dependent pathway via p21 (Campisi and d'Adda di 
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Fagagna, 2007). The senescence phenotype can also be induced by other 

triggers, such as oxidative stress, oncogene activity, improper cell contacts and 

lack of nutrients/growth factors (Campisi and d'Adda di Fagagna, 2007). 

Multiple stimuli converge on two major signaling pathways to induce 

senescence. Tumor suppressor proteins, p53 and Rb, play critical roles in the 

induction of senescence. Senescence-inducing signals activate p53, which in 

turn inactivate Rb to lead to the senescence growth arrest via p21 protein, an 

inhibitor of cyclin E/Cdk2 complexes. Senescence-inducing signals also activate 

the p16–pRB pathway by inducing the expression of p16, another CDK inhibitor 

that prevents pRB phosphorylation and inactivation. pRB promote cell 

senescence state by reducing the activity of E2F, a transcription factor that 

stimulates cell senescence (Ben-Porath and Weinberg, 2005; Campisi and 

d'Adda di Fagagna, 2007).  

 

Markers of Replicative senescence 

There are no exclusive markers for senescence. The senescence-

associated molecules, such as p53, p21 and p16 are not specific to the 

senescent state. As a master regulator, p53 regulates the cell cycle and is 

invoved in many other cellular biological responses beside for senescence, such 

as cell proliferation and apoptosis (Farnebo et al., 2010). p16, an important 

regulator of senescence, is upregulated in many senescent cells, however, it is 

also upregulated in some tumor and apoptic cells (Al-Mohanna et al., 2004; Gil 
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and Peters, 2006). p21, which is upregulated in many senescence cells, is also 

involved in apoptosis beside cellular senescence (Gartel and Tyner, 2002; Al-

Mohanna et al., 2004).  

Senescence cells always show lack of DNA replication (Campisi and 

d'Adda di Fagagna, 2007). This characteristic can be usually detected by the 

incorporation of bromodeoxyuridine (BrdU) (Konishi et al., 2011).  Another good 

marker to show lack of DNA replication is to immunostain for proteins such as 

PCNA, Ki-67 or phospho-histone H3 (Leonardi et al., 1992; Wei et al., 1999). 

However, this feature can not distinguish between senescent cells and quiescent 

cells. Some other senescent makers include senescence-associated secretory 

phenotype (SASP), senescence-associated heterochromatin foci (SAHF), DNA 

scars, γ-H2AX and etc (reviewed by (Campisi and d'Adda di Fagagna, 2007).  

The most extensively used biomarker of senescent cells is SA-β-gal 

staining, which is detected at ph 6.0 cytochemically using a chromgenic substrate 

or by the use of 5-dodecanoylaminofluorescein di-β-D-galactopyranoside 

(C12FDG), a fluorogenic substrate for βgal activity, based on the alkalinization of 

lysosomes (Dimri et al., 1995; Debacq-Chainiaux et al., 2009). The quiescent 

cells do not develop positive staining SA-β-gal staining, making it a more specific 

way for senescent cells (Dimri et al., 1995). SA-β-gal staining comes from the 

accumulation of lysosomal residue during the process of cells undergoing 

senescence (Kurz et al., 2000).  
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The significance of senescence in vivo 

Most of the senescence studies have been conducted in in vitro cell 

culture. Recently, animal models of ageing and human genetic diseases showed 

cellular senescence occurs and play an important role in age-related pathologies 

in vivo This is also supported by the study showing removal of p16Ink4a-

expressing senescent cells can postpone tissue dysfunction and extend health 

life, suggesting (Erusalimsky and Kurz, 2005; Campisi and d'Adda di Fagagna, 

2007; Baker et al., 2011). 

Senescence is a mechanism, which almost exists in all animals, except for 

the hydra, a kind of fresh-water animal that show radial symmetry and can 

consistently renew the body tissues (Martinez, 1998). In mice and humans, 

senescent cells accumulate more abundantly in old animals (Dimri et al., 1995; 

Erusalimsky and Kurz, 2005). An good explanation for this phenomenan is that 

senescence is programmed in order to limit population size or accelerate the 

turnover of generations (Kirkwood and Austad, 2000). 

Senescence also contributes to normal somatic tissue repair (Campisi and 

d'Adda di Fagagna, 2007). Adult stem cells are central to tissue and organ 

regeneration process, as they maintain in the stem cell niche and retain the self–

renew capability all the time and produce new cells to replace the old and 

damaged ones. The number of the cells in the stem cell niche marked by one or 

several senescence markers is increased with age, and the regenerative 

capacity of stem cells and their daughter cells appears to decrease during aging, 
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which suggests the senescence in old animals potentially cause the age-related 

functional decline of many tissues (Dimri et al., 1995). 

Senescence is a important anti-tumor mechanism since it permanently 

arrests the cell cycle and stops cell proliferation (Campisi and d'Adda di Fagagna, 

2007).  Most stressers which induce senescence, such as oncogenes, are also 

be able to initiate the tumor formation (Campisi and d'Adda di Fagagna, 2007; 

Zhang, 2007). Also, the two major regulators for senescence, the p53 and pRB, 

are also tumor suppressors (Rodier and Campisi, 2011). In addition, cellular 

senescence is related to tumor regression in some tumor cell types, making it a 

very good therapeutic way for cancer treatments (Shay and Roninson, 2004). 

However, the role of cellular senescence in carcinogenesis could be beneficial or 

harmful depending on the age of the animal (Shay and Roninson, 2004).  

Senescent cells are mostly associated with pathological situations, such 

as in tumor and ageing tissues (Campisi and d'Adda di Fagagna, 2007). The 

senescent cells are also found to accumulate in stellate cells during liver fibrosis 

and wound healing response in skin injury (Krizhanovsky et al., 2008; Jun and 

Lau, 2010). However, since most studies for senescence have been conducted 

in stress response situations, whether senescence cells are present during 

physiological circumstances remain unclear. Moreover, SA-β-gal activity is found 

in old quail mesonephros (Nacher et al., 2006). Two very recent studies 

surprisingly showed the senescent cells accumulate in inner ear, degenerating 

mesonepheric tubules and also apical ectodermal ridge during limb development 
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in murine embryogenesis, suggesting senescence, like apoptosis, is a 

fundamental mechanism to fine-tune the tissue and organ structures in early 

development (Munoz-Espin et al., 2013; Storer et al., 2013). Although 

senescence has been reported in renal and limb formation, its existence, if any 

during early post-implantation stages remains unknown. 

 

Visceral yolk sac and microautophagy 

Absence of the visceral yolk sac (VYS) leads to the miscarriage of human 

pregnancy, suggesting the VYS is essential for survival of human embryo during 

early development (Exalto, 1995).  Human visceral yolk sac, a microvilli-covered 

structure, develops before the emergence of the blood flow via the placenta, and 

mainly plays a role for embryo nutrition through endocytosis (Zohn and Sarkar, 

2010). In mice, like the endodermal-derived epithelial layer of the human VYS, 

the apical surface of visceral endoderm is also covered with microvilli and 

endocytotic machinery apparatus (Bielinska et al., 1999). As development 

proceeds, the visceral endoderm contributes to the endoderm epithelial layer of 

the VYS (Bielinska et al., 1999). Several mouse mutants, such as hepatic nuclear 

factor 4-alpha (Hnf4α) and rab7 (rab7), show the initiation of A-P axis formation, 

however, are unable to absorb maternal nutrients and die around gastrulation 

(Chen et al., 1994; Kawamura et al., 2012).  

The visceral endoderm can actively internalize the maternal nutrients into 

the cytoplasm through an endocytotic mechanism, which has been shown by 
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electron microscopy and immunohistochemistry studies (Wada et al., 2013). In 

mouse embryo, the lysosome-like organelle in visceral endoderm accumulates in 

the apical side and exhibits a multiple-arm structure, named the apical vacuole. 

The apical vacuole is a special form of lysosome in the VE, which is similar to 

lysosomes by exhibiting lysosome-associated member proteins, proteinase and 

enriched endocytotic markers (Wada et al., 2013). The delivery of early 

endosome to the apical vacuoles is via a microautophagy mechanism, a process 

by which the endosomes are engulfed into the apical vacuoles with double 

membranes, unlike the canonical lysosomal fusion, in which endosomes delivery 

to the lysosomes and form a continuous layer of memberane (Mijaljica et al., 

2011; Kawamura et al., 2012) (Figure. 3.1).  

 

Here I hypothezed the SA-β-gal activity in the visceral endoderm is derived from 

the lysosmal activity in the apical vacuole rather than linked to senescence. 
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Figure.3.1 (A). A schematic model of apical vacuole mediated 

microautophagy in the visceral endoderm at early post-implantation mouse 

embryos. The VE cells contain large apical vacuoles, which is a multivesicular 

lysosomes, sharing several characteristics with lysosomes. (B). A schematic 

model of classical microautophagy. This figure is adapted from the figure 1 in 

the paper (Wada et al., 2013). 
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Results 

 

SA-β-gal staining marks the visceral endoderm 

To study the prevalence of SA-β-gal activity during early mouse 

embryogenesis, we characterize the spatial and temporal patterns of SA-β-gal 

activity in early mouse embryos, we dissected embryos at stages between E5.5 

and E9.5 and subjected them to β-galactosidase assays at pH 6.0, the standard 

senescence assay. A systematic analysis of embryos revealed that SA-β-gal 

activity marks the visceral endoderm in predictable patterns that vary as the 

embryo progresses in development. DVE stage embryos dissected at E5.5 (n=10) 

showed widespread visceral endoderm staining that included both the embryonic 

and the extra-embryonic visceral endoderm.  The epibast and extra-embryonic 

ectoderm were completely devoid of staining (Figure.3.2A). 

 At E6.5, coincident with the appearance of the primitive streak, acidic β-

galactosidase staining marked only the extra-embryonic and posterior visceral 

endoderm with no labeled cells detected overlaying the rest of the epiblast region 

(n= 25) (Figure.3.2B). The staining in the posterior visceral endoderm region 

covered about one third to one half of the length of the epiblast and tapered 

anteriorly around the circumference of the embryo along the epiblast/extra-

embryonic ectoderm boundary. The epiblast and extra-embryonic ectoderm 

remained clear of staining (Figure.3.2B).  
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At E7.5, acidic β-galactosidase-positive visceral endoderm cells were 

confined to the extra-embryonic region (n= 32) (Figure.3.3A - C). The area of 

staining extended over the sides of the embryo but was excluded from the 

posterior region of the embryo (Figure.3.3B, C). At later stages, acidic β-

galactosidase staining was restricted to the visceral yolk sac in embryos 

dissected at E8.5 (n= 5, not shown) and E9.5 (n= 8) (Figure.3.4). At 21 to 27 

somite stages (E9.5), acidic β-gal staining was also detected within the liver 

primordium while the rest of the embryo was completely devoid of staining 

(Figure. 3.4). 

In summary, SA-β-gal activity initially marks the whole visceral endoderm 

of early post implantation embryos but as development progresses it becomes 

restricted to the extra embryonic and posterior visceral endoderm and later is 

limited to the visceral endoderm layer of the visceral yolk sac. 
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Figure 3.2. SA-β-gal activity marks the visceral endoderm of early post-

implantation mouse embryos. A. Pattern of SA-β-gal staining in embryos 

dissected at E5.5. SA-β-gal staining marks the whole visceral endoderm. B. 

Pattern of SA-β-gal staining in embryos dissected at E6.5.  At E6.5, the staining 

is restricted to the extra-embryonic and posterior visceral endoderm. The dotted 

lines represent the approximate level of the sections shown in (a1, a2, b1, b2). 

VE, visceral endoderm; ExE, Extra-embryonic ectoderm; PVE, posterior visceral 

endoderm; Epi, Epiblast. Scale bars: A, 50 µm; B, 100 µm; a1, a2, b1, b2: 20 µm.  
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Figure 3.3. Pattern of SA-β-gal staining in embryos dissected at E7.5. A. In 

E7.5 embryos SA-b-gal activity is confined to the extra-embryonic visceral 

endoderm. B, C. Side (D) and posterior (E) views of the same E7.5 illustrate the 

lack of staining in the posterior visceral endoderm (marked by asterisks). The 

dotted lines represent the approximate level of the sections shown in (b1-b3). 

ExVE, extra-embryonic visceral endoderm; ExE, extra-embryonic ectoderm; al, 

allantois; EmVE, embryonic visceral endoderm; ExM, extra-embryonic mesoderm; 

ME, Mesendoderm. Scale bars: C, D, E, 100 µm; d1, d2, d3: 20 µm. 
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Figure 3.4. Pattern of SA-β-gal staining in embryos dissected in E9.5. A. SA-

β-gal positive cells are restricted to the visceral yolk sac. B. Cross section of the 

visceral yolk sac showing that SA-β-gal staining is restricted to the visceral 

endoderm layer. VYS, visceral yolk sac. Scale bars: 250 µm in A and 50 µm in B.   
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SA-β-gal activity visceral endoderm cells are not senescent cells.  

Senescent cells usually lack of DNA replication (Di Leonardo et al., 1994; 

Ogryzko et al., 1996; Serrano et al., 1997; Herbig et al., 2004), therefore, we 

assessed the proliferative status of visceral endoderm cells in E6.5 embryos 

using antibodies against Ki67, a general marker of proliferating cells but not 

quiescent cells (Wei et al., 1999; Chenn and Walsh, 2002). At E6.5, 

immunoreactive Ki67 (n=5) proteins were observed extensively in epiblast cells 

coincidental with the appearance of the primitive streak. There were also indeed 

Ki67 positive cells in the visceral endoderm layer of the conceptus, both in 

extraembryonic and embryonic region (Figure.3.5A - D).  

Next, we immunostained embryos dissected at E6.5 by using phospho-

histone H3 antibody (Figure.3.6). Phospho-Histone H3 is a specific marker for 

cells in mitotic metaphase that detects Ser-10 phosphorylation of histone. The 

mitotic index was calculated individually in extraembryonic and embryonic 

visceral endoderm compartments. The ratio between the number of cells in 

mitosis and the total number of cells in the extra-embryonic visceral endoderm is 

2.06% while the ratio is 3.02% in the embryonic visceral endoderm (Figure.3.6C). 

The mitotic index for the epiblast is 10% at E6.5 embryos. The cells marked by 

phospho histone H3 were distributed randomly in the visceral endoderm 

(Figure.3.6B). These results indicate that visceral endoderm cells are actively 

cycling and contrast with the expected G1 arrest characteristic of senescent cells.  

P21 is a cell cycle negative regulator that acts by inhibiting cyclineE/cdk2  
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Figure 3. 5. Confocal analysis of cell proliferation in the visceral endoderm 

of E6.5 embryos using Ki-67 immunostaining . A. Staining for Ki67 to reveal 

cycling cells (green). The Ki67-stained nuclei are visible in the posterior visceral 

endoderm (arrowheads) and extra-embryonic visceral endoderm regions 

(arrows). B. Draq5 staining to reveal nuclei (blue). C. Immunostaining for E-

Cadherin to reveal cell-cell boundaries (red). D. Merge of the three channels.. 

The asterisk represents anterior visceral endoderm. Scale bar: 50 µm. 
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Figure 3.6. Determination of the visceral endoderm mitotic index. A. 

Confocal optical planes in sagittal (pink) or transverse (grey) orientations. B. 

Wild-type E6.5 embryos were stained for phosphor-histone H3 (green), E 

cadherin (red) and DAPI (blue). Serial optical sections of whole mounted 

embryos were viewed under a laser confocal microscope. Sagittal,parasagittal 

and transverse focal planes are shown. Transverse sections (t1 – t3) were 

reconstituted from the serial optical sections. The approximate positions of extra-

embryonic (t1 and t2) and embryonic (t3) sections are indicated. C. Quantification 

of the mitotic index in the extra-embryonic visceral endoderm and embryonic 

visceral endoderm. Scale bars indicate 50 µm. Abbreviations: ExVE, extra-

embryonic visceral endoderm; EmVE, embryonic visceral endoderm.  
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complex. During senescence, expression of p21 has been shown to be 

upregulated by the tumor suppressor p53 in response to DNA-damage agents 

(Macleod et al., 1995).We stained E6.5 embryos using a p21 antibody and 

observed that the extra-embryonic and posterior visceral endoderm were positive 

for p21 antibody immunostaining, which are the same regions marked by SA-β 

gal staining (Figure.3.8). These results suggested that senescence is present in 

VE cells, however, they are inconsistent with the nature of the yolk sac that has 

to expand to encapsulate the growing embryo and also the proliferation analysis 

data.  

To gain further evidence to support these results, we decided to look at 

the p21 mRNA expression pattern. Embryos were dissected at E6.5 and E7.5 

and then lysed without cones to extract RNAs, which were reversely transcribed 

into cDNAs. The cDNAs were then used as templates to amplify a p21 fragment 

spanning over exon2 and exon3.  The data showed the presence of p21 mRNA 

(Figure.3.7B). To confirm the immunostaining results obtained using p21 

antibody, we conducted wholemount in situ hybridization using a p21 probe. p21 

is encoded by the Cdkn1a gene. To determine the expression of p21, we used a 

1,030 bp fragment of exon3 containing a 980 bp piece of 3’UTR (Figure.3.7A). 

We analyzed embryos dissected at E6.5 and E7.5. We did not detect expression 

at E6.5. At E6.5, we were not able to detect expression of Cdkn1a in any tissue 

of the conceptus (n= 5, not shown). At E7.5 (n=7), staining became apparent in 

the primitive streak region of embryos at early bud stages (Figure.3.7C). The  
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Figure 3.7. Analysis of Cdkn1a (p21) expression in E7.5 embryos. A. 

Schematic representation of the Cdkn1a gene indicating the real time PCR 

primers and whole mount in situ probes used in this study. Cdkn1a have 3 

transcripts which generate the same protein. Cdkn1a produces three transcripts. 

The blue bar indicates the location of the whole mount in situ probe used. Red 

arrows indicate the pair of RT-PCR primers used for RT-PCR. B. RT-PCR 

analysis for E6.5 and E 7.5 mouse embryos. C. Whole-mount in situ hybridization 

analysis in E7.5 embryos. Cdkn1a transcripts were present in the primitive streak 

(arrows).  Scale bar: 200 µm. Abbreviations: EB, Early allantois bud stage; LB, 

Late allantois bud stage; EHF, Early headfolds stage; Al, allantois; NHF, neural 

head folds. Red arrows: the forward and reverse primers for RT-PCR. 
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Figure 3.8. Immunostaining of early post-implantation embryos using an 

anti-p21 antibody. A, B. Immunohistochemistry using a mouse monoclonal 

antibody that detects all forms of p21 was performed in a litter of E6.5 embryos. 

Bright field (A) and fluorescence (B) views. C, D. P21 immunostaining (red) in E 

7.5 embryos. E, F. E6.5 embryo showing approximate location of enlarged 

panels shown in g and h.  G, H: Confocal study for different regions shown in (F). 

P21 is detected in the cytoplasm of visceral endoderm cells rather than in the 

nucleus (G). This staining likely represents an artifact that indicates maternal 

IgGs present in the visceral endoderm. In panel H, nuclear staining is observed 

at the base of the primitive streak. This pattern of staining is coincident with the 

pattern of expression of Cdkn1a which codes for p21. Scale bar: 200 µm in C 

and 100 µm in D. Arrow, posterior visceral endoderm; arrowhead, extra-

embryonic visceral endoderm. 
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staining was mostly concentrated in the proximal region of the primitive streak. At 

a slightly later stage (late bud stage), the staining was clearly discernible along 

the entire length of the primitive streak region. This was also the case of embryos 

at early and late head fold stages. At these later stages, Cdkn1a expression was 

also evident in the epiblast layer of the node (Figure.3.7C). In neither case, 

however, we observed Cdkn1a expression in the visceral endoderm layer of the 

conceptus.  

These results are not consistent with the p21 immunostaining data. 

Confocal microscopy analysis showed that the signal from the p21 

immunostaining are not nuclearly located, suggesting it is not an active form of 

p21 (Figure.3.8E, F,G, H). All these led us to think that the immunostaining data 

might be an experimental artifact. 

Taken all these results together, we conclude that visceral endoderm cells 

are not senescent cells. The question then shifted to understand what SA-β gal 

staining indicated in the visceral endoderm cells. 
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Detection of maternal Immunoglobins in the visceral endoderm 

 Previous studies have shown that the visceral endoderm cells internalize 

maternal components like transferrin, immunoglobulins (Ig), lipoproteins and 

albumins (Huxham and Beck, 1985; Ichimura et al., 1994; Assemat et al., 2005). 

Since the p21 antibodies were generated in mice, we suspected that the pattern 

of immunostaining observed in our immunostaining experiments reflected 

maternal immunoglobins present in the visceral endoderm. To determine if the 

visceral endoderm cell population that exhibited SA-β-gal activity corresponded 

to cells containing maternal IgGs, we conducted an immunostaining experiment 

using a goat anti mouse antibody conjugated with alexa 488. 

Analysis of embryos dissected at E6.5 revealed maternal IgGs in the 

extra-embryonic and posterior visceral endoderm mimicking the pattern of 

staining observed in SA-β-gal assayed embryos (Figure.3.9A – C). As in the case 

of SA-β-gal embryos, the presence of IgGs was restricted to the apical surface of 

visceral endoderm cells (Figure.3.9D). 

To address this question, we assayed mouse embryos using a secondary 

mouse anti IgG antibody. This resulted in the staining of extra-embryonic and 

posterior visceral endoderm, which exactly matched the p21 immunostaining 

results (Figure.3.9). 

 Therefore, the p21 immunostaining results are most likely the result of 

dectecting maternal immunoglobulins present in the visceral endoderm. 
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Figure 3. 9. Mouse embryos accumulate maternal IgGs in the apical side of 

the visceral endoderm. A-C. Detection of maternal IgGs in E6.5 embryos using 

a goat anti-mouse IgG antibody. The visceral endoderm, mainly the extra-

embryonic and posterior visceral endoderm internalizes IgG from the maternal 

circulation through endocytosis. Panel A mouse IgG immunostaining (green). 

Panel B shows Draq5 staining to detect nuclei (cyan). Panel C is an overlay 

image of A and B. D. Magnification of the region marked with a square in panel 

(C). The internalized mouse IgGs are present in the apical side in the visceral 

endoderm. Arrows in D indicate microvilli present in visceral endoderm cells and 

the asterisks indicate apical vacuoles. Scale bars: 50 µm in A, B, C and 10 µm in 

D. 
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Visceral endoderm cells corresponded to acidic β-galactosidase activity 

present in apical vacuoles 

The visceral endoderm is known to perform a nutritional role in early post-

implantation embryos (Zohn and Sarkar, 2010). In addition, previous studies 

have shown that visceral endoderm cells capture maternal immunoglobins 

(Bernard et al., 1977). SA-β-gal activity marks apical vacuoles of visceral 

endoderm cells. The presence of SA-β-gal activity in visceral endoderm cells but 

absence of other senescence markers prompted us to investigate the origin of 

SA-β-gal staining in our embryos. Previous reports have suggested that the SA-

β-gal assay reflects high lysosomal activity in senescent cells (Kurz et al., 2000). 

In addition, using human fibroblasts deficient for GLB1, the gene coding for 

lysosomal β-galactosidase, Lee and co-workers demonstrated that SA-β-gal 

staining reflects the activity of lysosomal β-galactosidase (Lee et al., 2006). Since 

the mouse visceral endoderm contains large apical vacuoles that exhibit 

lysosomal characteristics (Kawamura et al., 2012), we wondered if SA-β gal 

activity in the visceral endoderm cells was derived from lysosome activity linked 

to the nutritive role of the visceral endoderm cells.  To investigate this possibility, 

we developed a technique to identify SA-β gal staining in vivo using a fluorogenic 

substrate for β-gal activity, (5-dodecanoylaminofluorescein di-β-D-

galactopyranoside, C12FDG) (Figure.3.10). Our results revealed that the extra-

embryonic visceral endoderm and posterior visceral endoderm were positive for  
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Figure 3.10. Detection of SA-β-gal activity using C12FDG, a fluorescence 

substrate for β-galactosidase. A, B. Brightfield (A) and fluorescence 

illumination (B) of the visceral yolk sac of E9.5 embryos. SA-β-gal staining (green) 

marks the whole visceral yolk sac. The yolk sac shown at extreme right in B, is a 

control processed without incubation with C12FDG. C - H. SA-β-gal staining 

(green) labels the apical surface of extra-embryonic and posterior visceral 

endoderm cells. This is clearly visible in the higher magnification shown in insert 

(F). Scale bars: 1 mm in B; 100 µm in C, D, E and 10 µm in F-H. 
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C12FDG. At E9.5, the whole visceral yolk sac are marked by fluoregenic SA-β 

gal staining (Figure.3.10A, B). At E 6.5, only posterior visceral endoderm and 

extraembryonic visceral endoderm are marked by fluoregenic SA-β gal staining 

(Figure.3.10C - F).  

We then combined this assay with an assay to label apical vacuoles using 

Lysinated Rhodamine dextran (LRDX). This compound has been used to mark 

apical vacuoles before (Kawamura et al., 2012). E6.5 embryos were labelled with 

LRDX in vitro for 15 min, and then incubated for 15 min in media lacking LRDX. 

During this chase period, most internalised LRDX was transported to the apical 

vacuoles. We then assayed the embryos for SA-β gal activity using C12FDG and 

imaged the embryos with confocal microscopy. We observed that SA-β gal 

fluorescence co-localized with the LRDX present in the apical vacuoles. Our 

results showed complete co-localization of green fluorescence produced by the 

fluorescent SA-β-gal assay and red fluorescence provided by LRDX in the apical 

vacuoles (Figure. 3.11) 

From these studies, we conclude that the SA-β-gal activity observed in 

visceral endoderm cells is not related to senescence but likely represents SA-β-

gal activity present in apical vacuoles and associated with the nutritional function 

of visceral endoderm at early post-implantation stages. 
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Figure 3.11. Detection of SA-β-gal activity in apical vacuoles of visceral 

endoderm cells. E6.5 embryo assayed for fluorogenic SA-β-gal activity and 

rhodamine dextran (RD) to label apical vacuolae. Panels A and E, show RD 

fluorescence (red). Panels B and F show SA-β-gal activity detected using 

C12FDG. Panels C and G show DAPI staining and panels D and H are overlays 

of the three channels. A-D are a rendering of all confocal sections in their 

particular channel. Confocal sections of the region in the dotted square are 

shown in E-H. SA-β-gal activity corresponds to the same areas marked by 

fluorescence dextran indicating its presence in apical vacuoles. Scale bars: 50 

µm in A-D and 10 µm in E-H. 
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Materials and Methods 
 
 

Mouse strains and embryo collection 

Embryos were obtained from crosses between CD-1 mice (Charles River 

Laboratories). Postimplantation embryos were dissected in N-2 

hydroxyethylpiperazine-Nʹ′-2 ethanesulfonic acid (HEPES) buffered Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS). 

Embryos dissected at 5.5 dpc were staged according to the position of the 

visceral endoderm thickening (Rivera-Perez et al., 2003) . Embryos dissected at 

6.5 dpc and 7.5 dpc were staged as described (Downs and Davies, 1993). The 

middle of the dark cycle (midnight) that preceded the morning in which the 

copulation plug was observed was considered the beginning of gestation. 

 

Whole mount in situ hybridization  

CD-1 embryos were used in wholemount in situ hybridization. Embryos 

were fixed overnight in 4% paraformaldehyde prepared in PBS. After fixation, 

they were dehydrated in methanol series and stored in 100% methanol at -20°C. 

Hybridization was done at 70°C following the protocol of J. Rossant’s laboratory 

(http://www.sickkids.ca/research/rossant/custom/protocols.asp). The cdkn1a-1 

probe was transcribed from plasmid pcdkn1a-1wish. It consisted of a 1,030 bp 

fragment of exon3 of Cdk1a-1-3’U transcript containing a 980 bp piece of 3’UTR. 

For the wholemount in situ staining, embryos were fixed in 4% paraformaldehyde, 
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subjected to whole-mount in situ hybridization. Embryos hybridized with the 

Cdkn1a-1-3’U or Cdkn1a probes were treated for 5-8min with proteinase K (10 

µg/ml) and allowed to be stained for 1-2 days in the color reaction solution. 

Embryos used in these experiments were littermates.  

 

Immunofluorescence 

Embryos obtained from CD1 crosses were fixed for 1 h in 4% 

paraformaldehyde prepared in PBS. After fixation, embryos were washed 3 times 

in PBS for 10 min and incubated in blocking solution (5% goat serum, 0.5% 

Triton X-100 and 1% bovine serum albumin in PBS) for 1 h. Subsequently, the 

embryos were incubated with primary antibody diluted 1:500 for 2 hours. After 

primary antibody staining, the embryos were washed three times in PBT (0.5% 

Triton X-100, 1% BSA in PBS) and incubated for 1 h at room temperature in 

secondary antibody diluted 1:500 in PBT. Embryos were then rinsed 3 times in 

PBT for 10 min, once in PBS for 5 min, counterstained with 1 µM Draq5 

(Biostatus Cat. No. 4084), washed twice in PBS for 5 min and mounted in 50% 

Glycerol/PBS. Primary antibodies: Anti phospho-Histone H3 (EMD Millipore 

catalog number: 06-570) and rat anti E-cadherin IgG (Zymed catalog number 13-

1900) Rabbit anti Ki67 (Abcam Cat. No. 66155) and mouse anti p21 (BD 

biosciences Cat. No. 556430). Secondary antibodies: Alexa-fluor 488 Goat anti 

Rabbit IgG (Molecular probes Cat. No. A11008), Alexa-fluor 594 Goat anti Rat 

IgG (MolecularbProbes, Cat. No. A-11007) and Alexa-fluor 568 Goat anti mouse 
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IgG (Life technologies, Cat. No. A-11004) . Mouse IgG immunostaining was done 

following the above procedure, excluding the primary antibody incubation, using 

Alexa-fluor 488 goat anti mouse IgG (Molecular probes Cat. No. A11001). 

Stained embryos were imaged using a laser scanning confocal microscope 

(Leica TCS SP5). Optical sections were obtained every 4µm. 

 

Mitotic index (MI) 

Confocal images of the embryo were captured on a Leica TCS SP5 

Confocal Laser Scanning Microscope a 20x/0.70 immersion HC PL APO Lbd. Bl 

objective. z-stacks were taken at either 2um or 4 um intervals through the 

embryo, with each channel acquired sequentially. Stacks were then merged and 

reconstructed using ImageJ 1.46n. The number of the cells in M phase marked 

by green fluorescence (phoshop-histone H3) was scored manually by using 

imageJ Othogonal views function. The tranverse setions move along the whole y 

axis and the individual green spot in the visceral endoderm (periphery) was 

counted and double checked sagital view. The two adjacent green dots in the 

neighbouring cells are counted once. The green dots in the extraembryonic and 

embryonic boundary are separately scored in both extraembryonic and 

embryonic data set. The total number of the cells in the visceral endoderm was 

manually counted by using imageJ. The mitotic index (M.I.) is defined as the ratio 

between the number of cells in mitosis and the total number of cells. Each 

embryo was analyzed for M.I. separately in the extraembryonic visceral 
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endoderm and embryonic visceral endoderm. 

 

Fluorescent SA-β-gal and endocytic labeling 

Embryos obtained from CD-1 crosses were cultured in a 1:1 mixture of 

DMEM and rat serum (Rivera-Perez et al., 2003; Kawamura et al., 2012) 

containing 2 mg/ml fluorescent dextran (Molecular Probes, catalog number D-

1818) and 20 mM C12FDG (5-Dodecanoylaminofluorescein Di-β-D-

Galactopyranoside.Molecular Probes, catalog number D-2893) for 15 

min(Debacq-Chainiaux et al., 2009). After the initial culture, the embryos were 

rinsed twice in culture medium (1:1 DMEM/rat serum) and incubated again in the 

same media for 15 min. After the secondary culture period, the embryos were 

rinsed twice in PBS and fixed for 10 minutes in 4% paraformaldehyde at room 

temperature. After fixation, the embryos were rinsed twice in PBS for 10 minutes 

each, stained with Draq5 diluted 1:5000 (1µM), washed twice in PBS for 5 min 

and mounted in a solution containing 50% Glycerol in PBS. 
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Discussion 

 

SA-β-galactosidase activity is derived from lysosomal β-galactosidase that 

reflects increased lysosomal biogenesis in senescent cells(Kurz et al., 2000; Lee 

et al., 2006; Campisi and d'Adda di Fagagna, 2007). We showed that the SA-β-

gal activity was present in the apical vacuoles of visceral endoderm cells, an 

organelle with lysosomal activity (Kawamura et al., 2012). Therefore we believe 

that the observed SA-β-gal activity corresponds to increased lysosomal activity 

present in these organelles. The visceral endoderm has a nutritional role at post-

implantation stages before the establishment of the maternal-embryo circulation 

through the placenta (Zohn and Sarkar, 2010). A recent study has shown that the 

visceral endoderm endocytoses nutrients by a process of microautophagy in 

which endosomes are engulfed by large apical vacuoles (Kawamura et al., 2012). 

Hence, the high acidic β-galactosidase activity of visceral endoderm likely 

reflects the trophic activity of the visceral endoderm mediated by the apical 

vacules and lysosomes. Interestingly, acidic β-gal activity may be a characteristic 

of tissues involved in nutrient absortion since it has been found in intestinal cells 

(Going et al., 2002; Viotti et al., 2011).  

Our results show that SA-β-gal activity marks the visceral endoderm of 

early post-implantation embryos, in predictable patterns, initially in the whole 

visceral endoderm at E5.5, then in the extra-embryonic and posterior visceral 

endoderm as the embryo progresses towards gastrulation and later in the 
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visceral yolk sac as the embryo proceeds through the initial stages of 

organogenesis (see Figure.3.12). This stereotyped pattern of staining resembles 

the pattern of expression of several markers of the visceral endoderm such as 

Alphafetoprotein (Afp) and Transthyretin (Ttr) (Going et al., 2002; Viotti et al., 

2011). Alphafetoprotein is the embryonic equivalent of albumin a liver marker. 

Transthyretin is also a marker of the liver. These characteristics coupled with 

previous notions that the visceral endoderm mimics the function of the fetal large 

intestine and liver (Meehan et al., 1984) reinforce the view that SA-β-gal staining 

reflects the nutritional role of the visceral endoderm and suggest a shift of the 

source of embryo nutrition to the extra-embryonic visceral endoderm at early 

post-implantation stages. Kwon and co-workers reported that descendants of the 

embryonic visceral endoderm are incorporated into the definitive endoderm layer 

of the embryo (Nielsen et al., 1999; Kwon et al., 2008). This process involves a 

functional transition of visceral endoderm cells into definitive endoderm(Nielsen 

et al., 1999; Kwon et al., 2008). 

Our results suggest that lost of acidic β-galactosidase activity in embryonic 

visceral endoderm precedes this transition since acidic β-galactosidase staining 

is not evident in the embryonic visceral endoderm at the time that definitive 

endoderm cells emanating from the primitive streak intercalate between the 

visceral endoderm layer of the embryo. A number of molecular changes found in 

senescent cells in vitro resemble those occurring in somatic cells during the 

process of aging in vivo (Mishima et al., 1999; Nielsen et al., 1999; Campisi and 
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d'Adda di Fagagna, 2007; Kawamura et al., 2012) and SA-β-gal activity has been 

associated with organismal aging (Mishima et al., 1999; Pendergrass et al., 1999; 

Sigal et al., 1999; Melk et al., 2003). It seems paradoxical then that SA-β-gal 

activity is present during embryogenesis. This is also the case of p21 another 

marker of senescence, whose transcripts are present in the primitive streak, a 

region with high levels of cell proliferation during embryogenesis (Snow, 1977; 

Stuckey et al., 2011). Our study shows that these two markers are not only 

markers of senescence or aging and highlight the contrasts encountered when 

conducting studies in cell culture and at the organismal level. 

Since first described in 1995 (Dimri et al., 1995), the SA-β-gal assay has 

been widely used as a biomarker of senescent cells. However, our studies reveal 

that SA-β-gal staining marks the visceral endoderm of early post-implantation 

embryos. Morever, the SA-β-gal activities at early post-implantation stage are 

enriched in the apical vacuole, most likely linked to the nutritive role of the 

visceral endoderm cells rather than a senescent cell population. Firstly, the 

analysis of Ki67 immunostaining revealed that a good portion of visceral 

endoderm cells are actively are proliferating, however, almost all the 

extraembryonic visceral endoderm and posterior visceral endoderm cells are 

stained by SA-β-gal staining, suggesting the SA-β-gal staining and Ki-67 

immunostaining patterns are not exclusive to each other, which in further implies 

the SA-β-gal patterning does not infer senescence in this case. In addition, 

determination of the mitotic index showed that visceral endoderm cells are 
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actively cycling, confirming previous studies (Stuckey et al., 2011). Moreover, 

analysis of the expression of the senescence marker p21 did not reveal 

expression in the visceral endoderm but rather on the highly proliferative primitive 

streak. All of these suggest the SA-β-gal activity in the visceral endoderm is not 

linked to senescence. In additioin, we demonstrated the SA-β-gal activity in the 

visceral endoderm mostly likely comes from apical vacuole, a specialized form of 

lysosome. 

Previous studies have shown that SA-β-gal staining can be encountered in 

non-senescent situations in vitro and in vivo. For example, a small number of β-

galactosidase positive cells at pH 6.0 were found in growing 3T3 fibroblast 

cultures (Yegorov et al., 1998) and acidic β-galactosidase staining was found in 

the glomerular basement membrane of kidney cells (Melk et al., 2003). More 

studies showed that senescent cell populations are present in some pathological 

situations, such as wound healing and liver fibrosis (Krizhanovsky et al., 2008; 

Jun and Lau, 2010). In addition, two recent studies came out at the end of last 

year showed the senescence, the same as apoptosis, is a fundamental 

mechanism to fine tune embryo development (Munoz-Espin et al., 2013; Storer 

et al., 2013). However, in the stage we studied, early post-implantation (E 5.5 – E 

9.5), instead of representing senescent cells, the SA-β-gal stained visceral 

endoderm cells are localized in the apical vacuoles, presumbably linked to the  

Two papers just came out demonstrated the senescence, similar to 

apoptosis, is a basic mechanism for shaping the embryo development (Munoz-
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Espin et al., 2013; Storer et al., 2013). The cause of the discrepancy is the 

developmental time windows. The embryo stage I worked on is mainly between 

5.5 to E9.5, while the stage is much later in the other two published papers. 

Thers is also another possibility that a sub-population of visceral endoderm cells 

are senescent even though the visceral endoderm is not. To address this 

question, the analyses of dual markers, Ki67 and SA-β-gal, for instance, need to 

be examined on the cellular level to investigate if there is a strong association 

between SA-β-gal activity and absence of proliferation. 

The SA-β-gal activity linked to senescence is derived from the increased 

lysosomal residue contents (Kurz et al., 2000; Lee et al., 2006), and the SA-β-gal 

activity is dispersed in the whole cytoplasm. However, the SA-β-gal activity I 

observed in visceral endoderm cells is restricted in apical vacuole and this could 

be due to that the increased lysosomal lipase activity inside the apical vacuole, 

which somehow mimicks the accumulation of lysosomal residue contents in the 

whole cytoplasm when cells undergo senescence. It also indicates SA-β gal 

activity is specific indicator for a consequence of accumulation lysosomal 

contents but not senescence. One potential candidate for this lysosomal origin of 

SA-βgal activity is GLB1, the gene encoding the classic lysosomal enzyme (Lee 

et al., 2006).  
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Figure 3.12. Schematic representation of SA-β-gal staining between E5.5 

and E9.5. SA-β-gal staining (shown in blue) marks the entire visceral endoderm 

at DVE stage (~E5.5) but it marks the extra-embryonic and posterior visceral 

endoderm by primitive streak stages (~E6.5). At gastrulation stages (~E7.5) SA-

β-gal staining is observed to the extra-embryonic portion of the conceptus, and 

eventually, it is present to the yolk sac (E9.5). Abbreviations: DVE, Distal Visceral 

endoderm stage; ES, early streak stage; LB, Late allantoic bud stage; EHF, Early 

head folds stage; 20s, 20 somite stage. 
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CHAPTER IV: 

 

GENERAL DISCUSSION 
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Vertebrates have diverse shapes and a unique appearance. Such 

sophisticated body architecture develops from a conserved body plan laid out 

during early embryonic development. One of the earliest decisions for any 

embryo is to decide where to form the head opposite to the tail along the 

anteroposterior axis.   

In anamniotes such as Xenopus and zebrafish, the anteroposterior axis is 

determined by the organizer, a specialized region that releases signaling factors 

to promote the formation of the three germ layers. The organizer is induced by 

the evolutionarily conserved Wnt signaling-based Nieuwkoop center (Harland 

and Gerhart, 1997; Tao et al., 2005; Lu et al., 2011). However, whether the 

Nieuwkoop center exists in amniotes such as mice and chick is unknown. In 

humans, a study of fetuses with tetramelia found linkage to a non-sense mutation 

in WNT3 that leads to a truncated form of the protein (Niemann et al., 2004). 

Since these fetuses were able to undergo gastrulation, WNT3 does not seem to 

direct gastrulation in humans. 

The mouse is the most amenable model organism to represent 

mammalian embryo development, however, the mouse embryo has stark 

differences to anamniotes and also to chick embryos. First, mouse embryos do 

not carry much maternal components and the zygotic genome is activated at a 

much earlier stage than other vertebrates, implying that cues to lay down the 

primary body axes are not present in the fertilized eggs. Second, mouse embryos 

have a simple epiblast consisting of a relatively small number of embryonic cells 
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while sophisticated patterned extra-embryonic tissues compose the rest of the 

conceptus at the beginning of gastrulation. Third, morphological evidence of the 

anteroposterior axis is evident almost a week after fertilization at E6.5. These 

features pointed to a fundamental role of extra-embryonic tissues in patterning 

the early mouse embryos. 

 

4.1. Evolutionarily conserved “Nieuwkoop center” during vertebrate development 

The existence of abundant extraembryonic tissues implies a potential role 

of murine extraembryonic tissues in regulating early developmental events, which 

is further evidenced by tissue specific gene knockout studies. Embryos lacking a 

few genes (Nodal, Smad2 and Otx2) in the visceral endoderm show embryonic 

leathality and fail to establish the primary body axes (Beddington and Robertson, 

1998; Waldrip et al., 1998; Perea-Gomez et al., 2001) 

In Xenopus, the most well studied model organism for axial specification, 

the Nieuwkoop center produces signals to induce the Spemann organizer which 

in turn releases a cocktail of factors to establish axial polarity. Figure.1.6 is a 

modified figure from the Beddington and Robertson’s 1998 review to explain how 

the topological relationship between the organizer derivatives and Nieuwkoop 

center observed in frog might be conserved in chick and mice. According to the 

model, it is suggested that the Nieuwkoop center equivalent in mice is the 

posterior visceral endoderm (Figure.1.6) (Beddington and Robertson, 1998). 
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In a classical transplantion experiment, juxtaposing the posterior visceral 

endoderm to anterior ectoderm leads to respecification of anterior epiblast to a 

posterior mesodermal fate by forming the blood cell progenitors and expressing 

endothelial markers (Belaoussoff et al., 1998). Wnt3, a gene essential for 

gastrulation (Liu et al., 1999), was identified as a candidate molecule in 

expression studies (Rivera-Perez and Magnuson, 2005). In early post-

implantation embryos, Wnt3 mRNA is first observed in the posterior visceral 

endoderm of embryos dissected at embryonic day 5.5 (E5.5) and expands to the 

adjacent epiblast tissue a few hours later by E5.75 (Rivera-Perez and Magnuson, 

2005). Based on these studies, it was proposed that the posterior visceral 

endoderm directs the formation of the primitive streak and that Wnt3 is the 

effector molecule (Rivera-Perez and Magnuson, 2005). Recently, evidence to 

support a posterior visceral endoderm-signaling model was provided by 

experiments in which Wnt3 was conditionally inactivated in the epiblast of 

developing embryos (Tortelote et al., 2013). Embryos lacking Wnt3 in the 

epiblast establish the anteroposterior axis and initiate gastrulation but fail to 

thrive. Intriguingly, in these embryos, Wnt3 expression is temporary present in 

the posterior visceral endoderm suggesting that Wnt3 signaling from the 

posterior visceral endoderm is responsible for the initiation of gastrulation 

(Tortelote et al., 2013). 

 In order to determine if Wnt3 function in the posterior visceral endoderm is 

required for the generation of the primitive streak, our lab inactivated Wnt3 in the 
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posterior visceral endoderm of mouse embryos and analyzed their phenotype at 

early post-implantation stages. Our results show that embryos lacking Wnt3 in 

the visceral endoderm phenocopy Wnt3 null embryos failing to produce a 

primitive streak. Hence, Wnt3 function in the posterior visceral endoderm is 

essential for specification of the primitive streak.  

The first part of my work focused on studying the interaction between two 

visceral endoderm lineages; the posterior and anterior visceral endoderm. From 

initial observations that suggested interplay between these tissues in patterning 

early mouse embryo, we provided evidence that the PVE can induce the 

formation of the primitive streak in an ectopic region. These studies complement 

unpublished studies from our laboratory that showed that Wnt3 emanating from 

the PVE is necessary to form the primitive streak. Together these data provide 

evidence that Wnt3 derived from the PVE is necessary and sufficient to induce 

the primitive streak. Previous studies from our laboratory showed that Wnt3 acts 

through the canonical Wnt signaling pathway. Thus, the PVE appears to be an 

equivalent of the Nieuwkoop center of amphibians and fish. To our knowledge 

this is the first time that a signaling center responsible for the generation of the 

anteroposterior axis is identified in mammals. 

 

4.2. Complex molecular mechanism patterns early mouse embryo 

 Studies in Xenopus have provided evidence that the Nieuwkoop center 

induces the formation of mesendoderm utilizing Wnt11, which activates the 
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canonical Wnt signaling pathway (Tao et al., 2005). In zebrafish, recent studies 

identified Wnt8a as the dorsal determinant also working through the canonical 

Wnt pathway (Lu et al., 2011). The involvement of the canonical Wnt signaling 

pathway in mesendoderm induction in Xenopus, zebrafish and mouse embryos 

suggest that this is an evolutionary conserved character of vertebrate 

gastrulation. However, different Wnt ligands, Wnt11, Wnt8a and Wnt3 

respectively, appear to be the effector molecules. In humans, a study of fetuses 

with tetramelia found linkage to a non-sense mutation in WNT3 that leads to a 

truncated form of the protein (Niemann et al., 2004). Since these fetuses were 

able to undergo gastrulation, WNT3 does not seem to direct gastrulation in 

humans. Moreover, expression studies in Xenopus and zebrafish have shown 

that the ortholog of Wnt3 in these organisms is not expressed at the time of 

gastrulation (Garriock et al., 2007; Clements et al., 2009). On the other hand, the 

knockout of Wnt11 or Wnt8a orthologs in mice, do not produce a gastrulation 

phenotype (Majumdar et al., 2003; van Amerongen and Berns, 2006). Therefore 

different Wnt ligands appear to have been co-opted for anteroposterior axial 

specification during the evolution of vertebrates. 

In mice, Wnt3 appears to be the central molecule in posterior visceral 

endoderm for mesoderm induction, while Bmp4 is also required for this process, 

even though not necessary for the initiation of gastrulation (Tortelote et al. 

unpublished). Whether Wnt3 and Bmp4 signaling can be integrated in the same 

signaling network to direct gastrulation remains unknown. Differentiation of stem 



152

cells in vitro resembles the process of early stages of lineage specification since 

during differentiation, ESCs pass through a series of developmental events and 

express critical molecular markers that resemble those within the embryo (Keller, 

1995; Hirst et al., 2006). It has been shown that Wnt3a or Bmp4 can direct the 

differentiation of embryonic stem cells to express mesoderm markers during 

certain temporal time windows, and in this case, the timing of addition of growth 

factors is critical for mesoderm induction (Jackson et al., 2010). Nodal is also 

able to induce the ESCs to express mesoderm markers, however, the time 

window for Nodal is 0.5-day-late compared to that for Wnt3a and Bmp4 (Jackson 

et al., 2010), indicating the order of these series of inductive events for 

mesoderm induction are mostly likely initiated by Wnt and Bmp signaling followed 

by Nodal signaling. In addition, Adding both Bmp4 and Wnt3a will robustly induce 

the mesoderm markers T and Mixl1 and Bmp4 and Wnt3a by themselves will 

only weakly turn on mesoendoderm markers, suggesting that Wnt3a and Bmp4 

can induce mesoderm induction in parallel signaling pathways.  

The in vitro ESCs differention data mentioned above are indeed valuble, 

however, cannot directly fit into the in vivo signaling model. First, Wnt3 instead of 

Wnt3a is the first Wnt signaling molecule expressed on the prospective posterior 

side of the embryo (Rivera-Perez and Magnuson, 2005). Second, some of the 

embryos lacking Bmp4 show a partial primitive streak, which suggest that 

mesoderm induction takes place in these Bmp4 mutants (Winnier et al., 1995) 

while all the embryos lacking Wnt3 show a complete loss of the primitive streak, 
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indicating that the initiation of mesoderm induction did not happen in these Wnt3 

mutants (Liu et al., 1999).  These two lines of evidence, suggest the following 

model: Wnt3 is the key molecule that initiates gastrulation, and Wnt3 and Bmp4 

work in paralel to maintain the gastrulation process. 

To better dissect the complex linear or parallel signaling pathways which 

shape the early mouse anteroposterior axes, several experiments could be 

made. First, to determine if Wnt3 is responsible for the partial primitive streak 

developed in Bmp4 mutant embryos, we could generate double Wnt3 and Bmp4 

knockout embryos to test if the primitive streak is completely gone in the double 

mutant embryos. Secondly, to test if Bmp4 could induce mesoderm through 

Wnt3, Wnt3 deficient ESCs could be generated to test if adding Bmp4 is 

sufficient to induce primitive streak markers. Or to test if Wnt3 requires Bmp4 to 

induce mesoderm, Bmp4 deficient ESCs could be generated to test if adding 

Wnt3 is sufficient to induce primitive streak markers. 

 

4.3. An interplay between anterior and posterior visceral endoderm positions the 

primitive streak 

 One of the goals of my work was to define the role that the AVE played in 

the establishment of the anteroposterior axis. We addressed this issue 

genetically using Cripto mutant embryos in which the AVE fails to reach one side 

of the epiblast. We learned that the role of AVE is to restrict Wnt3 activity to the 

posterior side of the embryo to regulate the position of the primitive streak. 
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Therefore, interactions between the anterior and posterior visceral endoderm 

establish axial patterning in mice. 

There are several questions to address in the future, first, what is 

happening at the molecular level? Multiple Wnt antagonists are present in the 

AVE, including mDkk1, Sfrp1, Sfrp5, and Cer-I (Kemp et al., 2005; Pfister et al., 

2007) and they regulate Wnt signaling through diverse mechanisms. The sFRP 

(secreted Frizzled-related protein) family, primarily binds to Wnt proteins and 

Dickkoff, binds directly with LRP5/6 and Kremen (Kawano and Kypta, 2003). This 

leads us to ask if Wnt antagonists in the AVE are blocking Wnt3 signaling? If so, 

how is this happening? An additional question is to determine if the AVE exerts 

its effects on the visceral endoderm, epiblast or both. 

 Another question that remains is whether this mechanism is conserved in 

other vertebrates. In Xenopus, the equivalent of the AVE resides in central yolk 

vegetal cells. In chick the AVE is equivalent to the anterior hypoblast. In zebrafish 

an AVE equivalent has not been described but a likely candidate is the dorsal 

syncitial layer (Beddington and Robertson, 1998). Hex, is a marker of the AVE in 

mouse. The Xenopus homologue of Hex, is present in the deep vegetal cells and 

the zebrafish homologue of Hex is expressed in the dorsal yolk syncitial cells 

before gastrulation (Beddington and Robertson, 1998). Wnt antagonists have 

been reported to restrict Wnt activity to form the organizer in other vertebrates. In 

Xenopus, FRZB-1, a Wnt antagonist, counteracts the ectopic activity of Xwnt8 to 

induce a secondary organizer (Leyns et al., 1997).  
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 All this data suggest that despite morphological differences, the 

morphogenetic and molecular mechanisms that control axial development in 

vertebrates have been conserved evolutionarily. It is tempting to speculate that in 

humans an equivalent would be present and that the canonical Wnt pathway will 

be involved in axial patterning. With the advent of high throughput sequencing 

technologies it may be possible to sequence naturally aborted fetuses at stages 

right after gastrulation at about two weeks of development to try to find out the 

responsible gene for human gastrulation. 

 

4.4. The role of Cripto in Anterior Visceral endoderm movements 

The expansion of Wnt signaling to the anterior side of the embryo is 

allowed by the failure of AVE movements in the Cripto mutants, suggesting that 

the shift of distal visceral endoderm cells to the future anterior side is a critical 

regulatory step for the proper embryonic development in mice. Using genetic and 

molecular studies, Ding et al. 1998 has shown that Cripto is required for correct 

anteroposterior axis formation in the mouse embryo (Ding et al., 1998).  

Although the unilateral movement of AVE cells is crucial for embryo 

patterning, very little is known about how it takes place. The visceral endoderm 

There are two prevailing views. One is that it is a passive movement due to the 

different proliferative rate of anterior or posterior visceral endoderm cells (Lawson 

and Pedersen, 1987; Yamamoto et al., 2004). The other view suggests the AVE 

migrates as a single layer in direct contact with the epiblast, which indicates the 
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epiblat layer serves as a buttress for supporting AVE movement or even provide 

directional cues (Srinivas et al., 2004). 

The process of AVE movements consists of a series of coordinated 

cellular changes and movements. At E5.5, the visceral endoderm cells located at 

distal tip are specified to express multiple genes, such as Hex, mDKK1, Sfrp1&5, 

Lefty1 CerI (Tam and Loebel, 2007). These cells then shifts to the prospective 

anterior side in 7 hours (Thomas et al., 1998; Rivera-Perez et al., 2003) (Figure.2 

8). Multiple signaling pathways have been indicated in involving the AVE 

movement process. TGF-β/ Nodal signaling promotes DVE specification 

(Brennan et al., 2001; Tam and Loebel, 2007) (Figure.2 8) and the Nodal 

antagonists Cerl and Lefty1 are also involved in AVE movements by controlling 

cell proliferation in the visceral endoderm layer (Yamamoto et al., 2004). 

Moreover, canonical Wnt ligands and Wnt anatagonist Dkk1 has been suggested 

to function as repulsive and attractive guidance cues to predict the direction of 

AVE movement (Kimura-Yoshida et al., 2005) (Figure.2 8).  

Cripto is a major member of EGF-CFC proteins attached to the cell 

membrane through a glycosylphosphatidylinositol linkage. Genetic and 

biochemical studies show that EGF-CFC proteins act as membrane-associated 

coreceptors for type I and type II activin receptors (Shen and Schier, 2000). The 

AVE cells in embryos lacking Cripto gene stay distally instead of moving 

anteriorly (Ding et al., 1998). Cripto is exclusively expressed in the epiblast at 

egg cylinder stage and then the expression of Cripto shifts to the primitive streak 
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conincident with the emergece of the primitive streak, indicating the epiblast-

expressing Cripto plays a role in the process of AVE movements.  Furthermore, 

cell culture and chimeric analysis show Cripto can work in a non cell autonomous 

manner in cell culture and also during during axial midline formation (Yan et al., 

2002; Chu et al., 2005). All this evidence indicates that absence of Cripto in the 

epiblast leads to the mislocalization of anterior visceral endoderm in the Cripto 

mutants. However, the detailed mechanism for dissecting the role of Cripto in 

anterior visceral endoderm has not been done yet. More detailed information 

regarding on the question on epiblast-expressing Cripto affects AVE movements 

could be gained by the following experiments.  

 To gain more information about AVE cell fate and cell movements in 

Cripto mutants at pre-streak stage we can conduct cell lineage assays. The 

abnormal location of AVE at the distal tip of mutant Cripto embryos suggest 

defects either in the genetic cascade that controls the expression of the 

transgenes, or in the displacement of distal visceral endoderm cells.  To 

determine whether the distal visceral endoderm cells at 5.5 dpc stay remain 

distally located or give rise to anterior descendants that lack DVE/AVE markers, 

the individual cells of distal visceral endoderm (DVE) in both wild type and Cripto 

mutant embryos could be labeled with a mixture of horseradish peroxidase (HRP) 

and Lysinated Rhodamine Dextran (LRDX) (Lawson and Pedersen, 1987)  to 

study their movements. Iontophoresis is a microinjection technique that utilizes 

electric current to deliver ions into cells. If absence of Cripto affects cell 
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movement, we expect to see that in Cripto mutants, the labeled cells remains 

distally, while in wild type embryos, the labeled cells move to anterior side of the 

epiblast after 7-hour culture.  

Iontophoresis is previously tested single cell lablling technique, which 

leads to a negligible volume change and minimal damage in the labeled cell. 

There are potential complications such as limited detection of 6 divisions of 

labeled descendants, however, these does not affect the experiment design, 

since only 1-2 cell division for visceral endoderm cells is expected from E5.5 to 

E6.5. 

 Another question, which needs to be addressed, is how epiblast-

expressing Cripto plays a role in regulating the cell movements in the viscereal 

endoderm layer. The expression of Cripto is exclusively and uniformly distributed 

in the epiblast at pre-streak stage (Ding et al., 1998), suggesting Cripto protein, 

might diffuse through the epliblast-visceral endoderm boundary to mediate 

intercellular response in distal visceral endoderm cells. Cell coculture studies 

demonstrated Cripto could also function as a secreted signaling factor with Noda 

(Yan et al., 2002) and moreover, chimera analysis provides evidence that shows 

a potential non-cell-autonomous role for Cripto during axial midline formation 

(Chu et al., 2005). I postulate that Cripto is secrected by the epiblast cells to 

function as a signal molecule to regulate the displacement of the AVE in a non-

cell-autonomous way.  
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To address this question, Cripto-soaked beads could be attached to distal 

visceral endoderm cells in Cripto mutant embryos. The distal visceral endoderm 

cells could be visualized using Hex-eGFP fluorescence, which make it much 

easier to conduct these experiments. The method to attach protein-soaked beads 

to tissues has been described in chick to study limb development, or mouse to 

study the repulsive and attractive cues for AVE movement (Kimura-Yoshida et al., 

2005). If our hypothesis that soluble Cripto protein can act non-cell-autonomously 

to rescue the displacement of AVE is correct, we would expect to see the 

movements of AVE cells in Cripto mutants when we apply the Cripto-soaked 

beads.  

There are some potential difficulties for this experiment, for example, the 

Cripto-soaked beads can be attached to certain points, however, it is not clear at 

which site the Cripto protein is required to regulate AVE movements. The distal 

tip is the top potential candidate site for bead attachment since it is clear that 

Nodal/Cripto signaling takes place to direct DVE specification (Brennan et al., 

2001). An alternative approach for this experiment is to add Cripto soluble protein 

directly into the embryo culture medium for falicitating a uniform and continuous 

supply of Cripto ligand.  

The next question addresses the role of Lefty1-dependent Cripto signaling 

in regulating AVE movements. The anterior visceral endoderm cells are specified 

at the distal tip at E5.5, expressing AVE markers (Hex) or Wnt/Nodal signaling 

antagonists (mDKK1, sFRP1&5, CerI, Left1, etc) (Beddington and Robertson, 
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1999). Lefty1 expression begins randomly in the inner cell mass (ICM) of the 

blastocyst. In situ hybridization experiments have previously shown that Lefty1 is 

asymmetrically expressed in the visceral endoderm of E5.5 mouse embryo, 

during AVE movements (Oulad-Abdelghani M et al. 1998). The embryos lacking 

both CerI and Lefty1 develop an ectopic primitive streak (Perea-Gomez A et al. 

2002). In Cripto mutant embryos, although many AVE genes are expressed in 

distal visceral endoderm, Lefty1, was absent (Kimura et al., 2001; D'Andrea et al., 

2008). Cell-based assays show that Lefty1 interacts with EGF-CFC proteins and 

prevent their ability to form part of a Nodal receptor complex, suggesting the loss 

of Lefty1 might be the reason for the failure of AVE movements in Cripto mutants.  

To determine whether the absence of Lefty1 causes the misplacement of 

the AVE, Lefty1 fused to a GFP tag, will be ectopically expressed, in the visceral 

endoderm of E5.25 Cripto mutant embryos. The vector containing a full coding 

sequence of Lefty1 followed by a GFP tag, could be introduced into visceral 

endoderm cells on the distal side of E5.25 mouse embryos using iontophoresis. If 

the hypothesis that the absence of Lefty1 protein causes the displacement of 

AVE is correct, we would expect to see the movements of AVE cells in Cripto 

mutants when we re-express Lefty1 in the cells of distal visceral endoderm in 

Cripto mutants.  

The potential difficulties for this experiment design are the technical barrier 

of injecting DNA vector into the E5.25 embryos and if the induced promoter could 

be successfully activated in the visceral endoderm cells.  A good alternative 
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strategy is to establish a floxed transgenic line for Lefty1 and set up genetic 

crosses to specificly activate the expression of introduced Lefty1 gene in distal 

visceral endoderm cells.  

An additional question is to study an indirect role of Cripto in AVE 

movement. In tumorigenesis, Cripto activates the MAPK signaling pathway to 

control cell proliferation. The hypothesis is that decreased cell proliferation in 

Cripto mutants correlate with displacement of the AVE. To determine whether the 

Cripto null embryos have a decreased rate in cell proliferation, the 

immunostaining analysis for mKi-67 and Oct4 for E 5.5 Cripto mutants and wild 

type embryos could be conducted and the epiblasts for mutants and wild type 

embryos will be analysed to calculate the percentage of the proliferating cells in 

the epiblast. The mouse Ki-67 protein is cell proliferation marker strictly 

associated with cell proliferation. During all active phases of the cell cycle (G1, S, 

G2, and mitosis), but is absent from resting cells (G0) (Wei et al., 1999; Chenn 

and Walsh, 2002).   The Oct 4 antibody recognize mouse Oct4 proteins. Oct4 is 

a transcription factor expressed by undifferentiated embryonic stem cells and 

embryonic germ cells and marks all the cells of the epiblast.  

If Cripto affects cell proliferations, I expect to see a difference between the 

percentage of proliferating cells between E5.5 Cripto null and wild type embryos. 

This is a straightforward approach. The main technical issue is to differentiate 

dividing cells present in the epiblast and other tissues such as visceral endoderm. 

This can be done using confocal microscopy. 
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4.5. Senescence-associated β-galactosidase activity marks apical vacuoles  

The second part of my work showed that senescence-associated β-

galactosidase activity marks the visceral endoderm and visceral yolk sac. 

Through the analysis of several markers and cell proliferation assays, we 

concluded that this phenomenon most likely reflects increased lysosomal activity 

in visceral endoderm cells that in turn, is linked to the nutritional role of the 

visceral endoderm layer of the conceptus. This is a previously unknown 

phenomenon of early embryos that has several implications. First, we noted that 

SA-β-gal staining follows a stereotypic pattern as the embryo progresses in 

development. This serves as a new cue for staging early post-implantation 

mouse embryos. Second, SA-β-gal staining appears to mark nutritional tissues. 

As such, analysis of SA-β-gal activity could help monitor the health of the embryo. 

Both of these characteristics are very useful in the analysis of mutant mouse 

embryos. From the human health point of view, this is particularly important since 

the visceral endoderm and yolk sac provide the nutrition of the embryo before the 

embryo-maternal interphase is established through the placenta (Zohn and 

Sarkar, 2010). 

An intriguing discovery from our studies is that in mouse embryos the SA-

β-gal assay does not indicate senescence as it does in in vitro studies. This is a 

sobering lesson that illustrates the caveats of directly extrapolating in vitro results 

to in vivo studies. As mentioned before, SA-β-gal staining marks senescent 
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human fibroblasts indicating acidic β-galactosidase activity ((Dimri et al., 1995). 

In this respect it is similar to reports that showed that SA-β-gal reflected acidic β-

gal activity present in lysosomes of senescence cells and reflects high lysosomal 

activity. Therefore, there is no discrepancy between our results and those 

obtained in senescence studies using this assay, rather the problem seems to be 

in drawing conclusions from the extrapolation of tissue culture results to an 

organismal situation. 

It is important to note that several studies published in respected journals 

have used the SA-β-gal assay to study senescence and aging (Liu et al., 2007). 

A cautionary note should be given to studies of senescence or aging in tissues 

involved in absortion of nutrients, since as our results suggest, the SA-β-gal 

assay marks nutritional tissues in vivo. Therefore, several markers of 

senescence should be used before a senescence diagnostic is given. In addition, 

two papers just came out demonstrated the senescence, similar to apoptosis, is 

a basic mechanism for shaping the embryo development (Munoz-Espin et al., 

2013; Storer et al., 2013).  

 

Overall, my work does not only enhance our understanding of normal 

mouse development, but also provide new insights that could impact human 

disease. 

The study of abnormal developmental occurrences helps us broaden our 

knowledge and understanding about that how and why normal and abnormal 
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development occurs. Thirty percent of all human pregnancies are lost at early 

post-implantation stages when the embryo is establishing its axial polarity. Also, 

assisted reproduction technologies, have led to an increase in the number of 

monozygotic twins, which brings multiple problems such as birth weight 

discordance and premature births. Our understanding of the role of the visceral 

endoderm in embryonic patterning will provide some basic knowledge to prevent 

these defects.  

Oncogenesis may be considered a recapitulation of embryogenesis in an 

inappropriate temporal and spatial manner. The genes known to perform critical 

roles during early embryogenesis are also expressed during the development of 

cancer. Cripto is an evident example. During gastrulation, Cripto is also 

expressed in primitive streak, which is an excellent model for the study of 

epithelial to mesenchymal transition (EMT). EMT has a role in cancer 

progression, specially the metastasis of carcinomas. Hence, understanding how 

the mechanisms of primitive streak formation will broaden our knowledge in 

cancer research. 

My work leaves several questions unanswered, in the case of axial 

development and gastrulation there is a need to study the cell behaviours and 

advance to the molecular level to determine how exactly is the AVE controlling 

the expansion of Wnt signaling derived from the PVE. My studies on SA-β-gal 

staining provide new tools to study mechanisms of cellular transport in nutritional 

tissues. There is also a need to explore the utility of the SA-β-gal assay in other 
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mammals and in vertebrates in general. Such studies could help define 

homologies that in turn can illuminate novel paths of research in vertebrate 

developmental biology. New and exciting technologies are currently being 

developed for addressing these questions in vivo focusing on populations of cells 

that will make future studies highly rewarding.  
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APPENDIX I: 

 

GENERATION OF A CONDITIONAL WNT3 TRANSGENIC LINE USING THE 

PIGGYBAC TRANSPOSON SYSTEM 
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In Cripto mutants, the radialized expression of Wnt3 in the visceral 

endoderm leads to radialized Brachyury expression in the proximal epiblast 

indicating an inductive event. However, we wanted to demonstrate that ectopic 

expression of Wnt3 could lead to a secondary primitive streak using an 

independent method. Thus we aimed to create an inducible Wnt3 trangenic 

mouse line to express Wnt3 in the whole visceral endoderm using Ttr-Cre mice. 

In Ttr-cre mice, the transthyretin promoter drives the expression of Cre solely in 

the visceral endoderm layer. Transthyretin (Ttr) is a thyroid hormone transport 

protein secreted exclusively by cells of the visceral endoderm at early 

postimplantation stages (Kwon and Hadjantonakis, 2009). 

We aimed to be able to induce a primitive streak in the extra embryonic 

ectoderm, a region of the embryo that has been shown to be responsive to 

canonical Wnt signaling (Popperl et al., 1997). To achieve this goal, we used the 

piggybac (PB) transposon system to generate a transgenic mouse line stably 

expressing Wnt3. The PiggyBac (PB) transposon can efficiently transpose 

vectors and chromosomes via a "cut and paste" mechanism (Figure.A1.1A).  

We generated an inducible cassette to ectopically express Wnt3 in a 

variety of tissues by combining it with tissue specific Cre driver transgenic lines. 

The piggybac construct contains a UbC (human ubiquitin) promoter, followed by 

a floxed β-galactosidase-neomycin resistance cassette containing a 

polyadenylation signal reiterated three times. This cassette is followed by a 

bicistronic construct consisting of the Wnt3 full coding sequence a 2A peptide  
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Figure A1.1. Generation of Wnt3-inducible transgenic mice using the 

PiggyBac transposon approach. A. Schematic representation of the PiggyBac 

transposon approach. The PB transposase cuts the gene fragment between the 

two ITRs and transfer it into target genomes. B. Strategy to generate transgenic 

animals. C. β-galatosidase assay to detect E6.5 transgenic embryos derived from 

founder parent. Transgenic embryos develops blue staining. D. X-gal staining for 

young transgenic founder animal tail. Two of the transgenic pups tails develops 

blue staining after β-galactosidase assay after one-hour staining developing time. 

Both of the transgenic tails are completely blue after one-day staining developing 

time, compared with the completely non-blue tails (Data not shown). Scale bars: 

100 µm in C and 1 mm in D. Arrows in D mark skin cells positive for β-

galactosidase staining. 
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linker and GFP.  These sequences are flanked by specific inverted terminal 

repeat sequences (ITRs), which are recognized by the PB transposase.  The 

powerful activity of the piggybac transposon system enables genes located 

between the two ITRs in the piggybac vector to be easily inserted into target 

genomes. 

We microinjected piggybac transposase mRNA alongside with the 

piggybac vector into fertilized mouse eggs to generate transgenic animals 

(Figure.A1.1B). We obtained 13 mice from these injections and 10 were 

transgenic for a 77% success rate (Table.A1.1) (Figure.A1.1C, D). We also 

obtained 19 rats from these injections and 6 were transgenic for a 32% success 

rate (Table.A1.2). We analyzed 3 founders by crossing them with CD-1 females 

and analyzing the expression of the transgene using β-galactosidase assays 

(Figure.A1.2). Unfortunately, none of the transgenics expressed the transgene in 

visceral endoderm. The staining was present to the epiblast tissue and 

extraembryonic tissues but not in the visceral endoderm. These results 

prevented us from expressing the transgene in the visceral endoderm as 

originally planned.  

The question of why the transgene is not expressed in the visceral 

endoderm cells remains unanswered. One possibility is that the transgenic 

embryos are mosaic, and the VE cells did not inherit the transgene. This is not 

likely since we have analyzed 3 lines and none of them show expression in the 

visceral endoderm. The mosaicism would also be reflected in epiblast cells.  
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Figure A1.2. β-galactosidase analysis of F1 and F2 transgenic embryos. A. 

β-galactosidase staining for E7.5 F1 transgenic embryos. B. Higher magnification 

of stained and control embryos shown in A. The transgenic embryo show 

activation of the transgene in the epiblast, extra-embryonic ectoderm and parts of 

the ectoplacental cone but not in the visceral endoderm layer (arrowheads). C. β-

galactosidase assay of E6.5 F2 transgenic embryos. D. Higher magnification a 

transgenic and a control embryo shown in C. The visceral endoderm does not 

express the transgene (arrowheads). Scale bars: 500 µm in A, 100 µum in B, 200 

µm in C and 100 µm in D.  
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However, we did not observe mosaicism this tissue. The same argument can be 

put forward to disregard the possibility that the location of the transgene in the 

genome is to blame. Another possibility is that the human ubiquitin promoter is 

not active in visceral endoderm cells. This problem can be avoided by utilizing a 

promoter known to work in the visceral endoderm such as those of the 

Transthyretin and Alfafetoprotein genes (Kwon et al., 2006; Kwon and 

Hadjantonakis, 2009). 

Regardless, these transgenic mice are useful in experiments designed to 

express Wnt3 in embryonic tissues in combination with Cre reporter lines. More 

experiments are needed to generate a conditional mouse line that expresses 

Wnt3 ectopically in the visceral endoderm. 

The PB approach shows a much higher efficiency to produce transgenic 

animal comparted with the classic dsDNA pronuclear injection by microinjection 

double strand DNA into fertilized eggs (PB: 80% in mouse genome and 30% in 

rat genome vs. dsDNA 5% in mouse genome) (Costantini and Lacy, 1981; 

Stanford et al., 2001).  The human genome has 35,000 human genes, which 

been sequenced and mapped. However, only 15% of them has related function 

assay. The PB transposon can be a promising way to serve as a gene-trap 

mutagenesis technique generates loss-of-function mutations and reports the 

expression of many mouse genes and thus promote the human genome study. 
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Table. A1.1. Summary of PiggyBac transgenic mouse experiments 
 

Exp No. Female 
No. 

No. Embryos 
Transferred 

No. Pups 
Born ( % 

total ) 

No. Transgenics 
( % Pups Born ) 

1 1 19 2 1 

2 3 57 11 9 

Total 4 76 13 (17%) 10 (77%) 

 
 
 
 
 
 
Table.A1.2. Summary of PiggyBac transgenic rat experiments 
 
Exp No. Female 

No. 
No. Embryos 
Transferred 

No. Pups Born ( 
% total ) 

No. Transgenics 
( % Pups Born ) 

1 2 38 19 ( 50%) 6 ( 32% ) 
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APPENDIX II: 

 

EXPRESSION PROFILE OF THREE TBX GENES IN EARLY POST-

IMPLANTATION MOUSE EMBRYOS 
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T-box genes are transcription factors characterized by a common DNA 

binding domain known as the T-box that binds a palindromic sequence as a 

dimer, with each monomer binding half of the sequence, or T-half site (5’-

AGGTGTGAAATT-3’) (Kispert and Hermann, 1993; Papapetrou et al., 1997; 

Naiche et al., 2005).  The T-box gene family first came to the attention of mouse 

geneticists in 1927 with the discovery of a mutation, Brachyury (also known as 

T ). Homozygous T embryos die at early post-implantation stages due to 

gastrulation defects but heterozygous embryos have truncated tails making them 

easy to recognize (Dobrovolskaia-Zavadskaia, 1927; Papaioannou, 1999).

The T- box genes are present in all metazoans, and are important 

regulators of a wide variety of developmental processes ranging from early 

embryonic cell fate decisions and axis formation to organogenesis (Naiche et al., 

2005). The T-box genes also show dosage sensitivity in other species. In 

humans, mutations in T-box genes leads to dysmorphic syndromes and Tbx2 

and Tbx3 have been implicated in tumorigenesis (Naiche et al., 2005).    

Due to their fundamental role in development we decided to characterize 

the expression of Tbx genes in early mouse development. Initially, we conducted 

RT PCR analysis of early post-implantation embryos ranging from E5.5 to E6.5. 

From these experiments we decided to concentrate on four genes, Tbx3, Tbx4 

and Tbx20 that were clearly expressed in early embryos. 

In order to characterize their expression pattern, whole mount in situ 

hybridization studies were conducted for all three genes. Our results revealed 
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robust expression in specific regions of the embryo as opposed to ubiquitous 

expression. 

Tbx3 is strongly expressed in the extra-embryonic visceral endoderm at E 

6.5 and E 7.5 embryos (Figure.A2.1). Tbx3 homozygous mutant mice are 

embryonic lethal and have yolk sac, limb and mammary gland defects (Naiche 

and Papaioannou, 2003). Tbx3 expression in extra-embryonic visceral endoderm 

can explain the yolk sac defects. Limb and mammary gland defects are likely due 

to later expression of Tbx3 in these tissues. 

Tbx4 expression is restricted to the developing allantois at E 7.5 embryos 

(Figure.A2.2A). Tbx4 mutations cause hind limb and allantois defects in mice. 

The heterozygous mice for Tbx4 mutation causes reduced allantois growth rate, 

while the homozygous mice died of allantois defects (Naiche and Papaioannou, 

2003). The expression is correlated well with the mutant phenotype.  

Tbx20 is present in a crescent shape pattern that demarcates the primary 

heart field and the developing allantois (Figure.A2.2B). Tbx20 is involved in heart 

development, including cardiogenic mesoderm, cardiac crescent and looping 

heart tube. The heterozygous mice for Tbx20 mutation causes abnormal heart 

chamber formation and congenital heart diseases in mice (Stennard et al., 2005). 

The expression on the heart crescent is correlated well with the mutant 

phenotype. However, there is no report of Tbx 20 expression in the allantois 

before.  

The expression of Tbx4 and Tbx20 overlaps on the heart crescent region 
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during early development suggesting these two proteins have the potential to 

heterodimerize to regulate the heart formation. The relevance for this interaction 

between these two T-box proteins during the development of heart will be an 

interesting topic to be addressed.  
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Figure A2.1. Whole mount in situ hybridization analysis of Tbx3 expression 

in early post-implantation mouse embryos. A. In E7.5 embryos, Tbx3 mRNA 

is exclusively present in the extra-embryonic visceral endoderm. B. The 

expression of Tbx3 is already restricted to the extra-embryonic ectoderm in E6.5 

embryos. Scale bars: 200 µm. 
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Figure A2.2. Whole mount in situ hybridization analysis of the expression 

of Tbx4 and Tbx20. A. E7.5 embryos are assayed for Tbx4 expression. Tbx4 

mRNA is exclusively present in the developing allantois (arrow). B. Analysis of 

the expression of Tbx20 in E7.5 embryos. Tbx20 mRNA is present in the heart 

crescent (arrowheads) and in the allantois (arrows). Scale bars: 100 µm. 
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