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Περίληψη 
Η τροφοβλάστη του πλακούντα είναι ενας γενικός όρος ο οποίος περιλαμβάνει  μια ομάδα 

κυτταρικών τύπων με κοινή αναπτυξιακή καταβολή (το πολικό τροφεκτόδερμα του 

κυήματος πριν την εμφύτευση στην μήτρα) οι οποίοι αποτελούν εξολοκλήρου τον 

πλακούντα κατά την διάρκεια των πρώιμων σταδίων του σχηματισμού του και οι οποίοι 

εν τέλει θα αποτελέσουν τον κύριο κορμό κυτταρικών τύπων του όταν αυτός σχηματιστεί 

πλήρως.  

Ο πλακούντας είναι ένα επιστημονικώς ελκυστικό και ιατρικώς σημαντικό όργανο το 

οποίο αποτελείται από κύτταρα δύο ανθρώπων (της μητέρας και του αναπτυσσόμενου 

κυήματος) και το οποίο είναι απαραίτητο για την επιβίωση και αύξηση του εμβρύου στα 

θηλαστικά. Η παρούσα μελέτη  επικεντρώθηκε στην χρήση του ποντικίσιου εμβρύου για 

την διερεύνηση άγνωστων πτυχών των πρώτων γεγονότων προτυποποίησης της 

τροφοβλάστης τα οποία συμβαίνουν κατά την πρώιμη μετεμφυτευτική περίοδο. 

Χρησιμοποιήθηκαν επίσης βλαστοκύτταρα της τροφοβλάστης (πολυδύναμα κύτταρα με 

απεριόριστο δυναμικό αυτό-ανανέωσης και τα οποία μπορούν να διαφοροποιηθούν σε 

κάθε κυτταρικό τύπο τροφοβλάστης) ως εργαλείο για την βαθύτερη κατανόηση του 

τρόπου διαφοροποίησης τους στον σωλήνα. 

Διερευνήθηκαν δυο ασθενώς κατανοητά γεγονότα διαφοροποίησης. Πρώτον, 

ταυτοποιήθηκε το όριο μεταξύ των δύο ιστών της πρώιμης τροφοβλάστης: του εξω-

εμβρυϊκού εκτοδέρματος (ExE; Επιθηλιακός ιστός προοριζόμενος να διαφοροποιηθεί στα 

κυτταρικά παράγωγα του χοριονικού εκτοδέρματος του πλακούντα) και του 

εκτοπλακουντικού κώνου (EPC; Μη επιθηλιακος ιστός με κωνική δομή, ο οποίος αποτελεί 

τον πρόδρομο ιστό όλων των υπολοίπων τροφοβλαστικών κυτταρικών τύπων του 

πλακούντα). Συνεκτικά, το εξω-εμβρυϊκό εκτόδερμα και ο εκτοπλακουντικός κώνος 

αποτελούν τους πρόδρομους ιστούς όλων των κυττάρων τροφοβλάστης στον ώριμο 

πλακούντα. Παρόλο που η ταυτοποίηση του ορίου μεταξύ των δύο ιστών είναι ένα 

σημαντικό προαπαιτούμενο για την κατανόηση της πρώιμης προτυποποίησης στην 

τροφοβλάστη, ο ακριβής εντοπισμός του δεν είχε επιχειρηθεί άμεσα προηγουμένως. 

Έτσι, ταυτοποιήσαμε αυτό το όριο για πρώτη φορά, βασιζόμενοι σε γνωστές μοριακές και 

λειτουργικές διαφορές μεταξύ του εξω-εμβρυικου εκτοδέρματος και του εκτοπλακουντικού 

κώνου, χρησιμοποιώντας διάφορες πειραματικές προσεγγίσεις που περιελάμβαναν 

STAVROS N
IKOLA

OU



	 iv	

καλλιέργειες τροφοβλαστικών έκφυτων. Επιπλέον αυτού, ελέγξαμε κατά πόσον η 

γονιδιακή έκφραση καινούριων ή καθιερωμένων γονιδίων-δεικτών υπακούει αυτό το όριο, 

με αποτέλεσμα να επικυρώσουμε την χρηστικότητα τους ως δεικτών εξω-εμβρυικου 

εκτοδέρματος ή εκτοπλακουντικού κώνου. Δεύτερον, διερευνήθηκαν άγνωστες πτυχές 

της πρώιμης προτυποποίησης εντός του εξω-εμβρυικου εκτοδέρματος κατά μήκος του 

΄΄εγγύτερου-απώτερου΄΄ άξονα (ως εγγύτερο σημείο ορίζεται το πιο κοντινό σημείο στον 

εκτοπλακουντικό κώνο και ως απώτερο, το πιο μακρυνό σημείο από αυτόν). Έτσι η 

εργασία αυτή παρήγαγε διάφορα καινούρια ευρήματα τα οποία περιλαμβάνουν τα 

ακόλουθα: (α) ανάλυση της γονιδιακής έκφρασης, in vivo, 6.5 μέρες μετά την 

γονιμοποίηση (Ε6.5, η εμφύτευση συμβαίνει κατά την Ε4.0) έδειξε ότι το εξω-εμβρυϊκό 

εκτόδερμα μπορεί να υπο-διαιρεθεί σε τουλάχιστον τρείς μοριακά διακριτές περιοχές 

(απώτερη, ενδιάμεση, εγγύτερη) κατά μήκος του ΄΄εγγύτερου-απώτερου΄΄ άξονα του εν 

αντιθέσει με τις δύο που υποστήριζε προηγουμένως η διεθνής βιβλιογραφία.  (β) ο 

εντοπισμός των περιοχών τροφοβλάστης που αποκρίνονται στην σηματοδότηση Fgf και 

Nodal/Activin (σηματοδοτικά μονοπάτια που είναι απαραίτητα για την διατήρηση 

βλαστοκυττάρων τροφοβλάστης στον σωλήνα) πραγματοποιήθηκε σε σχέση με την νεο-

ανακαλυφθείσα υποπεριοχή του εξω-εμβρυϊκού εκτοδέρματος. (γ) Ανίχνευση της χωρο-

χρονικά ρυθμιζόμενης γονιδιακής έκφρασης στην πρώιμη τροφοβλάστη συνδυαζόμενης 

με ex vivo καλλιέργειες έκφυτων απώτερου εξω-εμβρυϊκού εκτοδέρματος παρουσία ή 

απουσία πρωτεϊνών Fgf και/ή Nodal/Activin, ή ex vivo καλλιέργειες ολόκληρων εμβρύων 

με ή χωρίς αναστολή των μονοπατιών Fgf και/ή Nodal/Activin, οδήγησε στην περιγραφή 

ενός νέου μοντέλου για την πρώιμη προτυποποίηση της τροφοβλάστης: (γ1) Οι τρείς 

περιοχές του εξω-εμβρυϊκού εκτοδέρματος εμφανίζονται κατά σειρά με την απώτερη 

περιοχή να είναι η πρώτη που εμφανίζεται κατά την ανάπτυξη, να παρουσιάζει θετική 

απόκριση και στα δύο μονοπάτια Fgf/Activin και να είναι παρούσα πριν τον σχηματισμού 

του εκτοπλακουντικού κώνου. (γ2) Ο χαρακτήρας της απώτερης περιοχής διατηρείται 

παρουσία και των δύο σηματοδοτικών μονοπατιών, ενώ ο εκτοπλακουντικός κώνος (ο 

οποίος δεν αποκρίνεται σε κανένα από τα δύο σηματοδοτικά μονοπάτια) σχηματίζεται 

απευθείας από την απώτερη περιοχή του εξω-εμβρυϊκού εκτοδέρματος στην απουσία 

των Fgf και Activin. (γ3) Η εγγύτερη περιοχή του εξω-εμβρυϊκού εκτοδέρματος (η οποία 

παρουσιάζει απόκριση στο μονοπάτι Activin αλλά όχι στο μονοπάτι Fgf), σχηματίζεται 
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από την απώτερη περιοχή εξω-εμβρυϊκού εκτοδέρματος διαμέσου της ενδιάμεσης 

περιοχής (η οποία επίσης παρουσιάζει απόκριση στο μονοπάτι Activin αλλά όχι στο 

μονοπάτι Fgf) παρουσία Activin αλλά όχι Fgf.   

Εν τέλει, δημιουργήθηκε ένα σύστημα λέντι-ιών για να δημιουργήσουμε διαγονιδιακά 

βλαστοκύτταρα τροφοβλάστης τα οποία εκφράζουν την πράσινη φθορίζουσα πρωτεϊνη 

με πυρηνικό εντοπισμό, έτσι ώστε αυτά να χρησιμοποιηθούν ως ένα νέο εργαλείο για την 

απεικόνιση των βλαστοκυττάρων σε ζωντανές συνθήκες. Το εργαλείο αυτό, 

χρησιμοποιήθηκε για να συσχετίσουμε για πρώτη φορά την μορφολογία ζωντανών 

βλαστοκυττάρων τροφοβλάστης με τις αλλαγές στο μέγεθος του πυρήνα τους καθώς 

επίσης και στο περιεχόμενο της χρωματίνης τους που συμβαίνουν κατά την διάρκεια της 

διαφοροποίησης τους. 

Συνεκτικά, τα ευρήματα αυτής της εργασίας αναμένεται να οδηγήσουν στην καλύτερη 

κατανόηση της πρώιμης προτυποποίησης της τροφοβλάστης in vivo και να παράσχουν 

ένα χρήσιμο εργαλείο για την διερεύνηση της κυτταρικής συμπεριφοράς των 

βλαστοκυττάρων τροφοβλάστης, υπό ζωντανές συνθήκες. 
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Abstract 
Placental trophoblast is a term that encompasses a group of cell types with a 

common origin (the polar trophectoderm of the preimplantation conceptus) that 

make up the entire placenta during the initial stages of its formation and eventually 

comprise most cell types of the fully formed placenta. The placenta is a 

scientifically fascinating and medically important organ that contains cells from two 

individuals (mother and the developing conceptus) and is required for the viability 

and growth of the mammalian fetus. The main focus of this work was to use the 

mouse conceptus as a model to investigate unknown aspects of the earliest 

patterning events within the trophoblast compartment during the initial stages of 

placenta formation at around the early postimplantation period. Trophoblast stem 

cells (TS cells; established multipotent stem cells with indefinite self-renewal that 

can specifically differentiate into all trophoblast cell types) were also used as a tool 

to further our understanding of their mode of differentiation in vitro.  

Two poorly understood trophoblast patterning events were investigated here. First, 

was the identification of the boundary between the first two compartments of early 

trophoblast, the extraembryonic ectoderm (ExE; an epithelial tissue fated to form 

the chorionic ectoderm derivatives of the placenta) and the ectoplacental cone 

(EPC; a non-epithelial, cone-like structure, which is the progenitor of the remaining 

placental trophoblast cell types). Collectively, ExE and EPC are the progenitors of 

all placental trophoblasts. Although identification of ExE-EPC boundary is an 

important prerequisite for understanding early trophoblast patterning, its location 

has not been directly addressed previously. This boundary was identified here for 

the first time based on known molecular and functional differences between ExE 

and EPC using various experimental approaches including culture of various 

trophoblast explants. Moreover, known and new ExE/EPC gene expression 

markers were assayed to test whether they respect this boundary, thereby 

validating their usefulness in distinguishing ExE from EPC character. Second, was 

the investigation of unknown aspects of early patterning within ExE itself, along its 

proximal-distal (PD) axis (proximal is closest to EPC and distal furthest away from 

it). In this regard, this work produced several novel findings that include the 
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following. (a) In vivo gene expression analysis at embryonic day 6.5 (E6.5; 

implantation begins at around E4.0) showed that ExE can be subdivided into at 

least three molecularly distinct regions (distal, intermediate and proximal) along its 

PD axis, as opposed to only two according to current literature. (b) The location of 

active FGF and Nodal/Activin signaling (signaling pathways necessary for 

maintaining TS cells in vitro) was identified in relation to the newly discovered ExE 

subdivision. (c) Detection of spatio-temporally regulated gene expression within 

early trophoblast combined with ex vivo culture of distal ExE explants in the 

presence or absence of FGF and/or Activin proteins, or ex vivo culture of whole 

conceptuses with or without inhibition of FGF and/or Activin signaling, led to a 

novel model of early trophoblast patterning: (c1) The three ExE regions appear in 

a step-wise manner with distal ExE character being the earliest, showing active 

FGF/Activin signaling and appearing in the first-formed ExE (at around E5.0), 

before EPC formation. (c2) Distal ExE character is maintained in the presence of 

both FGF and Activin signaling, whereas EPC (which lacks active FGF/Activin 

signaling) forms directly from distal ExE character in the absence of both FGF and 

Activin signaling. (c3) Proximal ExE (which displays active Activin, but not FGF, 

signaling) forms from distal ExE via intermediate ExE (displays only Activin 

signaling) in the presence of Activin, but not FGF. 

Lastly, a lentivirus-based system was employed to generate novel transgenic TS 

cells that express green fluorescent protein (GFP) specifically in their nuclei, so as 

to be used as a new tool for TS cell live imaging. This tool was used here to 

correlate for the first time live TS cell morphologies with changes in their nuclear 

size and chromatin content during TS cell differentiation.  

Taken together, the findings of this work are expected to lead to a better 

understanding of early trophoblast patterning in vivo and provide a useful tool for 

investigating cell behavior in live TS cells. 
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1. Introduction 
1.1 An introduction to the mature placenta with emphasis on its 
trophoblast cell types 
 

The placenta (flat cake in latin) is a vital organ for intra-somatic development of the 

mammalian embryo as is necessary for the embryo to develop, grow and survive within 

the uterine environment. Its physiological function is really broad as (i) it mediates the 

exchange of nutrients and oxygen from the mother to the fetus as well as metabolic by-

products and CO2 from the fetus to the mother, (ii) via the synthesis and secretion of 

hormones, it regulates the maternal physiology and uterine environment so that it 

meets fetal requirements for a healthy pregnancy and (iii) it mediates maternal immune 

system modulation to protect the semi-allogenic embryo from rejection and (iv) it is a 

hematopoietic site. Interestingly, the placenta is the only known organ that is structured 

by tissues from two different organisms: the fetus (trophoblast and endothelial cells) 

and mother (decidual stromal cells, uterine Natural Killer and endothelial cells). The 

term “trophoblast” is collectively used to describe an embryo-derived group of cell types 

with a common lineage, the fate of which is to become the main cellular component of 

the placenta by forming the embryo-derived parts of that organ. The clinical importance 

of the placenta is made clear in several diseases with defective placenta development 

and functionality like preeclampsia (Al-Jameil et al., 2014), intrauterine growth 

restriction (Nardozza et al., 2017) and miscarriages (Zhu et al., 2017). 

 

1.1.1 General placenta anatomy 
The better understanding of placenta development and physiology during health and 

disease, requires the detailed description of its architectural structure. The definitive 

placenta (i.e. the developmental stage where the organ is fully developed and 

functional; occurs by the embryonic day E10.5-E12.5) is characterized by radial 

symmetry, (that means any midsaggital sections whose plane passes through the 

central axis of the organ will look similar to each other) is composed by three 

morphologically and functionally distinct regions (Fig. 1) (Georgiades et al, 2002;  
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Figure 1: Placenta architecture showing the three different regions composing the placenta 

and their relation to the mother (mesometrial or proximal side) and the fetus (antimesometrial 

or distal side). The localization of the Trophoblast Giant Cells is also depicted. SpA: Spiral 

Arteries, SpA-TGCs: Spiral Artery Trophoblast Giant Cells, C: Central Canal, C-TGCs: Canal 

Trophoblast Giant Cells, S-TGCs: Sinusoidal Trophoblast Giant Cells, Ch: Channels (venous), 

Ch-TGCs: Channel Trophoblast Giant Cells, P: Parietal layer, P-TGCs: Parietal Trophoblast 

Giant Cells (secondary), JZ: Junctional Zone. Modified from Rai and Cross, 2014 

 

Simmons, 2014). These regions are apparent in sections along the midsaggital plane 

of the organ.  

 

Located closest to the fetus (antimesometrially) is the “labyrinthine area”, the most 

distal compartment of the placenta. Directly overlying the labyrinthine layer, is the 

“junctional zone” which is itself followed by the “maternal decidua", the most proximal 

compartment of the placenta, located closest to the mother (mesometrially). In order to 

mediate its physiological function, placenta is composed by a delicate network of blood 

spaces which bring the maternal and the fetal blood in close apposition, yet completely 

separated, in order for the gases and nutrients to be exchanged without intermixing.  

 

Depending on the tissue structure between the maternal blood and the fetal blood, we 

can discriminate placentas into three categories: epitheliochorial, endotheliochorial and 

hemochorial (Fig. 2). The human, as well as the mouse placentas are hemochorial, that 

means, the maternal blood is in direct contact with embryo-derived cells (trophoblast) 

(Simmons, 2014; Rai and Cross, 2014).   
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Figure 2: Placentas can be discriminated into three main categories. The human and mouse 

placenta belong to the hemochorial category, that is the maternal blood is in direct contact 

with the trophoblast. Adopted from http-//www.frontiersin.org/files/Articles/52035/fnana-07-

00022-HTML/image_m/fnana-07-00022-g002 

 

1.1.2 Vessel structure and blood flow through the placenta 

The definitive placenta (E12.5) is characterized by two different blood circulations: the 

maternal and the fetal. In the maternal circulation, the oxygenated, rich in nutrients 

maternal blood after leaving the uterine artery, enters the spiral arteries (5-10 in 

number) of the maternal decidua through the radial arteries and radial artery branching 

(Fig. 3). At the level of junctional zone, spiral arteries exit the maternal decidua 

converging into one or two large in diameter central canals which transfer the blood 

through the junctional zone to the base of the labyrinth (Fig. 3 and 4A). From the basal 

canals, maternal blood abruptly enters into smaller sinusoids which drive it upwardly 

into the labyrinth, close to the junctional zone, through spiral and highly anastomosing 

sinuses which are trophoblast-lined (Fig. 4A’ and 4D). During this time, maternal blood 

exchanges the carried oxygen for fetal-derived carbon dioxide as well as nutrients for 

fetal metabolic by-products. Sinusoids then coalesce into several channels (venous 

channels) traversing the junctional zone and coalescing into lacunae at the interface 

between the junctional zone and the maternal decidua (Fig. 4B - Adamson et al, 2002). 

From the lacunae, the blood is now driven into larger maternal venous sinuses which 

are lined by maternal endothelium, into the decidua basalis. In the fetal circulation, the 
fetal blood enters the umbilical artery which branches into several arterioles at the base  
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Figure 3: micro Computer Tomographic image visualizing maternal arterial system in the 
placenta. Modified from Venditti et al, 2013 

 
of the placenta (Fig. 4D). Arterioles course the blood towards the anterior side of the 

labyrinth, close to the junctional zone. At this point, they abruptly branch into a dense 

network of capillaries which direct the blood back towards the fetal part of the labyrinth 

(Fig. 4C). At this point, the fetal blood’s flow is counter to the maternal blood’s and this 

favors the exchange of gases and compounds (Adamson et al, 2002). The oxygenated, 

nutrient rich fetal blood is then directed into placental venules and eventually it enters 
the umbilical vein.  

 

1.1.2.1 Examples of trophoblast giant cells associated with maternal blood flow 
within the placenta  

During the course of maternal blood through the placenta, the blood is not always in 

contact with maternal endothelium. In contrast, by approximately 300um prior entering 
the junctional zone and during the entire course into the “fetal portion” of the placenta  
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Figure 4: The placenta arterial system and blood flow A: Scanning Electron microscopy (SEM) 

of a vascular cast indicating the arterial system of the placenta. The red arrow and arrowhead 

indicate the spiral arteries, A’: high magnification SEM indicating the labyrinthine sinusoid 

spaces, B: SEM of a maternal vascular cast indicating the venous system in the labyrinth and 

the junctional zone. Arrows indicate the venous channels and the lacunae at the interface 

between junctional zone and decidua, C: Fetal arteries branching into a dense network of 

capillaries in the labyrinth, D: Flow of the maternal or the fetal blood from arterial system (red 

color) to the venous system (grey color) through the placenta. Modified from Adamson et al, 

2002 
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Figure 5: Diagram indicating SpA-TGCs migration from the developing placenta precursor, to 

the lowest region of the maternal spiral artery, where they completely substitute artery’s 

endothelial cells. Modified from Screen et al, 2008 

 

(i.e. distal most part of the spiral arteries, canal, labyrinthine sinusoids, venous 

channels and lacunae), the maternal blood is in direct contact with specialized, embryo 

derived trophoblastic giant cell types with distinct morphology, behavior, polyploid 

nucleus and transcriptional profile (Fig. 1 - Simmons et al, 2007).  

 

Starting from the most distal part of the spiral arteries (approximately 300um from the 

junctional zone), the maternal endothelium is being invaded and eventually substituted 

by spiral artery associated trophoblast giant cells (SpA-TGCs) in a process recently 

described as “vascular invasion and endothelial mimicry” (Fig. 5 - Rai and Cross, 2014). 

This process is part of a more general process, known as spiral artery remodeling - 

SAR and results in a high, undisturbed blood flow from the mother to the embryo. SAR 

involves the loss of spiral artery contractility, a reduction to the thickness of the artery’s 

wall and increase in lumen’s diameter (artery dilation). Because SpA-TGCs have been 

found to line the spiral artery (Simmons et al, 2007), it was reasonable to speculate that 

these cells are implicated in SAR. In order to investigate that, Hu and Cross used a 
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transgenics approach to induce the expression of a cytotoxin (Diptheria Toxin A - DTA) 

in these cells, thus eliminating their population (Hu and Cross, 2011). Their results 

strongly suggest that these cells are involved at least in the initiation of SAR because 

in their absence, spiral artery lumen diameter as well as blood flow were significantly 

reduced. SAR is also regulated by uterine Natural Killer cells (please refer to section 

1.1.5) so it is likely that these two cell populations work in cooperation (Fig. 5 – 

Chakraborty et al, 2011).  

In addition to SAR, SpA-TGCs secrete several placental lactogen-related family 

members, such as Prl5a1, Prl6a1, Prl4a1 (Plp-A), Prl2a1, Prl2c (Proliferin - Plf), Prl7b1, 

Prl7c1 and Prl7d1 (Simmons et al, 2008). Members of this family of proteins are 

hormones that play a significant role during pregnancy: they modify maternal 

metabolism through pancreas regulation, maternal behavior, corpus luteum 

development and mammary gland development (reviewed in Soares et al, 2007).  

Although a unique marker of SpA-TGCs has yet to be identified, these cells can be 

distinguished using a combination of markers, like the positivity for Prl2c and Prl4a1 

and negativity for Prl3d1 (Pl-I), Prl3b1 (Pl-II) and Ctsq. 

Exiting the spiral artery, maternal blood enters the central canal whose wall is also 

made from another type of trophoblast giant cells, the so-called canal trophoblast giant 

cells (C-TGCs) (Simmons et al, 2007). Interestingly the lining of canals (as well as the 

lining of venous channels and lacunae) was not initially composed by maternal 

endothelium which was then substituted by trophoblast but they were constructed de 

novo by trophoblast cells (vasculogenic mimicry, a process recently reviewed by Rai 

and Cross, 2014). The ability of trophoblast cells to behave like endothelial cells and 

form lumen de novo has been verified recently (Rai and Cross, 2015). Although it is 

generally believed that C-TGCs have just a structural role (Hu and Cross, 2010), these 

cells also secrete a series of Placenta lactogen-related proteins like Prl4a1, Prl2a1, 

Prl2c, Prl3b1, Prl8a6, Prl7b1, Prl7d1 and Prl7a2 so they should have some endocrine 

role as well (Simmons et al, 2008). It is also reasonable to speculate that due to their 

location, C-TGCs might regulate blood flow through the canal. C-TGCs can be 

distinguished by their positivity for Prl2c (Proliferin - Plf), Prl3b1 (Pl-II) and Ctsq as well 
as for their negative expression of Prl3d1 (Pl-I - Simmons et al, 2007). 
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Within the labyrinth, maternal blood is in close contact with a third trophoblast giant cell 

type, sinusoidal trophoblast giant cells - S-TGCs (please refer to section 1.1.3.). From 

the labyrinthine sinusoids, the maternal blood is carried into the junctional zone through 

specific channels (venous channels) which lead into lacunae at the interface between 

the junctional zone and the maternal decidua. As mentioned earlier, the walls of these 

blood spaces are not lined by maternal endothelium but instead, they are lined by a 

fourth trophoblast giant cell type, known as channel trophoblast giant cells (Ch-TGCs). 

These cells express their own unique combination of marker genes (i.e. Plf, Pl-II, Ctsq, 

Tle3) (Gasperowicz et al, 2013). Unfortunately, not any specific marker gene has been 

identified so far. E12.5 placentas of mouse embryos null for Tle3 display defective spiral 

arteries and canal architecture but also total absence of channels and lacunae with 

only a few and small Ch-TGCs lining their walls. Most of these embryos die before 
E15.5 (Gasperowicz et al, 2013). 

 
1.1.3 The Labyrinthine region of the placenta: The site of maternal-fetal 

exchange 

Labyrinth is the region where the exchange of oxygen (O2) for carbon dioxide (CO2) 

and nutrients for fetal metabolic by-products takes place. In scanning electron 

microscopy studies, the three-dimensional structure of this area has been elucidated: 

it is composed of a complex network of branched and anastomosed fetal capillaries 

and maternal sinusoid (blood) spaces lined with trophoblast (Detmar et al, 2008; 

Kulandavelu et al, 2013; Adamson et al, 2002) (Fig. 4). 

Although the general structure of the labyrinth is maintained during gestation, several 

changes can be observed as gestational age advances. For example, the thickness of 

labyrinth area increases while the size of maternal sinusoid spaces become decreased 

(Adamson et al, 2002). This is believed to be responsible for the dramatic increase in 

placental functional efficiency observed during late gestational stages (Moll, 1985). 

This is evidenced by the observation that although embryo weight increases by two-

fold during this period, placenta’s weight remains relatively constant (Iguchi et al., 1993; 

Louvi et al., 1997).  

Transmission electron microscopy studies aiming to uncover the light structure of fetal 

capillaries and maternal sinusoid spaces have identified the existence of four cellular  
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Figure 6: The light structure of the mouse placenta is composed by three trophoblastic layers 

followed by a fetal endothelium. A: Diagram depicting the architecture of the three layers 

relative to the mother and the fetus. Note that maternal blood is in direct contact to both 

trophoblast layers I and II but not layer III. B: Transmission electron microscopy of the labyrinth 

structure. Blue color indicates S-TGCs (layer I), orange color indicates Syn-I (layer II) and 

yellow color indicates Syn-II (layer III). Light red color marks the fetal endothelium encloding a 

fetal red blood cell. Modified from Watson and Cross, 2005 

 

layers separating the fetal from the maternal blood circulations (Adamson et al, 2002; 

Georgiades et al, 2002; Watson and Cross, 2005 – Fig. 6). Directly facing the maternal 

sinusoid is a layer of loosely connected, mononuclear giant cells of trophoblast origin 

(trophoblast layer I - Georgiades et al, 2002) known as sinusoidal trophoblast giant 

cells (S-TGCs) (Simmons et al, 2007). The basal site of S-TGC is loosely attached to 

a syncytial layer of trophoblast cells known as syncytiotrophoblast layer I - Syn-I (or 

trophoblast layer II - Georgiades et al, 2002). A second trophoblast-derived syncytial 

layer, known as syncytiotrophoblast layer II (Syn-II) lies directly under Syn-I (or 

trophoblast layer III - Georgiades et al, 2002). Of these three trophoblast layers, only 

the layer III (Syn-II) is situated onto a basement membrane. The same basement 

membrane is also the site of attachment of the fetal endothelial cells lining the lumen 

of fetal capillaries. Due to the loose intercellular attachment of S-TGCs between 

themselves as well as with the underlying Syn-I, maternal plasma can be in direct 

contact with layer II. This excludes a role in nutrient transport for S-TGCs. The strategic 
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location of these cells, at the exact interface between mother and fetus, makes it 

possible that these cells are involved in the regulation of placenta’s transport efficiency, 

possibly by the secretion of hormones and other molecules. Indeed, in an expression 

study of the prolactin hormone gene family members, S-TGCs were found to be positive 

for the expression of at least three known members of this family (Prl2b1, Prl3b1, 

Prl7d1) (Simmons et al, 2008). Interestingly, Prl7d1 has been found to have anti-

angiogenic effects on endothelial cells (Jackson et al, 1994). S-TGCs appear to have 

a single large nucleus with intensive DAPI staining, an indicator of polyploidy. In 

addition, these cells appear to be positive for Cathepsin Q (Ctsq), Hand1 and Prl3b1 

expression (Simmons et al, 2007). The role of S-TGCs has been addressed directly by 

linking DTA under the control of Ctsq promoter, thus eliminating S-TGCs (Outhwaite et 

al, 2015). Thus, in the absence of S-TGCs, embryos are growth retarded and die by 

late gestation (E18.5). 

 

In strict contrast to the discontinuous localization of S-TGCs, the undisturbed, 

continuous nature of the two syncytial layers (Syn-I and Syn-II) emphasizes the 

importance of the complete separation of maternal from fetal circulation. To mediate 

their role in maternal-fetal exchanges the two layers can be permeated either by active 

or by passive diffusion means (reviewed in Watson and Cross, 2005). Both layers 

express transmembrane molecules required for transport of nutrients and ions such as 

the glucose transporters GLUT1 (SLC2A1) and GLUT3 (SLC2A3), the gap junction 

protein connexin 26 (cx26 - required for glucose diffusion – Gabriel et al, 1998) and the 

monocarboxylate transporters of lactate MCT1 (SLC16A1) and MCT4 (SLC16A3). The 

subcellular localization of these molecules appears to be highly polarized since GLUT1 

is localized at the apical membrane of Syn-I and the basal membrane of Syn-II while 

GLUT3 is exclusively localized to the apical membrane of Syn-I (Shin et al, 1997, 1996). 

In addition, MCT1 is localized to the apical membrane of Syn-I while MCT4 is located 

at the basal membrane of Syn-II (Nagai et al, 2010). These data strongly suggest that 

both syncytiotrophoblast layers are polarized epithelial barriers that can mediate 

maternal-fetal exchanges. In fact, disruption of this polarity, as is the case of c-Met 

signaling attenuation (by c-Met knock-out), resulted in defective subcellular distribution 

of the transferrin receptor (CD71), a protein necessary for the uptake of iron from the 

embryo (Ueno et al, 2013). This suggests that disrupted polarity could lead to defective 
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transport capacity of the labyrinth. Since the apical and basal membranes of a polarized 

epithelial cell have distinct molecular signature (Nelson, 2009), it would be of interest 

to identify the molecular mechanisms that control the localization of same-family 

proteins or even the same protein in one of the two compartments.  

 

Permeabilization efficiency of syncytial layers is regulated by growth factors as in the 

absence of insulin-like growth factor II (Igf-II), an alteration in the function of system A 

amino acid transporter is observed, resulting in fetal growth restriction (Constancia et 

al, 2002). Furthermore, reduced expression of Igf-II is associated with reduced 

expression of Cx26 but enhanced expression of lipid transport proteins such as the 

fatty acid transporter CD36 and the cholesterol transporter ABCA1 (Kuehnel et al, 

2017). Similarly, attenuation of parathyroid hormone/parathyroid hormone-related 

peptide receptor is linked with reduced active transport of calcium (Kovacs et al, 1996). 

Passive diffusion is also an important means for maternal-fetal transport: the thickening 

of the trilaminar trophoblastic layer observed in a placental specific Igf-II knock-out, 

increases the diffusional distance and therefore reduces placental permeability 

(Constancia et al, 2002). Similar findings were obtained in the attenuation of a subgroup 

of the vertebrate-specific ESCC microRNA family (Paikari et al, 2017).  

 

Syn-I layer can be identified not only by the apical localization of MCT1 but also by the 

expression of Syncytin A (Syna) (Dupressoir et al, 2009) as well as by the expression 

of Ly6e (Hughes et al, 2013). Interestingly, Syncytin A is a protein produced by the 

envelope region of an endogenous retrovirus that has infected the germ line of murine 

ancestors about 20 million years ago and has cell-cell fusogenic properties (Dupressoir 

et al, 2005). Syna knock-out embryos display disruption of their labyrinthine 

architecture with Syn-I cells failing to fuse in order to make a syncytium. Furthermore, 

cell overexpansion in the fetal blood vessels is observed followed by apoptosis, fetal 

growth retardation and eventually embryo death between E11.5-13.5 (Dupressoir et al, 

2009). Syn-II layer can be identified by the expression of Gcm1, Cebpa and Syncytin 

B (Synb) (Simmons et al, 2008). Syncytin B, just like Syncytin A, is derived from an 

endogenous retrovirus and displays cell-cell fusion activity (Dupressoir et al, 2005). 

Electron microscopy examination of Synb knock-out placentas reveals defective 

formation of Syn-II with failed cell-cell fusion but embryos survive to term with minor 
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growth retardation (Dupressoir et al, 2011). This finding suggests that maternal-fetal 

exchange is not significantly affected in Synb knock-out placentas. This could possibly 

be explained by a compensatory mechanism of the ectopic over expression of 

Connexin 30 observed in these placentas. Double knock-out of Syna and Synb has as 

a result the early death of embryos, by E9.5-E10.5, which is earlier than in single Syna 

knock-out. This strongly suggests that (i) Syncytin B has an early effect on placenta 

formation provided that Syncytin A is also absent and (ii) Syn-I and Syn-II cooperate 

during development. 

 

In addition to the differentiated trophoblast cells, recently it was found that the labyrinth 

at least from E14.5, also contains progenitor trophoblast cells capable of giving raise 

to all three labyrinthine trophoblast cell types described so far (S-TGCs, Syn-I and Syn-

II) both in vitro and in vivo (Ueno et al, 2013). This population of cells (labyrinth 

trophoblast progenitor - LaTP) resides in clusters, is BrdU positive, expresses high 

levels of epithelial cell adhesion molecule (Epcam) and Gcm1 and is dependent upon 

c-Met signaling for its maintenance (but not specification) and proper terminal 

differentiation into polarized syncytiotrophoblast (Ueno et al, 2013). A subpopulation of 

Epcam positive cells, also expresses high levels of the stem cell antigen I - Sca-I. This 

subpopulation is also negative for Gcm1 but positive for Eomes and Cdx2 and upon its 

culture under permissive conditions, it is able to switch its phenotype into an 

undifferentiated trophoblast stem cell-like population (trophoblast stem cells are 

multipotent proliferative epithelial cells which under appropriate conditions can 

differentiate in all trophoblast cell types- please refer to section 1.3) (Natale et al, 2017; 

Tanaka et al, 1998) Interestingly, these results were reproduced from Sca-I+ cells 

derived up to E18.5 placentas (Natale et al, 2017). 

 

Other cell types in the labyrinth which are not of trophoblast origin are the lumen 

endothelial cells which are characterized by the expression of FltI, Cd34 and Pdgfb 

(Nelson et al, 2016) and pericytes, which are perivascular cells located between 

endothelial cells and Syn-II. Although pericytes have been shown to regulate vascular 

morphogenesis and function, their role in the placenta still remains elusive (Armulik et 

al, 2011). Since they can be identified by the expression of alpha smooth muscle actin 
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and chondroitin sulfate proteoglycan (NG2), is expected that more interest will be 

focused on these cells (Simmons, 2014). 

 

Recently it was found that placenta labyrinth in addition to its role as a maternal-fetal 

exchange interface and endocrine region, is also a site of hematopoietic stem cell 

(HSC) generation, maintenance and expansion (Rhodes et al, 2008). The maintenance 

(prevention of differentiation) of HSC is dependent on the responsiveness of S-TGCs 

on PDGF-B signaling from the fetal endothelium as in the absence of PDGF-B, S-TGCs 

ectopically produce and secrete erythropoietin, which results to the ectopic 

erythropoiesis in the fetal vasculature (Chhabra et al, 2012). 

 

1.1.4 The junctional zone of the placenta 

By E12.5, the junctional zone appears as a binary sheet of cells sandwiched between 

the labyrinth layer and the maternal decidua. The layer closer to maternal decidua is 

relatively homogeneously composed of giant cells (parietal trophoblast giant cells - P-

TGCs) thus is denoted as the “Giant cell layer” while the layer closer to the labyrinth is 

mostly composed of two cell types, the spongiotrophoblast (SpT) and the glycogen 

trophoblast cells (GlyT). Because SpT are more abundant, the layer is often denoted 

as the “spongiotrophoblast layer”.  

 

The exact role of spongiotrophoblast layer in mouse development is yet ill defined but 

its importance was made obvious in knock-out embryos lacking the expression of the 

maternally expressed imprinted gene Mash2 which totally lack this layer to the favor of 

the giant cell layer (Guillemot et al, 1994) or of the trophoblast specific protein alpha - 

TpbpA which lacks this layer but the giant cell layer is unaffected (Hu and Cross, 2011). 

Such embryos do not survive post E10.5. So, this finding shows that the presence of 

this layer is vital for embryo survival. In contrast, absence of another maternally 

expressed imprinted gene, the Phlda2, causes dramatic expansion of 

spongiotrophoblast layer without affecting embryo viability (in fact, embryos at birth 

weight as wild type embryos) (Frank et al, 2002). The presence of even reduced volume 

of spongiotrophoblast layer seems to be sufficient to maintain embryo survival until 

term as it happens in partial loss or overexpression of Mash2 (Oh-McGinnis et al, 2011; 

Tunster et al, 2016).  
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The two main cell populations (i.e. the SpT and GlyT) in the spongiotrophoblast layer 

can be distinguished by their morphology, their behavior and their transcriptional 

profile:  

 

- SpT cells have a compact and dense appearance and they remain within the 

contour of the spongiotrophoblast layer. Their role is currently poorly understood 

but it seems like they have an endocrine role because they express a series of 

genes of the prolactin family of hormones (i.e. Prl3b1, Prl8a8, Prl8a9, Prl8a6, 

Prl8a1, Prl7a1, Prl7a2, Prl7d1, Prl3c1, Prl3a1, Prl2c, Prl5a1, Prl2b1, Prl4a1) as 

well as Mash2, TpbpA and Psgs (Tunster et al., 2016; Simmons et al, 2008; 

Guillemot et al, 1994). 

 

- GlyT cells appear to be vacuolated cells, within the spongiotrophoblast layer with 

stored glycogen as indicated by positive Periodic acid-Schiff (PAS) staining (Fig. 

7). Within the spongiotrophoblast layer, GlyT cells are not randomly localized 

but instead they form wrapping layers around every maternal blood space 

(central canal and channels, also in lacunae of the giant cell layer and around 

the spiral arteries in maternal decidua) (Gasperowicz et al, 2013). By E14.5, 

GlyT cells migrate interstitially the giant cell layer, reach the maternal decidua 

and concentrate around the spiral arteries where they release their stored 

glycogen (Coan et al, 2006). Their number is reduced to the half by two to four 

days later (E16.5 - E18.5) (Coan et al, 2006). In this way, it is believed that they 

contribute to embryo growth. The role of GlyT cells is currently elusive because 

there are no models of specific elimination of these cells, likely because until 

recently there was not any GlyT specific marker gene which could be used to 

study them and as a driver of cre-mediated DTA expression. However, in a 

model of partial loss of Mash2, although the SpT is reduced (as already said) 

and the GlyT are totally absent, embryos are still developed to term, albeit 

growth retarded (Oh-McGinnis et al, 2011). This finding indicates that GlyT cells 

are not responsible for embryo viability but likely for embryo growth. In addition, 

in models of enhanced expression of either Mash2 or Phlda2, glycogen cells are 

present but are mislocalized into the labyrinth layer instead of the maternal 

decidua, failing to release their glycogen stores. This failure in glycogen release 
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is believed to be the reason for the growth retarded embryos observed at term 

(Tunster et al, 2016; Tunster et al, 2010). Fortunately, it is now known that the 

protocadherin 12 (Pcdh12) is a specific marker for GlyT cells so is expected that 

more light will be shed up on this mysterious cell population (Rampon et al, 

2005). Pcdh12-/- embryos are growth retarded at birth with their placentas having 

several morphological alterations like reduced cell density and vascularization 

in the labyrinth, increased glycogen content in the GlyT cells and mislocalization 

of these cells into the labyrinth (Rampon et al, 2008).  In addition to Pcdh12 

glycogen cells express TpbpA, Gjb3, Gys1, Igf2, Prl6a1, Prl4a1, Prl2a1, Prl8a9, 

Prl7b1, Prl7c1, Prl7d1 (Tunster et al, 2016). The high number of hormones 

produced and secreted by GlyT cells, strongly suggests that they contribute to 

placenta’s endocrine activity. 

 

The giant cell layer is a sheet of phagocytic cells with large size and enlarged, polyploid 

nuclei locating above the spongiotrophoblast layer (Hu and Cross, 2010) known as the 

Parietal Trophoblast Giant Cells - P-TGCs (secondary, to distinguish them from another 

population of transcriptionally and phenotypically similar but not identical cells, which  

appears earlier in development, on a different embryonic site and is known as primary 

P-TGCs). 

 

The significant role of this layer in embryo development can be extracted by the 

phenotype of Hand1 (Heart and neural crest derivatives expressed 1) knockout 

embryos which arrest in development and die by E7.5 (Riley et al, 1998). In these 

embryos, the giant cell layer is highly eliminated but markers of the spongiotrophoblast 

layer are still present at levels comparable to the control (i.e. TpbpA - Riley et al, 1998). 

A similar phenotype is seen in Sak-null embryos with highly reduced giant cell layer 

and embryos arrested at E7.5 (Hudson et al, 2001; Martindill et al, 2007). Recent 

studies have shown that Sak-mediated phosphorylation of Hand1 induces its nucleolar 

release and subsequent accumulation into the nucleus to induce differentiation into 

secondary P-TGCs (Martindill et al, 2007). In contrast, in mutants where P-TGCs are 

present, even at ~40-50% of the control, embryos are being born albeit growth 

retarded, as is the case for Jak1-null embryos (Rodig et al, 1998, Takahashi et al, 

2008). P-TGCs express a wide series of Placenta lactogen-family hormones like Prl3d1 

STAVROS N
IKOLA

OU



	 17	

(Pl-I, prior E12.5 - Simmons et al, 2007), Prl3b1 (Pl-II, post E12.5 - Simmons et al, 

2007), Prl7a2, Prl2c (Plf), Prl4a1 (PlpA - a specific marker of secondary P-TGCs - Ma 

and Linzer, 2000), Prl2a1, Prl3d3, Prl8a9, Prl8a1, Prl7d1, Prl7a1, Prl7a2 (Simmons et 

al, 2008). This finding strongly suggests an endocrine and paracrine role for P-TGCs.  

 

 
Figure 7: Light micrograph of the placenta at E14.5 depicting the different locations of placental 

cell types relative to placenta’s regions. The numbered squares are shown in high 

magnification: C: spiral artery trophoblast giant cells (SpA-TGC) lining maternal spiral artery’s 

lumen. D: glycogen trophoblast cells (GlyT) having migrate interstitially through the giant cell 

layer (P-TGCs) into the decidua while other GlyTs still remain into the spongiotrophoblast layer. 

E: GlyT and spongiotrophoblast (SpT) cells within the spongiotrophoblast layer. Note the 

distinct cellular morphology of the two cell types with GlyT being vaculated and SpT being 

compact and dense. F: canal trophoblast giant cells lining the canal lumen, within the 

spongiotrophoblast layer. G: light structure of the labyrinth. H: Decidual (Dec) cells are 

morphologically distinguishable than GlyT cells. Modified from Simmons et al, 2008 
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Indeed, Prl3d1 (Pl-I) and Prl3b1 (Pl-II) have been shown to regulate the functionality of 

several maternal organs, like the brain, corpus luteum, pancreas and mammary glands  

to better adapt to pregnancy (Hu and Cross, 2010). Additionally, Prl2c (Plf) has been 

linked to angiogenesis (Jackson et al, 1994). Furthermore, Prl4a1 (PlpA) inhibits the 

ability of NK cells to secrete interferon-gamma (INFg) which has been shown to induce 

spiral artery dilation (please refer to 1.1.5) (reviewed in Hu and Cross, 2010). 

 

1.1.5 The decidua basalis region of the placenta 

The decidua basalis (refers to here by its alternative name, ‘maternal decidua’) is the 

most distal part of the placenta and is largely composed of cells with maternal origin. 

Two are currently the main known maternal cell types: decidual stromal cells (which 

contribute to ~90% of the total decidua mass) and uterine Natural Killer cells (uNK - 

which contribute to about 10-15% of the total decidua mass (Croy et al, 1985). 

However, as already described, two more cell types, of trophoblast-origin, also exist in 

the maternal decidua: GlyT (which migrate interstitially and concentrate around spiral 

arteries) and SpA-TGCs (which migrate and substitute maternal endothelium of the 

spiral arteries). 

 

The role of the decidual stromal cells remains largely unexplored but in a recent single 

cell RNA-sequencing study, it was found that they express factors responsible for 

angiogenesis (Angiopoietin 4 - Angpt4) and vasodilation (Adrenomedulin - Adm). 

Moreover, Adm has been shown to attract uNK cells (Li et al, 2013). In addition to this 

role, it seems that stromal cells have endocrine function because they are positive for 

the expression of several Prolactin-related hormones like Prl6a1, Prl3c1, Prl8a9, Prl8a2 

(Simmons et al, 2008). Interestingly, Prl8a2 (decidual prolactin-related protein - Dprp) is 

exclusively decidual stromal cell-specific and the Prl8a2-null phenotype has been 

reported (Alam et al, 2007). Under physiological conditions, wild type and mutant 

embryos are indistinguishable, however under hypoxic conditions, pregnancy failure is 

observed around E17.5. This failure is associated with enlarged lacunae at the interface 

between P-TGCs and maternal decidua, expanded giant cell layer, reduction of 

maternal decidua thickness and decreased invasion of endovascular trophoblast cells 

(presumably SpA-TGCs).  
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Pregnancy-associated uterine Natural Killer (uNK) cells exist in two subpopulations, 

based on Dolichos biflorus agglutinin (DBA - a lectin with specificity for α-linked N-

acetylgalactosamine) positivity (Paffaro et al., 2003). DBA- cells express Interferon 

gamma (Ifng) while DBA+ cells express the angiogenic factors Il22 and Pgf as well as 

Eomes, Cd122, Perforin (Chen et al, 2012; Nelson et al, 2016). Studies performed in 

immunocompromised mice which lack uNK cells have provided strong positive 

association of uNK cells with spiral artery remodeling as uNK-deficient mice fail to 

remodel their spiral arteries (spiral arteries characterized by narrow lumen, thick wall 

and presence of vascular smooth muscle actin) while this phenotype is rescued in bone 

marrow transplanted-uNK deficient mice (Ashkar and Croy, 2001). Because the key 

molecule responsible for this behavior seems to be the IFNgamma (Infg-/- bone marrow 

transplanted - uNK deficient mice do not rescue their phenotype) it turns out that it is 

the DBA- subpopulation that is involved in spiral artery remodeling. In addition to their 

role in spiral artery remodeling, DBA- uNK cells might also be involved in the regulation 

of trophoblast (GlyT and SpA-TGCs) invasion into the maternal decidua because this 

process appears to be uNK and IFNg-dependent (Ain et al, 2003). A possible function 

of the DBA+ subpopulation is the angiogenesis as they express known angiogenic 

factors like the Placenta growth factor - Pgf (reviewed in Gaynor and Colucci, 2017).  

 

 

1.2 Early trophoblast development and its relation to early mouse 
embryonic development 
 

1.2.1 Early post implantation mouse development: a period of rapid 
morphogenetic processes  

The first four days after fertilization of the mouse oocyte is a period of cell proliferation 

and morphogenetic events which have as a result the formation of a vesicular structure 

known as the blastocyst which attaches onto the uterine epithelium (a process known 

as implantation). Implantation occurs by the attachment of a specialized cell type of 

embryonic origin, the primary Parietal Trophoblast Giant Cells (primary P-TGCs). A few 
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hours after implantation of the blastocyst onto the uterine epithelium (which occurs by 

E4.5), the mouse embryo has adopted a relatively simple structure, radially symmetric  

 
Figure 8: Early post-implantation mouse development (from implantation to PS initiation). Until 

E5.0 the embryo is composed of only three epithelial tissues, the ExE (light pink color), the 

Epiblast (green color) and the VE (light green) which are encapsulated within the Reichert’s 

Membrane (RM - light blue-grey color). A few hours later, EPC (dark blue with spots - denoted 

as EC in the picture) appears at the most proximal point of ExE and DVE (yellow color) appears 

at the most distal point of Epiblast. Until this developmental stage, the embryo is characterized 

by a radial symmetry with proximal to distal polarity. One day later, the appearance of PS 

(magenta color) in the epiblast marks the future posterior site of the embryo. ExE’s symmetry 

however remains radial with proximal to distal polarity. ExE and its first differentiated derivative, 

EPC are the precursors of the entire trophoblast population of the placenta. PE: Primitive 

Endoderm, Epi: Epiblast, ExE: Extraembryonic Ectoderm, TG: primary Parietal Trophoblast 

Giant cells, the trophoblast component of RM, PaE: Parietal Endoderm, the second component 

of RM, EC: Ectoplacental Cone (EPC in the text), DVE: Distal Visceral Endoderm, AVE: 

Anterior Visceral Endoderm, PS: Primitive Streak, D: Distal, Pr: Proximal, A: Anterior, P: 

Posterior. Adopted and modified from Matsuo and Hiramatsu, 2016 

 

with a proximal to distal pattern, composed by three epithelial tissues: the embryonic 

ectoderm (or epiblast) at the distal half, the extraembryonic ectoderm (ExE) at the 

proximal half and the Visceral Endoderm (VE) encapsulating the other two tissues 

(E5.0) (Fig. 8). The whole structure is encaged within a membrane composed of the P-
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TGCs and a differentiated derivative of the VE, the Parietal Endoderm (PaE), which 

lines the membrane’s interior surface. This membrane is known as the Reichert’s 

membrane (RM).  

 

The three tissues enclosed within RM will eventually differentiate into all tissues of the 

adult body as well as all the necessary embryo-derived tissues required for the in uterus 

physiological development. For example, the epiblast’s fate is to differentiate into all 

somatic tissues, ExE’s fate is to differentiate into the trophoblastic portion of the 

definitive placenta and Visceral Endoderm will eventually give the yolk sac placenta, a 

tissue necessary for the nourishment of the developing embryo for the period prior 

definitive placenta is functioning (Georgiades et al, 2002). The border between epiblast 

and ExE can be easily distinguished by a morphological constriction on the overlaying 

VE. This constriction is known as the “embryonic-extraembryonic junction”. 

Accordingly, the VE associated with epiblast is defined as embryonic VE (emVE) while 

the one associated to ExE is defined as the extraembryonic VE (exVE).  

 

By this time, a cavity develops at the center of epiblast and expands proximally towards 

the embryonic-extraembryonic junction (Coucouvanis and Martin, 1995). Cavity’s 

appearance is the result of apoptosis (the process of cavitation) and/or epithelial 

morphogenetic events (process of hollowing) occurring within the epiblast 

(Coucouvanis and Martin, 1995; Bedzhov and Zernicka-Goetz, 2014). Shortly 

afterwards, by E5.5, a new hollowing appears within the proximal part of ExE this time, 

growing distally and eventually the embryonic and extraembryonic hollows fuse 

together into a single cavity, known as the proamniotic cavity.  

 

Although by this time the embryo has grown in size and is elongated, its overall 

structure and radial symmetry has remained essentially the same, except of the 

proamniotic cavity which spans along the epiblast and the ExE. This embryonic 

architecture is termed as “the egg cylinder” (although it is not truly a cylinder nor an 

egg) because it looks like an egg with a lumen to the inside. Between the transition 

from E5.0 to E5.5, two morphological alterations occur to the egg cylinder, without 

breaking the symmetry: (i) The formation of a cellular outgrowth on the proximal-most 

part of the ExE (known as the Ectoplacental Cone – EPC), growing distally and out of 
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the confines of exVE and (ii) the thickening of the distal-most group of cells of the 

Visceral Endoderm (known as the Distal Visceral Endoderm - DVE).  

 

Within the next 24 hours, DVE cells actively migrate anteriorly until they reach the 

embryonic extraembryonic junction (Stower and Srinivas, 2014); DVE is now known as 

Anterior Visceral Endoderm –AVE. Thus, the initiation of this anterior movement of DVE 

(which occurs after E5.5), is the first morphological sign of symmetry breaking and by 

the end of this process (E6.0), the epiblast underneath AVE will be the future anterior 

site of the embryo, but as yet, no morphological changes occur within the epiblast. 

 

Slightly later, by E6.25 - E6.5, the cells of the epiblast being on the opposite direction 

of the anterior site of the embryo undergo an epithelial-to-mesenchymal transition 

(EMT) and delaminate, with the cells specified to a mesodermal fate localizing 

themselves between the Epiblast and the VE as mesenchymal cells while cells 

specified through an endodermal fate engressing into the overlaying VE cells 

(Nowotschin and Hadjantonakis, 2010).  

 

The ingression of the cells has as a consequence the formation of a cleft on one site of 

the Epiblast, known as the Primitive Steak (PS); the appearance of the PS is 

considered as the initiation of gastrulation. The Epiblast has now its anterior-posterior 

and left-right axes fully defined with its anterior end being the site directly underneath 

the AVE while its posterior end being the site of PS initiation. The end of gastrulation 

will have as a consequence the embryo to adopt the characteristic of all metazoans 

triploblastic structure (presence of mesoderm sandwiched between the ectoderm and 

endoderm). It is important to note that the restriction of AVE at the junction between 

Epiblast and ExE has as a consequence the maintenance of ExE’s radial symmetry 

and the proximal-to-distal polarity of the extraembryonic half of the embryo. 

 

 
1.2.2. Epiblast and embryonic Visceral Endoderm 

At E5.0 the entire Epiblast is positive for Oct4 (Chazaud and Rossant, 2006; Chu and 

Shen, 2010), and Sox2 (Adachi et al, 2013). Both of these transcription factors are 

markers of pluripotency and are required during the early stages of development for 
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the establishment of a pluripotent population in the embryo, in a dose dependent 

manner (Niwa et al, 2000; Masui et al, 2007; Kopp et al, 2008). During the same time, 

the TGFb superfamily member Nodal is expressed in a uniform fashion along the entire 

epiblast and VE (Mesnard et al, 2006). In vitro experiments involving epiblast stem cells 

(EpiSCs – epithelial stem cells derived from the E6.5 epiblast and considered to be the 

in vitro equivalent of epiblast) suggest that Nodal is necessary for the maintenance of 

pluripotency because in its absence, EpiSCs cease proliferating and differentiate 

towards the neural lineage (reviewed in Papanayotou and Collignon, 2014). 

Additionally, in vivo experiments in the mouse embryo have shown that in Nodal-/- 

embryos, not only Oct4 is significantly downregulated but also the posterior identity (i.e. 

the expression of PS marker genes such as Eomes, Wnt3 and Lefty2) is not induced 

(Brennan et al, 2001). Similar findings were found when both Nodal receptors Cripto 

and Cryptic, were eliminated from the embryo: Oct4 is significantly reduced by E5.5 

and totally absent by E6.5 (Chu and Shen, 2010).  

 

In addition to Nodal, early epiblast is also positive for the expression of Fibroblast 

growth factor 4 (Fgf4) (Georgiades and Rossant, 2006). Fgf-4 knockout embryos do 

not develop significantly post implantation (Feldman et al, 1995). Interestingly, Fgf as 

well as Nodal protein have to be provided in the culture medium in order to successfully 

derive epiblast stem cells.  

 

By E5.5, DVE appears at the distal point of the embryo, within the VE as a group of tall 

columnar cells, expressing Hex, the BMP antagonist Cer1, the Nodal antagonist Lefty1, 

and the Wnt antagonist Dkk1 (Rossant and Tam, 2007). In ex vivo experiments, where 

the ExE was microsurgically removed from the epiblast/emVE followed by culture, the 

DVE (as defined by marker gene expression) was expanded around the entire epiblast. 

This indicates a role for ExE in restricting the formation of DVE to the distal tip of the 

egg cylinder (Richardson et al, 2006). It was later found that this ExE-derived signal is 

the Bone Morphogenetic Protein 4 - BMP4 (Soares et al, 2008). It is likely that BMP4 

prevents the formation of DVE via the wnt-signaling member Wnt3 because mutants 

with enhanced wnt signaling responsiveness (APC-/-) fail to form DVE (Chazaud and 

Rossant, 2006) and because BMP4 has been found to induce Wnt3 expression at the 

epiblast (Ben-Haim et al, 2006). In turn, Wnt3 induces Nodal expression in the epiblast 
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(Ben-Haim et al, 2006) and Nodal induces DVE formation in a Smad2-dependent 

manner because Nodal-/- or Cripto-/-;Cryptic-/- embryos do not form DVE (Brennan et al, 

2001; Chu and Shen, 2010). (Fig. 9). 

 

Between E5.5 and E6.0, DVE cells migrate towards the anterior site as a result of 

differential proliferation within the DVE cell population (Yamamoto et al, 2004), 

extensive cell rearrangement within the epithelial sheet of VE with planar cell polarity 

(PCP) signaling (Trichas et al, 2011) and by Rac1-dependent extension of long 

lamellipodia by the leading cells towards the direction of movement (Migeotte et al, 

2010). This movement is prevented to proceed through the embryonic extraembryonic 

junction because the cells of the exVE display differential localization of the F-actin and 

the PCP signaling component Dishevelled 2 – Dvl-2 (i.e. both are apically enriched in 

exVE while they are lateraly enriched in emVE - Trichas et al, 2011). 

 

The current position of AVE cells at the future anterior site of the embryo has as a 

consequence the regionalized localization of the signaling antagonists they express so 

that, the expression and responsiveness of the epiblast cells directly underneath AVE 

to BMP, Nodal and Wnt signals is eliminated. However, the future posterior site of the 

embryo is still responding to these molecules. The Nodal signaling from the epiblast 

induces Bmp4 expression in ExE which, in turn, induces the expression of Wnt3 back 

to the posterior epiblast. 

 

Ex vivo experiments involving epiblast explant culture in the presence of exogenously 

provided Wnt3A or BMP4 have shown that both Wnt3A and BMP4 alone were able to 

induce the expression of the PS marker Brachyury – T (Ben-Haim et al, 2006). In fact, 

both Wnt3-/- and Bmp4-/- embryos lack PS induction (Liu et al, 1999; Winnier et al, 

1995). Because by E6.5 Wnt3 is expressed in both the posterior epiblast and the 

posterior VE, more recent studies aiming to identify the exact tissue that was 

responsible for the induction of PS, specifically deleted Wnt3 expression from either 

tissue and found that nor the epiblast-derived neither the posterior VE-derived Wnt3 

were sufficient to induce PS initiation (Tortelote et al, 2013; Yoon et al, 2015). These 

data suggest that Wnt3 from both tissues is necessary for PS induction in the epiblast 
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Figure 9: Signaling communication between Epiblast and ExE (a) and Epiblast and DVE (b). (a) Nodal 

expressed in the Epiblast in a precursor form (pro-Nodal) diffuses to the ExE where it maintains a 

Trophoblast Stem cell microenvironment (Guzman-Ayala et al, 2004) and the expression of BMP4. Nodal 

convertases Furin and PACE expressed in the ExE are then cleaving pro-Nodal to provide Epiblast with 

mature Nodal. In addition, trophoblast derived BMP4 induces the expression of Wnt3 in the epiblast 

which then induces back the expression of Nodal. (b) Epiblast derived Nodal induces the expression of 

its antagonists in the DVE (Distal VE), which has as a result the formation of a proximal to distal Nodal 

gradient. The movement of DVE to the future anterior site of the embryo has as a result the formation of 

a Wnt (and also Nodal) gradient from the anterior to posterior site of the embryo. Adopted and modified 

from Arnold and Robertson, 2009. 
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1.2.2.1 The Primitive Streak: a model for epithelial-to-mesenchymal transition 
studies 
The cells comprising the epiblast are polarized epithelial cells of the pseudostratified 

epithelium type (Williams et al, 2012). Epithelial cells are relatively static and are 

characterized by a high degree of intercellular adhesions and the presence of an 

extracellular proteinaceous membrane at their basal region (basal lamina or basement 

membrane – Lamouilee et al, 2014). Based on the intracellular protein localization, we 

can determine three morphological states into which cells can belong: (i) the polarized 

epithelial, (ii) the non-polar intermediate state and (iii) the mesenchymal state 

(Lamouilee et al, 2014).  

 
Figure 10: Cells appear in three main morphologies: epithelial, non-polarized and mesenchymal. A) 

Epithelial cells exist in cell sheets and are characterized by a polarized localization of specific intercellular 

junctions like tight junctions, adherence junctions and desmosomes as well as the presence of cortical 

actin. Please note the presence of Par6 in tight junctions. On the other extreme lies the mesenchymal 

type of cells, which are individual and motile cells characterized by lack of apical-basal polarity, existence 

of actin stress fibers and expression of mesenchymal markers like N-Cadherin. In between the two cell 

morphologies is the non-polarized morphology (here denoted as “Partial EMT”) characterized by the 

absence of apical-basal polarity but some degree of intercellular adhesion still remains, albeit not in a 

polarized manner. B) Transmission electron microscopy demonstrating the existence of intercellular 

adhesions at the most apical part of the lateral membrane in an epithelial cell. Note the existence of 

fibrillar actin emanating from the zonular adherence (ZA). Adopted and modified from Lamouille et al, 

2014 and Takeichi, 2014 
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For example, polarized epithelial cells have a squamous, cuboidal or a columnar shape 

with a primary cilium at their apical membrane, facing the external environment, usually 

a lumen and a basement membrane at the basal site. This type of cells, contain 

specialized multi-protein structures known as tight junctions, formed at the most apical 

site of their laternal membrane and containing proteins like the tight junction protein 

ZO-1, Claudins (i.e. Cldn4), members of the Par complex (i.e. Par6B) and aPKC. In 

addition to tight junctions, epithelial cells contain a second type of multi-protein 

structures, known as adherence junctions which are composed of proteins like E-

Cadherin and Lgl (Bedzhov et al, 2014; Williams et al, 2012; Bulganova and Knust, 

2009; Li et al, 2015 – Fig. 10). Polymerized actin filaments (fibrillary actin) begin from 

the adherence junctions, forming a belt-like structure underneath the apical membrane 

(at the cell cortex), spanning the entire cellular circumferential (Takeichi, 2014). 

 

The physiological function of tight and adherence junctions is (i) to tightly link together 

two neighboring epithelial cells, (ii) to provide a sealing barrier between the cellular 

environment facing the apical membrane and the one facing the basolateral membrane 

and (iii) to maintain the polarized nature of epithelial cells (Gunzel and Yu, 2013). 

 

In the non-polar cells, tight junctions are disrupted and the polarized localization of 

proteins like E-Cadherin and Par6 disappears as they are now uniformly distributed 

around the entire cellular membrane. In addition, the cell shape is changing and 

becomes circular-like but still maintains a high degree of intercellular adhesions, 

although the actin-belt disappears (Williams et al, 2012; Vinot et al, 2005). 

 

Mesenchymal cells, in contrast, display a reduced degree of intercellular adhesions 

and high cell mobility with a stellate shape. Epithelial proteins like E-Cadherin and Par6 

are not present and the actin cytoskeleton forms long filamentous bundles along the 

entire cell, known as stress fibers (Lamouille et al, 2014). In addition, mesenchymal-

specific proteins like N-Cadherin and Vimentin are now being expressed. Transition of 

epithelial cells into mesenchymal and vice versa is a very important process during 

development, but also during disease (Thiery et al, 2009). 
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Figure 11: Primitive streak is a site of an epithelial to mesenchymal transition. B 

(pseudocolorized) and B’ is a scanning electron microscopy image whose location in the 

embryo is shown in A. Polarized epithelial cells (epiblast) move towards the streak, gradually 

losing their intercellular adhesions to become mesenchymal cells (nascent mesoderm) through 

a non-polar cellular morphology (the group of cells located below the primitive streak). Adopted 

from Ferrer-Vanquer et al, 2010 

 

Epiblast cells located at the posterior site of the embryo, are responsive to Nodal, BMP4 

and Wnt3, as well as the Nodal induced Fgf8. These cells, progressively start losing 

their basement membrane and undergoing an Epithelial-to-Mesenchymal Transition 

(EMT) (Williams et al, 2012). During this process, epiblast cells undergo an apical 

constriction, ingress through the epiblast, lose their apical-basal polarity and becoming 

non-polarized cells with E-Cadherin localizing around their entire membrane (Williams 

et al, 2012). These cells will eventually silence genes for aPKC, Par6 and E-Cadherin 

and will become stellate cells with upregulated N-Cadherin, migrating away from the 

streak as the mesodermal layer of the developing embryo Fig. 11. 

 

Once EMT has initiated, its maintenance is depended on the epiblast-derived Wnt3 

signaling as well as the Nodal-induced Fgf8 (Tortelote et al, 2013; Beck et al, 2002; 
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Sun et al, 1999). Fgf8 induces the expression of the zinc finger transcriptional repressor 

Snail1 at the primitive streak. Snail1 overexpression in the epithelial cell-line MDCK 

cells causes disruption of the apical-basal polarity by repressing a member of the 

Crumbs family (Whiteman et al, 2008) while in the absence of Snail1 in vivo, epiblast 

cells ingress through the streak but they do not lose their apical-basal polarity as shown 

by electron microscopy studies (Carver et al, 2001). Using cell lines, it has been shown 

that Snail1 binds on three specific regions of E-Cadherin promoter (E-box sequences) 

and mediates its downregulation hence enforcing epithelial cells to adopt a 

mesenchymal morphology (Batlle et al, 2000; Cano et al, 2000).  

 
1.2.3. Extraembryonic ectoderm (ExE): The precursor of all trophoblast cell 

types 
 

The early (E5.0) ExE is a uniform epithelial tissue in physical contact with the epiblast 

(reviewed in Nowotchin and Hadjantonakis, 2010). Electron microscopy studies 

suggest that ExE cells are of irregular shape, with darkly stained nucleus containing a 

large nucleolus with most of their chromatin concentrated into compact areas around 

the nuclear envelope (Reinius, 1965; Ahmet et al, 2010).  

 

The close physical association with the epiblast is necessary for the continual distal 

growth of ExE because isolated ExEs heterotopically explanted or in vitro cultured fail 

to maintain their identity and differentiate (Gardner et al, 1973; Rossant and Ofer, 

1977).  

 

Although early ExE is positive for epithelial markers like aPKC, Par6B, F-actin, these 

molecules appear not to be polarized to the apical surface of the cells, neither there is 

any lumen formation within it (Bedzhov and Zernicka-Goetz, 2014). These data strongly 

suggest that the early ExE is a proliferative epithelium comprised of non-polarized cells 

which grow distally, towards the site of the epiblast. In situ hybridization experiments 

identified the homogeneous expression of several trophoblast multipotency marker 

genes such as the Caudal type homeobox 2 - Cdx2 (Strumpf et al, 2005), 

Eomesodermin – Eomes (Russ et al, 2000; Strumpf et al, 2005), Bone morphogenetic 

protein 4 - Bmp4 (Uez et al, 2008) and ETS proto-oncogene 2 - Ets2 (Georgiades and 
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Rossant, 2006). Trophoblast of Cdx2, Eomes and Ets2 knockout embryos is defective 

and fails to self-renew (Strumpf et al, 2005; Georgiades and Rossant, 2006).  

 

At a slightly later developmental point (by ~E5.5), the cells localizing at the proximal 

half of ExE initiate epithelial maturation by polarizing the subcellular localization of the 

epithelial marker proteins Par6B, aPKC and podocalyxin – PCX (now localizing at the 

apical surface of the cell), rearranging their actin cytoskeleton and initiating 

lumenogenesis by creating a small hollow between the apical membranes of the distal 

ExE cells (Bedzhov and Zernicka-Goetz, 2014). The distal half of ExE remains as a 

non-polarized epithelium in close contact with the epiblast.  

 

ExE is still positive for multipotency marker genes albeit the expression of some of 

these genes is localized to its distalmost region, close to the epiblast while some others 

display a more uniform expression across the entire ExE. For example, Errb, Cdx2, 

Eomes, Sox2, Bmp4 and PletI were all found to be distally expressed (Donnison et al, 

2015, Luo J et al, 1997, Georgiades and Rossant, 2006; Frankenberg et al, 2007) while 

genes like Fgfr2, Elf5, Ets2 and Tcfap2c are still expressed across the entire length of 

ExE (Georgiades and Rossant, 2006; Donnison et al, 2005, Auman et al, 2002, 

Donnison et al, 2015).  

 

The same bias of gene expression is retained one day later, at E6.5 with the same 

genes following the same pattern of expression (including the expression of the ETS 

domain-containing transcription factor - Erf along the entire ExE – Papadaki et al, 

2007). However, by this time, the proximal ExE cells (i.e. those located closest to the 

EPC) although retaining their polarized epithelial phenotype, they initiate the 

expression of a differentiation-associated group of genes like Achaete-scute homolog 

2 – Mash2 and Keratin 8 – Ker8 (Spruce et al, 2010; Li et al, 2013). At the same time, 

the previously formed lumen has now expanded distally and fused with the epiblast’s 

lumen, thus creating the proamniotic cavity (Bedzhov and Zernicka-Goetz, 2014). 

Thus, by E6.5 the ExE is composed of at least two cell populations of polarized 

epithelial cells: a distally located one, expressing markers of multipotency (and 

therefore it is considered to be the “trophoblast stem cell storage”) and a proximally 
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located one which expresses simultaneously markers of differentiation and 

multipotency (Donnison et al, 2015).  

 

A strict balance in the levels of expression of these genes is necessary for their optimal 

interaction and maintenance of multipotency. For example, low concentration of Elf5 

and Tcfap2c is required in order to form a complex with Eomes and promote the 

expression of multipotency associated genes while increased concentration of Elf5 

results to a preferable interaction only with Tcfap2c and the induction of differentiation 

associated genes (Latos et al, 2015). Overexpression of Elf5, as expected causes 

premature differentiation towards the giant cell phenotype (expansion of Prl2c+ and 

complete absence of TpbpA+ trophoblasts as well as structural defects in the chorion – 

a derivative of ExE and precursor tissue of labyrinth in the definitive placenta, please 

refer to section 1.2.7) while Elf5 knockout embryos fail to maintain their ExE but they 

have an EPC (Donnison et al, 2005).  

 

A similar dose-dependend relationship was found for Elf5 and Ets2 where double 

heterozygous embryos (i.e. Elf5+/-; Ets2+/-) display delayed phenotype of single 

homozygous embryos. Since both proteins are transcription factors of the same family 

this behavior was attributed to the regulation of the same genes and therefore the 

partial absence of each protein was rescued by the partial presence of the other 

(Donnison et al, 2015). Other studies identified the Sox2 as a gene regulated by Elf5 

while Ets2 regulates the expression of Elf5, Cdx2, Eomes and Bmp4 (Pearton et al, 

2014; Polydorou and Georgiades, 2014). In addition to the above in vivo studies, in an 

in vitro study using trophoblast stem cells (TS cells – undifferentiated epithelial stem 

cells which are considered to be the in vitro equivalent of ExE - please refer to section 

1.3.) the function of the Placenta-expressed transcript 1 - PletI was found to induce 

giant cell formation when overexpressed and syncytiotrophoblast formation when 

downregulated (Murray et al, 2016). Interestingly, Plet1 is weakly expressed at the 

distal ExE and strongly in the EPC (Frankenberg et al, 2007). Mash2-/- embryos, as 

already described, present an overexpanded giant cell layer at the expense of 

spongiotrophoblast layer, but also, they present a reduced chorionic ectoderm 

(Guillemot et al, 1994).  
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1.2.4 The formation of ectoplacental cone: the first differentiated derivative of 
ExE  

As ExE expands, EPC appears between E5.0 and E5.5 as an overgrowth of ExE-

derived trophoblast cells at its proximal tip which is not surrounded by VE and grows 

mesometrially, towards the uterine lumen (Robertson, 1942). This event is a very 

important step during placenta development because it constitutes the first 

differentiation event towards that. The induction of EPC from ExE is believed to be 

caused by the continual antimesometrial growth of ExE which has as a result the 

removal of its proximal-most cells from the effect of the epiblast-derived signals 

required to maintain ExE’s identity. 

 

Currently only one gene has been identified that affects the transition from ExE to EPC. 

Embryos deficient for the POU domain, class 2, transcription factor 1 – Oct1 although 

developing a small ExE, they don’t develop EPC (Sebastiano et al, 2010). The small 

size of ExE is in agreement with the model described, that in order for the EPC to 

develop, it is necessary by ExE to increase in size. EPC continues to grow, expanding 

in size, into the uterine lumen.  

 

Electron microscopy studies performed at E6.5 (although the author mentions that the 

specimens are of E8, the diagram and the developmental stage of the sample seems 

to be ~E6.5. This discrepancy could be due to strain-specific differences) have 

identified the existence of 3 microscopically distinguishable areas: (i) the basal area, 

(ii) the central area (which is itself composed of two subareas) and (iii) the peripheral 

area (Mehrotra, 1984).  

 

The cells of the basal area have all the aspects of a “stem cell” population: they are 

proliferative (have mitotic figures), polyhedral, have an oval or kidney-shaped nucleus 

with a single large nucleolus, rich in ribosomes and their mitochondria are having a 

discoid shape.  

The cells of the central area are divided into two subareas: a region with trophoblast 

cells having an oval nucleus with nucleoli, well-developed golgi apparatus and 

secretory granules and a region with trophoblast cells with irregular size and 
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dimensions, with heterophagosomes and a big and pleomorphic nucleus. The 

presence of heterophagosomes strongly suggests that these cells are phagocytotic.  

 

The cells of the peripheral area had an elongated nucleus, possessed large 

cytoplasmic extensions penetrating the maternal tissue in depth and were rich in 

lysosomes strongly suggesting intensive phagocytotic activity. Furthermore, these cells 

displayed morphological aspects of secretory cells.  

 

Work by others include the presence of extensive cell-cell adhesion structures like 

desmosomes in the cells of the basal area while the cells in the other areas are larger, 

have irregular shape and are more distantly located from each other, maintaining minor 

cell-cell contacts through cytoplasmic projections (Bevilacqua et al, 2014). The above 

mentioned cellular characteristics are indicative of a non-polarized nature of the basal 

cells while the cells in the other regions are mesenchymal. 

 

In situ hybridization studies as well as ingenious fate mapping techniques have shed 

light into the fate of some of these areas. For example, the cells at the periphery of 

EPC are positive for PlI (Prl3d1) as well as PlpA (Prl4a1) (Screen et al, 2008; Martindill 

et al, 2007). These findings along with the morphological data provided by the electron 

microscopy studies, suggest that the cells at the periphery of the EPC are the 

secondary P-TGCs found in the junctional zone of the definitive placenta.  

 

Mash2 and Snail are also expressed in EPC albeit not at the peripheral cells (Tanaka 

et al, 1999; Scott et al, 2000; Nakayama et al, 1998; Ben-Haim et al, 2006). 

Interestingly, although Mash2 is a maternally expressed, imprinted gene (Guillemot et 

al, 1995), in a minority of central (or basal) cells it appears to be biallelicaly expressed 

(Tanaka et al, 1999). The reason for this, from the developmental point of view, is 

currently unknown however Mash2 overexpression in vivo resulted to significant 

reduction of P-TGCs and spongiotrophoblasts (Tunster et al, 2016) while in vitro it 

appears to promote proliferation under conditions assuming to mimic the EPC 

environment (Hughes et al, 2004). If this is so, it is in agreement with the observation 

that basal EPC cells are proliferative. The absence of Mash2 at the peripheral cells is 

required to allow the differentiation of EPC cells into P-TGCs (Scott et al, 2000). 
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Similarly to Mash2, Snail in vivo is expressed in the central and/or basal areas of EPC 

but not in the peripheral. Snail overexpression in TS cells induces a mesenchymal 

phenotype but it does not prevent the expression of the giant cell marker PlI as one 

might expect (Abell et al, 2011). These authors however did not examine more 

trophoblast giant cell indicators, like the presence of a polyploid nucleus. Indeed, 

embryos doubly knocked out for the Cyclin E1 and Cyclin E2 (important mediators of 

the endoreduplication – the process which mediates the increase in ploidy without cell 

division) have PlI+ cells which contain significantly reduced genetic material relative to 

control wild type (Geng et al, 2003; Parisi et al, 2003). So, it is likely that Snail is 

required to the central/basal cells to prevent premature endoreduplication and it must 

be silenced in the peripheral cells in order to allow the physiological giant cell 

phenotype to emerge.  

 

Plet1 however displays widespread expression across the entire EPC (also weakly 

expressed in distal ExE - Frankenberg et al, 2007). In a recent in vitro study involving 

overexpression of this gene in TS cells (to mimic the in vivo situation) it was found that 

the role of this gene is to promote differentiation towards EPC – giant cells and prevent 

differentiation towards labyrinthine trophoblast (Murray et al, 2016).  

 

Another gene that displays an EPC-specific expression is Secretin (Sct). It was 

identified in a microarray-based screen and verified by in situ hybridization that is 

expressed in the EPC (Pearton et al, 2014). Secretin is a hormone with an as yet 

unidentified role in the trophoblast but in other systems it was found to inhibit apoptosis 

(Jukkola et al, 2011).  

 

EPC cells not only give rise to secondary P-TGCs but also to all cells of the junctional 

zone (GlyT, SpT and SpA-TGCs) and possibly to cells of the labyrinth (i.e. S-TGCs). 

For example, cells containing glycogen and having the typical vacuolated appearance 

of GlyT can be identified by PAS staining as early as the E6.5, located in aggregates 

at the proximal third of EPC (Tesser et al, 2010). In agreement to the above findings, 

TpbpA, a marker of both SpT and GlyT cells is expressed at the proximal region of the 

E7.5 EPC (Lescisin et al, 1988). In an effort to identify whether cell types other than 
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SpT and GlyT are derived from a TpbpA+ precursor population, Simmons and 

coworkers (2007) employed an elegant approach. By mating female mice carrying the 

expression of Cre recombinase under the control of TpbpA promoter with male mice 

carrying a dual reporter (a cre-recognition-flanked lacZ fused to Alkaline Phosphatase), 

they were able to observe the Alkaline Phosphatase activity not only in all SpT and 

GlyT as expected but also to all SpA-TGCs, none S-TGCs and ~half of C-TGCs and 

P-TGCs of the embryos (Simmons et al, 2007). 

 

A similar but not identical pattern of expression at the proximal half of E7.5 EPC was 

found for the PR domain zinc finger protein 1 - Blimp1. Fate mapping analysis using a 

similar approach to Simmons and co-workers (2007) the authors were able to find that 

the cell types derived from Blimp1+ precursors were the SpA-TGCs, GlyT and C-TGCs. 

In addition, they found that by E9.5, a ~10-20% of the Blimp1+ population is proliferative 

(Mould et al, 2012). It would be interesting to perform a double in situ hybridization 

staining with TpbpA and Blimp1 to identify a part of the C-TGCs precursor area within 

the EPC.  

 

1.2.5 Signaling pathways controlling ExE maintenance: the role of Nodal/Activin 
and Fgf pathways 

As has been mentioned earlier, maintenance of ExE’s identity requires the close 

association with epiblast cells. One of the central signaling molecules in the epiblast is 

Nodal. Furthermore, a positive interplay between Nodal and Fgf signaling pathways 

has already been documented in epiblast explants where it was shown that Fgf4 

expression is induced if Nodal is supplemented into the culture medium and also in 

Nodal-/- embryos where Fgf8 is not induced (Guzman-Ayala et al, 2004; Brennan et al, 

2001).  

 

Nodal and Activin belong to the same family of secreted signaling proteins; the 

Transforming Growth Factor (TGF-β) superfamily. Nodal is secreted as a precursor 

dimeric protein which is then cleaved by its convertases Furin and PACE4 into a 

matured form of Nodal (Beck et al, 2002). Activin appears in three dimeric forms, the 

BABA, BBBB and the BABB (Matzuk et al, 1995). Other members of this family are the 

BMP and TGF-β proteins. Several reports have linked this superfamily with the 
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regulation of cell proliferation, apoptosis, differentiation and specification (reviewed in 

Goumans and Mummery, 2000). Dimeric ligands bring together and bind on two 

heterodimeric complexes of receptor serine-threonine kinases. The resulting 

hexameric complex is composed by two type I receptors (RI) and two type II receptors 

(RII) in addition to the dimeric ligand. In turn, the active kinase domain of RII, 

phosphorylates and activates the previously inactive kinase domain of RI thus 

rendering it capable of phosphorylating the receptor-regulated Smads (Smad2 and 

Smad3 in TGF-β, Nodal and Activin; Smad 1/5/8 in BMP ligands). Phosphorylated 

Smads then bind to Smad4 and this complex is transported to the nucleus where it 

regulates gene expression. One of the genes often responding to TGF-β, Nodal and 

Activin signaling (excluding BMP signaling) is Smad7 as it acts as a negative feedback 

to fine-tune signal intensity (Nakao et al, 1997). Nodal and Activin bind on the same 

receptors, with ALK4 or ALK7 (Nodal only) being the RI and ActRII being the RII. In situ 

hybridization analysis has identified the presence of Alk4 transcripts along the entire 

epiblast and ExE at E5.5 and E6.5 (Gu et al, 1998). Similarly, ActRII is found to be 

expressed along the entire embryo (including the EPC) except the VE at the same 

developmental stages (Manova et al, 1995). Alk4-/- embryos show defective egg 

cylinder formation with disorganized epiblast and ExE (Gu et al, 1998). Smad2 and 

Smad3, the signal transducers and response mediators are also found to be expressed 

in the embryo albeit Smad2 was ubiquitously expressed (de Sousa Lopes et al, 2003) 

while, interestingly, Smad3 was ExE-specific (Tremblay et al, 2000). Cripto and Cryptic 

are coreceptors of Nodal signaling (but not Activin signaling) but none of them is 

expressed in the trophoblast (Brennan et al, 2001; Chu and Shen, 2000). As already 

mentioned, Nodal transcripts are found in the epiblast and emVE but Activin transcripts 

of the BA and BB subunits have been identified in the surrounding decidua around 

gastrulation stages (Manova et al., 1992; Albano et al., 1994). In vivo studies have 

provided significant evidence that, in the absence of Nodal or its co-receptors (both 

Cripto and Cryptic) or molecules involved in its maturation (like the Nodal convertases 

Furin and PACE4) has as a result the differentiation of ExE towards an EPC-like 

phenotype as verified by the absence of Errb, Bmp4, Cdx2, Eomes, reduced growth of 

the ExE and expression of Mash2 across the entire ExE (Brennan et al, 2001; Guzman-

Ayala et al, 2004; Chu and Shen, 2010). Surprisingly, Nodal effect on the ExE appears 

to be Smad2-independent because in Smad2-/- embryos Bmp4 and Eomes are present 
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(Brennan et al, 2001; Waldrip et al, 1998). On the other extreme, although Smad3 

expression is ExE-specific and a phenotype would be possibly expected, Smad3-/- 

embryos are born alive (Yang et al, 1999b). Embryos with double deletion for both 

Smad2 and Smad3 (Smad2-/-; Smad3-/-) still have a Bmp4+ and Sox2+ ExE (Dunn et al, 

2004). Deletion of all Activins has not any obvious embryonic phenotype (Matzuk et al, 

1995; Vassali et al, 1994). Thus, although the presence of ALK4 and ActRII in ExE 

strongly suggests that ExE can respond to both Nodal and Activin molecules, it is likely 

that in vivo, Nodal is the key molecule controlling ExE’s identity. This is in contrast to 

the expression of Nodal’s co-receptors Cripto and Cryptic which is epiblast and emVE-

specific respectively. This discrepancy can be explained by the finding that the specific 

ligand in the ExE is the Nodal precursor protein and not Nodal itself that acts to maintain 

its identity (verified by Bmp4 expression). Nodal precursor only requires the presence 

of Alk4 and ActRII as verified by ex vivo cultures in the presence of SB431542 (a small 

molecule inhibitor of ALK4 - Ben-Haim et al, 2006). 

TGF-β superfamily members act as morphogens; this means that the phenotypic 

response of the target tissue is prone to concentration differences of the signaling 

molecule (reviewed in Tabata and Takei, 2004). In the case of Nodal activity in the 

mouse embryo, this is evidenced in the case of a Nodal hypomorph where Nodal levels 

in the epiblast are reduced and the anterior-posterior axis fails to be established (DVE 

fails to migrate anteriorly and markers of the primitive streak fail to posteriorize – Norris 

et al, 2002). Interestingly, in this case, ExE markers like Bmp4 and Eomes appear to 

be normally expressed. On the other hand, Ectodermin mutants display enhanced 

responsiveness on Nodal, specifically at the ExE and the VE and this enhanced 

responsiveness results to the absence of expression of ExE markers such as Eomes, 

Cdx2 and Bmp4 (Morsut et al, 2010). Another important consideration in morphogens, 

is the distance from their source that they can be active. In the case of Nodal, this 

distance, depends on post-translational modifications like N-glycosylation which 

stabilize Nodal by preventing its proteolytic maturation and the subsequent 

degradation. Thus, the matured form of Nodal acts at short distance from the epiblast 

while the precursor, non-matured form of Nodal can be active at longer distance (Le 

Good et al, 2005).  
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Fibroblast growth factors (FGFs) are encoded by a large family of 22 genes in the 

mouse and human and 5 genes encoding for FGF-receptors (FGFRs - Ornitz and Itoh, 

2001). FGFRs consist of an extracellular ligand-binding domain connected to an 

intracellular tyrosine-kinase domain via a transmembrane domain. Context-dependend 

alternative splicing can increase the heterogeneity and ligand-specificity of receptors. 

For example, in the case of Fgfr 2, the inclusion of exon 8 and exclusion of exon 9 

renters the receptor as epithelial-type specific (now designated as Fgfr2b) while the 

inverse process renters it as mesenchymal-type specific (receptor is now designated 

as Fgfr2c) (reviewed in Brewer et al, 2016).  

 

A necessary factor for the assembly of the Fgfr-ligand complex is the presence of the 

highly glycosylated proteins Heparan sulfate proteoglycans (HSPGs) as co-receptors 

(Ornitz, 2000). These are proteins with covalently attached polysaccharide chains 

known as glycosaminoglycan chains (GAGs). Tissue specific chemical modifications of 

these molecules facilitate ligand-receptor interactions, affect their chemical affinity thus 

shaping ligand concentration gradients and because they can be cleaved, they can 

spread the ligand to nearby cells (Shimokawa et al, 2011). An example of the 

importance of HSPGs during mouse early embryogenesis is the mutation of Ugdh a 

gene encoding for the UTP-glucose dehydrogenase, an enzyme required for the 

synthesis of GAG chains. An ENU-mediated mutagenesis of Ugdh, caused defects in 

mesoderm and endoderm migration which closely resembles those of Fgf8-/- and Fgfr1-

/- embryos (Garcia-Garcia and Anderson, 2003).  

 

Activation of Fgf signaling is mediated via the binding of the ligand on the extracellular 

domain of a monomeric receptor followed by a pairing (dimerization) of two ligand-

receptor complexes (reviewed in Brewer et al, 2016). Receptor dimerization brings the 

intracellular kinase domains of each receptor close to each other, allowing complexes’ 

autophosphorylation. These phospho-groups can then serve as recruitment points of 

scaffold proteins which then interact with additional signaling proteins, depending on 

the pathway to be followed (Fig. 12). STAVROS N
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Figure 12: Fgf signaling pathway and the intracellular molecular braches it induces. 1: Jak-Stat 

pathway, 2: Phospholipase C - Diacylglycerol pathway, 3: PI3K – AKT pathway, 4: 

protein38/Janus Kinase and phospho Erk1/2 pathway. Activation of the fourth branch induces 

the expression of Sprouty and DUSP proteins which act in a negative feedback loop to regulate 

Fgf-mediated responses. Adopted from Lanner and Rossant, 2010  

 

Four distinct pathways can be engaged in Fgf-signal transfer: the Jak-Stat pathway, 

Plc-gamma, PI3K-AKT, and the fourth which is divided in two branches: p38/Janus 

Kinase pathway and Erk1/2 pathway. Of these pathways, the best characterized in the 

ExE and in its in vitro equivalent trophoblast stem cells, is the fourth pathway. In this 

pathway, receptor phosphorylation induces the binding of several scaffold proteins like 

the Frs2a, Grb2, Shp2 and Sos which mediate the phosphorylation and activation of 

Ras. Ras phosphorylates either Rac or Raf. In turn, Rac activation results to the 

activation of p38 and Janus Kinase while Raf activation results to the phosphorylation 

of Erk 1 or Erk2 (pErk). Phosphorylation of these proteins can modify cell behavior via 

several ways with one of these ways being gene transcription. Two main responsive 

genes have been identified as being induced by Fgf-signaling: Spry2/4 and DUSP4/6 

(Lanner and Rossant, 2010). Both of them act in a negative feedback loop to fine tune 

Erk activity (Fig. 12). 
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One of the main Fibroblast growth factors identified in the early mouse embryo is Fgf4 

which is expressed along the entire epiblast (Georgiades and Rossant, 2006). Fgf4-/- 

embryos fail to develop postimplantation (Feldman et al, 1995). The most predominant 

Fgf receptor in the early embryo is the Fgfr2 which is expressed in the entire ExE 

(Ciruna and Rossant, 1999). Targeted disruption of the Fgfr2 locus causes lethality of 

the embryo a few hours after implantation similarly to the phenotype obtained in Fgf4-/- 

(Arman et al, 1998). Other ligands and receptors identified in the early embryo such as 

Fgf5, Fgf8 and Fgfr1 have late phenotypes and therefore they are not expected to be 

involved during ExE development (reviewed in Lanner and Rossant, 2010).  

 

Whole-mount immunofluorescence analysis of the localization of pErk in the embryo 

has revealed that by E5.5 the entire trophoblast (both ExE and EPC) is positive for 

strong pErk staining while one day later the positive area is restricted to the distal region 

of ExE and is persistent in the EPC (Corson et al, 2003). However, exposure of the 

embryos in the FGFR inhibitor SU-5402, has revealed that only the ExE-localized signal 

is FGF-dependent (Corson et al, 2003).  

 

Similar findings were obtained by in situ hybridization analysis of Spry4 and DUSP6, 

with and without culturing the embryos in the presence of SU-5402 (Shimokawa et al, 

2011). These data strongly support a model where Fgf-signaling is activated exclusively 

at the distal portion of the ExE. This is further supported by the finding that by E6.5, 

ribosomal S6 kinase 4 - Rsk4, a gene involved in the negative regulation of receptor 

tyrosine kinase signaling, is expressed in the proximal ExE and the base of the EPC 

(Myers et al, 2004).  

 

One of the scaffold proteins involved in Fgf signal relay to the Erk is Frs2alpha which 

is expressed throughout the embryo but is particularly strong in the entire ExE (Gotoh 

et al, 2005). The deletion of Frs2alpha, results to embryos with defective anterior 

posterior patterning and absence of the distal ExE markers Bmp4 and Eomes. This 

defect is caused due to defective extraembryonic tissue development as verified by 

tetraploid complementation assay. Biochemical analysis using trophoblast stem cells 

and in situ hybridization strongly suggests that Frs2a complexes with Grb2 and Shp2 
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upon activation with Fgf4, and this induces Erk phosphorylation followed by Cdx2 and 

Bmp4 expression (Gotoh et al, 2005; Murohashi et al, 2010).  

 

Deletion of the gene encoding for a second scaffold protein (Shp2) of the Erk pathway, 

the Ptpn11, resulted to a phenotype closely resembling the Fgf4-/- and Fgfr2-/- (Yang et 

al, 2006) with blastocysts implanting but failing to survive (Yang et al, 2006). In vitro 

studies in trophoblast stem cells which had abolished Ptpn11 as a result of Cre-

mediated gene ablation, provided evidence that Shp2 is necessary for survival and that 

this is due to pErk-mediated depletion of the pro-apoptotic protein Bim, thus uncovering 

a linkage between Fgf4 signaling through Erk to prevent apoptosis. The Erk gene 

responsible for Fgf-mediated responses in the ExE is the Erk2 because Erk1-/- 

blastocysts implant and develop normally while Erk2-/- display a phenotype similar to 

Fgf4-/-, Fgfr2-/- and Ptpn11-/- (Saba-El-Leik et al, 2003). 

 

In addition to Cdx2 and Bmp4, Sox2 and Errb have recently been identified as early 

targets of the Fgf4/pERK axis (Adachi et al, 2013; Latos et al, 2015). In fact, lentivirus-

mediated simultaneous overexpression of Sox2 and Errb could renter FGF4 

unnecessary for trophoblast stem cells maintenance (Adachi et al, 2013). Detailed 

gene expression analysis of trophoblast stem cells upon Errb shRNA-mediated 

depletion has revealed that Errb forms stem cell type transcriptional networks by 

inducing the expression of Sox2, Cdx2, Elf5, Eomes, Bmp4 and Tcfap2c. The 

conclusion from the data presented until now is that Fgf signaling in the ExE is activated 

at the distal part of this tissue and that when signaling is relayed via phosphorylated 

Erk, is necessary to maintain the transcriptional profile of ExE as well as to prevent 

apoptosis.  

 

Fgf signaling might have additional roles relayed by signaling branches other than the 

pErk branch, like for example the branch of p38/Janus Kinase. Indeed, in mutant 

embryos for the MEKK4 (mitogen-activated protein kinase kinase kinase), an Fgf-

responsive protein that regulates Janus N-terminal Kinase and p38, the 

spongiotrophoblast layer appears to be dramatically increased. In vitro studies 

involving trophoblast stem cells have revealed that Fgf-mediated activation of Janus N-

terminal Kinase and p38 via MEKK, maintains the epithelial status of the trophoblast 
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by maintaining the expression of E-cadherin and preventing Snail expression and 

migration without affecting the self-renewal and multipotency properties of these cells 

as verified by chimera construction (Abell et al, 2009; Abell et al, 2011).  

 

The distal localization of Fgf-responsive area of ExE is in agreement with the epiblast-

derived source of Fgf4. Although Fgf4 ligands can be detected by immunofluorescence 

to be bound on the cell membranes along the entire length of ExE, the responsiveness 

of ExE’s cells is likely to be depended on the local concentration of heparan sulfates 

because the Cdx2-positive area of ExE expands when culturing the embryos in the 

presence of exogenously supplied heparin (Shimokawa et al, 2011). This is explained 

by the finding that the proteolytic activity of a secreted serine protease is necessary to 

release Fgf4 ligands that are bound on cell-surface-tethered HS chains (which are not 

receptor-bound) thus allowing their spreading and activation of nearby cells 

(Shimokawa et al, 2011). Although these studies shed some light on the local retention 

of Fgf4 it is yet unknown how exactly the Fgf signaling is restricted to the distal region 

of ExE.  

 

In an effort to directly examine the effect of Fgf4 and Nodal/Activin signaling on ExE, 

Guzman-Ayala and coworkers, 2004, cultured ExE explants (shielded by their exVE) in 

the presence of each factor alone, in combination or in the absence of both. Their 

findings indicate that it is necessary for both factors to simultaneously act of ExE in 

order to induce multipotency marker genes such as Cdx2, Eomes and Errb while in 

their absence, after 24 hours in culture, explants had differentiated towards an EPC 

phenotype, as indicated by the expression of Mash2 and downregulation of Cdx2, 

Eomes and Errb. When Fgf4 was used alone, no expression of Mash2, neither 

multipotency marker genes was detected. In contrast, when Nodal (or Activin) were 

used alone, Mash2 expression was detected with simultaneous absence of 

multipotency genes. These data strongly suggest that epiblast-derived Fgf4 is 

necessary (i) to induce multipotency marker genes in collaboration with Nodal and (ii) 

to prevent ExE from differentiation towards an EPC-like phenotype. Nodal is only 

necessary to act in collaboration with Fgf4 to induce multipotency marker genes 

(Guzman-Ayala, et al, 2004). 
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1.2.6 The extraembryonic Visceral Endoderm 

Extraembryonic Visceral Endoderm (exVE) is morphologically and functionally a 

distinctive tissue from embryonic VE as it is composed by tall, columnar epithelial cells 

rich in microvilli while emVE is composed of squamous epithelial cells devoid of 

microvilli (Ishikawa et al, 1986; Kawamura et al, 2012) as well as it envelops the ExE 

instead of the epiblast. ExVE cells develop an extensive system of cytoplasmic vesicles 

close to their apical surface, in contrast to the emVE cells which under electron 

microscopy appear to lack the extent of cytoplasmic vesicles occurring in exVE 

(Kawamura et al, 2012). The function of these vesicles is currently unknown but it is 

likely to serve nutritional and signaling requirements (Aoyama et al, 2012). 

 

Although both VE populations share common gene expression markers like Hnf4 and 

Gata6 (Tam and Loebel, 2007) and positivity for lectins like DBA and BS-I lectin 

(Charalambous et al, 2013), they have molecular differences, at least before PS 

initiation, which prevent the intermixing of these populations (Trichas et al 2011). For 

example, during the anterior migration of AVE cells (which are a cellular subpopulation 

of emVE cells), the AVE stops at the embryonic-extraembryonic junction due to 

differential subcellular localization of Disheveled-2 and F-actin in the exVE (both 

molecules are localized at the apical membrane of exVE cells while they are lateraly 

localized in emVE - Trichas et al, 2011). 

 

The exVE can also be distinguished from the parietal E (PaE), a third VE population 

covering the inner portion of the RM. These cells can be morphologically distinguished 

by exVE and emVE cells by their non-polarized, flattened appearance (Gardner, 1983).  

 

Interestingly, based on gene expression analysis, Ninomiya and co-workers, 2005 

suggest the existence of a neck-like structure around the EPC and/or proximal ExE 

during primitive streak stages which is positive for the RM marker gene Sparc 

(Ninomiya et al, 2005). The position of RM initiation from the egg cylinder can be 

defined as the point of enhanced Collagen IV thickness as PaE cells secrete large 

amounts of this extracellular molecule contributing to the construction of RM (Salamat 

et al, 1995).  
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exVE’s role in ExE has not been investigated in detail but is likely nutritional (Kawamura 

et al, 2012). Another possible role is the provision of a basement membrane onto which 

the ExE can attach and grow.  

 

1.2.7. Attachment of chorion to EPC: how to make a cake  
Early after PS initiation, extraembryonic mesoderm emanating from the steak is 

directed proximally accumulating between the ExE and the exVE, hence detaching the 

two epithelia from each other. As a result, the posterior part of ExE (i.e. ExE’s region 

located directly over the PS) is pushed towards the proamniotic cavity while the 

opposite part of ExE (the anterior ExE) remains closely associated with its exVE. This 

process has as a result the formation of a fold on the posterior ExE; this fold with the 

accumulated extraembryonic mesoderm is known as the amniochorionic fold (ACF) 

(Fig.13). 

 

As the ACF expands, a cavity will form within it as the result of the fusion of several 

small lacunae; this cavity is known as the exocoelomic cavity (EC). The expansion of 

EC has as a result the eventual fusion of the posterior ExE with the anterior ExE at the 

anterior separation point (ASP) and their detachment from the exVE. This process has 

three consequences: (i) the formation of the chorion, a tissue comprised by the 

“released ExE” together with the underlying extraembryonic mesoderm, (ii) the 

formation of the ectoplacental cavity (EPCa) and (iii) the enclosure of the developing 

embryo into a separated cavity, known as the amniotic cavity. At the same time, a new 

mesodermal tissue emanates from the primitive streak, initially as a bud and then as a 

solid mass of mesodermal cells growing into the EC towards the chorion; this tissue is 

known as the allantois (Al); the cells comprising Al will differentiate into the umbilical 

cord connecting the fetus with the definitive placenta.  

 

The single-cell thick trophoblast layer of the chorion continues to express whole ExE 

marker genes such as the Erf and Fgfr2 as well as distal ExE marker genes like Eomes 

and Cdx2 at the folding point close to the exVE (Arnold and Robertson, 2009). The 

continuous expansion of EC, pushes chorion proximally, eliminating the EPCa and  
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Figure 13: Formation of chorion from ExE respects trophoblast’s radial symmetry and involves 

the formation of the short living ectoplacental cavity. ACP: Amniochorionic fold, EC: 

Exocoelomic cavity, Al-bud: Allantois bud, PAC, Proamniotic cavity, ASP: Anterior separation 

point. AC: Amniotic cavity, Am: Amnion, AmEc: Amnion’s ectoderm, AmM: Amnion’s 

mesoderm, Al: Allantois, VYS: Visceral yolk sac, Ch: Chorion, EPC: Ectoplacental Cavity 

(denoted as EPCa in text to distinguish it from EPC). Adopted from Pereira et al, 2011 
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eventually by ~E7.75 the chorion attaches on the base of the EPC, occluding the EPCa. 

Slightly later, Al fuses with the attached chorion (Pereira et al, 2011). Whether chorion 

actually attaches on the base of EPC or on pre-existing ExE (which is itself attached 

on the base of EPC) is currently controversial with some workers favoring the one at 

the expense of the other (Simmons et al, 2007; Bevilacqua et al, 2014).  

 

1.3. Trophoblast stem cells: the in vitro equivalent of ExE 
Trophoblast stem cells (TS cells) were first isolated almost 20 years ago by the group 

of Janet Rossant in the Mount Sinai Hospital, Toronto, Canada (Tanaka et al, 1998). 

TS cells is one of the three types of embryo-derived stem cells; the other two being 

extraembryonic endoderm stem cells (XEN cells) and the embryonic stem cells (ES 

cells) (Kunath et al, 2003; Evans and Kaufman, 1981). They are diploid cells growing 

in tight epithelial colonies with morphologically indistinguishable cell:cell borders. 

Injection of single TS cells within blastocyst cavities resulted to the formation of 

chimeric placentae with TS cells contributing to all placenta regions (labyrinth, 

junctional zone and decidua - Tanaka et al, 1998; Abell et al, 2011).  

 

TS cells have been derived from E6.5 ExE after near single-cell trypsinization followed 

by culture in the presence of exogenously supplied Fgf4 and heparin as well as 

mitotically inactivated mouse embryonic fibroblasts (MEFs) or MEF-conditioned 

medium (MEF-CM). In addition to E6.5 ExE, TS cells have been successfully derived 

from E3.5 blastocysts as well as the E7.5 chorion, prior the occlusion of the EPCa (Uy 

et al, 2002). Although the study of Uy and coworkers, has shown that the ability to 

derive TS cells was lost after the occlusion of the EPCa, recently, Natale and 

coworkers, 2017, have successfully isolated TS cells from definitive placenta (Natale 

et al, 2017).  

 

Although when cultured under normal stem cell conditions they express distal ExE 

marker genes like Errb, Cdx2, Eomes, Bmp4 and Sox2, microsurgery experiments 

verified that TS cells can also be derived from both distal and proximal ExE with the 

same efficiency (Uy et al, 2002). The factor contained in the MEF-CM was later 

identified by studies from Erlebacher and coworkers as well as by Natale and 
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coworkers as the TGF-β or Activin (Erlebacher et al, 2004; Natale et al, 2009). The 

authors had also examined Nodal’s effect but contrary to what would be expected, 

Nodal could not substitute MEF-CM. This is likely because the authors had used the 

matured form of Nodal instead of the precursor Nodal because precursor Nodal is able 

to maintain the expression of the distal ExE marker gene Bmp4 in ExE explant cultures 

(Ben-Haim et al, 2006).  

 

The presence of serum in the culture medium, is a complicating factor because the 

heterogeneous and variable nature of this component could be masking the presence 

of important regulators of the trophoblast lineage (Drakou and Georgiades, 2015). 

During the last years, it was made possible to derive and maintain TS cells in a serum-

free, chemically defined culture medium in the presence of Fgf4 and TGF-β1 in two 

independent cases provided that a substratum was used as a cell attachment site. In 

the first case, the authors examined the suitability of several commercially available 

substrates, like matrigel, fibronectin, gelatin and others. The most optimal 

adhesiveness was obtained in the presence of matrigel (~15% of the seeded cells had 

attached) while adhesion in the presence of fibronectin or other compounds, was highly 

compromised. Although the authors do not mention the adhesiveness efficiency in 

serum conditions, cells grown under serum-free conditions on matrigel, display a more 

homogeneous live appearance under phase contrast microscopy, normal proliferation 

rate, transcriptional profile and diploid karyotype as well as they could contribute 

exclusively to placentas upon chimera formation (Kubaczka et al, 2014).  

 

In an independent approach, Ohinata and Tsukiyama, 2014, used fibronectin instead 

of matrigel to succesfully derive and maintain TS cells under chemically defined 

conditions in the presence of Fgf2 and Activin, however they also included the presence 

of the Wnt/β-catenin-signaling inhibitor XAV939 as well as the ROCK-inhibitor Y27632. 

In the absence of XAV939, the authors observed induction of differentiation at the 

colonies’ periphery while Y27632 was necessary for survival because in its absence, 

significant apoptosis had emerged (Ohinata and Tsukiyama, 2014). Their data suggest 

that under normal conditions, an unknown extracellular matrix compound inhibits 

ROCK in order to prevent apoptosis. 
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TS cells share several similarities with ExE: a similar epithelial status, transcriptional 

profile and chromatin architecture and the same differentiation potency as verified by 

chimera and in vitro differentiation analysis (Tanaka et al, 1998; Ahmed et al, 2010; 

Rayon et al, 2016; Donnison et al, 2015); for this reason, they are considered to be the 

in vitro equivalent of ExE. This consideration is further supported by the recent 

technological achievement of embryo synthesis entirely from ES and TS cells combined 

together in vitro (Harrison et al, 2017). TS in these synthetic embryos had successfully 

formed a polarized, epithelial tissue with ExE-specific transcriptional profile and were 

able to induce a PS-like formation within the ES-derived epiblast. 

 

Upon the removal of both Fgf4 and MEF-CM or Activin (differentiation conditions), TS 

cells initially respond by losing their epithelial morphology and initiating an EMT process 

by adopting mesenchymal characteristics like E-Cadherin downregulation and Snail 

upregulation, as well as an invasive phenotype (Abell et al, 2011), while after 7 days in 

differentiation conditions, the majority but not all of the cells appear to be trophoblast 

giant cells by morphology (Tanaka et al, 1998). Time-point gene expression analysis 

suggests that TS respond by quickly losing expression of the Fgf-responsive gene 

Spry4 and multipotency marker genes like Errb, Sox2, Cdx2 and Eomes. The 

expression of the whole ExE marker gene Fgfr2 persists for somewhat longer but 

eventually is substituted by the transient upregulation of the proximal ExE/EPC specific 

Mash2. 7 days post-differentiation induction, markers of trophoblast terminal 

differentiation can be identified, like the TpbpA (spongiotrophoblast marker), PlI, Ctsq, 

Plf, (TGC markers), low levels of Gcm1, Syna, Synb (SynT markers) and Pcdh12 (GlyT 

marker) (Donnison et al, 2015; Tanaka et al, 1998; Murray et al, 2016). Secretin, which 

is considered to be an EPC marker (Pearton et al, 2014), is also highly expressed by 7 

days in differentiation conditions. It is currently unknown whether Secretin is also 

expressed in any terminally differentiated trophoblast cell type (Donnison et al, 2014). 

Similar findings were derived after differentiating TS in serum-free conditions either on 

matrigel or fibronectin (provided the continuous supplementation of Y-27632 in the 

case of fibronectin-based differentiation - Kubaczka et al, 2014; Ohinata and 

Tsukiyama, 2014). 
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In a study aiming to identify the several trophoblast giant cell types existing in vivo and 

in vitro, Simmons and coworkers, 2007, using double color ISH experiments on 

differentiated TS in serum-containing cultures identified the co-existence of P-TGCs, 

SpA-TGCs, C-TGCs and S-TGCs in the same culture. The presence of Ch-TGCs was 

not investigated as they were yet unknown by this time. Similar findings were 

reproduced by other investigators, using serum-free culture conditions with the only 

difference between the two conditions being the higher percentage of S-TGCs obtained 

in serum-culture conditions and the higher percentage of the other types in serum-free, 

matrigel containing medium (Simmons et al, 2007; Kubaczka et al, 2014). The above 

findings suggest the existence of a S-TGCs’ inducer in serum, at the expense of the 

other three cell types. Surprisingly little is known about the live morphology of TGCs. 

In fixed samples, a large, polyploid nucleus within a prominent cytoplasm is a shared 

characteristic of all TGCs. The nuclear size and ploidy as well as the cell size varies 

between the different TGC types. For example, P-TGCs have the biggest nucleus and 

DNA content of all cell-types while the other three have a similar size of nucleus and 

DNA content (Simmons et al, 2007).  

 

The presence of syncytiotrophoblast cells can be easily distinguished by the 

characteristic appearance of these cells (multiple nuclei, closely localized and enclosed 

within the same cell membrane), however the low representation of these cells under 

normal differentiation conditions makes it difficult to identify them. Overexpression of 

Gcm1 in TS cells induces a dramatic arrest in cell proliferation and prevention of 

differentiation towards a TGC phenotype. Although due to the rapid arrest of 

proliferation the physical separation of the cells did not allow cell fusion to occur, it is 

likely that Gcm1 overexpression induces syncytiotrophoblast formation (Hughes et al, 

2004). Similar findings were obtained by low levels of PletI expression. Under these 

conditions, TS cells promote the formation of syncytia as shown by 

immunofluorescence analysis and upregulate the Syn-I marker genes Syna and Ly6e 

(Murray et al, 2016). 

 

In the presence of Fgf4 alone TS cells respond by quickly downregulating multipotency-

associated genes like Errb, Eomes and Cdx2, reducing their proliferation rate and 

eventually adopt a TGC-like morphology (Erlebacher et al, 2004). In contrast, in the 
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presence of Activin alone, TS cells respond by upregulating the syncytiotrophoblast 

marker Gcm1 and Synb. Hence the in vitro data suggest a model were TS cells self-  

 
Figure 14: Trophoblast stem cells can be induced to differentiate in vitro into all trophoblast 

cell types in the presence or absence of the appropriate growth factors. In the absence of Fgf4 

and Activin, TS cells differentiate mostly into the EPC derivatives TGCs while in the presence 

of Activin (with simultaneous absence of Fgf4) TS cells differentiate into Syncytiotrophoblast 

cells. Adopted and modified from Latos and Hemberger, 2016  

 

renew in the presence of both Fgf4/Heparin and Activin while the absence of both 

factors promotes their specification towards an EPC/Giant cells phenotype while the 

presence of only Activin specifies these cells to differentiate towards a labyrinthine 

phenotype (Fig. 14). 

 
1.4. Lentiviruses and lentivirus-based vector development: the 

good face of a dangerous enemy 
 
1.4.1 Lentivirus architecture 
Lentiviruses are slow-growing (hence the prefix “Lenti”), RNA viruses belonging to a 

subgroup of the Retroviridae family. Retroviridae is a family of single stranded RNA (+) 

viruses which replicate through a DNA intermediate, the latter being stably integrated 

into the host genome as a provirus. They are composed of a spherical, host’s 

membrane-enveloped virion, of ~80-100 nm in diameter which contains two copies of 

single stranded RNA (+) molecules enclosed within a proteinaceous capsid. A famous 
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example of a lentivirus is the human immunodeficiency virus 1 and 2 (HIV1 and HIV2) 

(Fig. 15).  

 

 
Figure 15: Structure of lentiviral virion and organization of their genome. A) Virions core is 

composed of a capsid (green color) enclosing two copies of their RNA genome. Capsid is itself 

enclosed within the Matrix protein and the whole structure is encaged within host’s cell 

membrane which is spanned by the viral receptor proteins. B) The general lentiviral genome 

structure is composed of three main genes flanked by two Long Terminal Repeat (LTR) 

sequences. Several “accessory genes” regulate virus’ physiology and life cycle. (from Swiss 

Genome Informatics, Viralzone and Dufait et al, 2013) 

 

Lentiviral RNA genome size varies from 7 kb to 11 kb. It is flanked by two homologous 

regions containing repeat sequences, known as Long Terminal Repeats (LTRs). LTRs’ 

size varies from 600-900nt and is required for viral replication, integration and 

expression. To meet these requirements, LTRs are divided into three functionally 

distinct regions: The “unique 3” (U3), the “repeated sequence” (R) and the unique 5 

(U5) regions. The U3 region is responsible for the appropriate tissue-specific 

expression of the virus as it contains sequences with basal promoter and enhancer 

activities as well as modulatory sequences. In addition, U3 contains a sequence 
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required for the integration of the provirus into the host genome (attR) (Coffin, 1996). 

The R region is required during transcription as it has the transcription initiation codon 

and additionally, it is the region of capping (5’-end) and polyadenylation (3’-end) of the 

viral transcript. U5 region contains sequences necessary for the integration of the 

provirus into the host genome (attL) as well as part of the encapsidation signal - psi 

element - ψ (Coffin, 1996; McBride et al., 1997). The in-between region, contains three 

groups of sequences: (i) cis-acting elements necessary for the reverse transcription 

process (for example the Primer Binding Site - PBS), the encapsidation of the viral RNA 

into the viral capsid and the efficient viral RNA transcription (Rev Response Element – 

RRE (Coffin, 1996; Freed, 2002), (ii) three genes encoding for the major viral proteins 

and (iii) several regulatory genes necessary for the efficient lentiviral life cycle. The 

three genes for the major viral proteins are named as the Gag (Group-specific antigen), 

Pol (Polymerase) and the Env (Envelope).  

 

All three genes are translated as precursor proteins with the two of them cleaved by a 

viral protease (PR) and the other by a cellular enzyme. For example, Gag precursor 

polypeptide is spliced into three proteins with structural function, the Matrix (MA), the 

Capsid (CA), the Nucleocapsid (NC) and the protein 6 (p6). Pol polypeptide is cleaved 

into Protease (PR), Reverse Transcriptase (RT) and Integrase (IN). In contrast to Gag 

and Pol, the Env is not cleaved by the PR but by a cellular enzyme into two products, 

the Surface (SU) and the Transmembrane (TM) which upon incorporating into the viral 

membrane, are determining its tropism. 

 

1.4.2. Lentivirus life cycle 
Lentiviral life cycle initiates as the result of receptor mediated fusion of the viral 

membrane with the host-cell membrane. The entrance of the viral capsid into the host’s 

cytoplasm is followed by a microtubule-mediated transfer towards the nuclear periphery 

(McDonald et al, 2002; Arhel et al, 2006b). During this transfer, the viral RT mediates 

the reverse transcription of the viral RNAs into a double stranded, complimentary DNA 

(Telesnitsky and Goff, 1997). The complex of the cDNA with viral proteins like IN, is 

known as the preintegration complex (PIC). PIC enters the nucleus and cDNA is 

permanently incorporated into the host genome as the result of IN activity. The genomic 

positions of DNA integration appear to be random but transcriptionally active regions 

STAVROS N
IKOLA

OU



	 53	

(Wang et al, 2007). Transcription from the viral genome results to the assembly of new 

viral particles at the host’s membrane; these particles are then released into the cellular 

environment. The ability of the viral cDNA to pass through the nuclear pore and get 

permanently incorporated into the host DNA gives to lentiviruses the ability to infect not 

only dividing cells (like the rest of retroviruses) but also non-dividing ones (Lewis et al., 

1992). 

 
1.4.3.  Lentivirus-based vector (lentivector) development 
The ability of lentiviruses to infect dividing or non-dividing cells and permanently 

incorporate their genetic material into the host’s genome was the excellent reason for 

the researchers to construct lentivirus-based vectors for easy, efficient and targeted 

transgenesis of cells and whole organisms.  

 

An important aspect to consider during this process is safety and efficiency. In order to 

achieve that, researchers segregated the cis-acting elements of a lentivirus (i.e. the 

two LTRs, the ψ element, PBS, RRE and the two attachment sites) into a single plasmid 

(named as “vector plasmid”) and all trans-acting elements (Gag and Pol) into a second 

plasmid (named as “packaging plasmid”). Env was substituted by a gene encoding a 

protein derived from another virus and displaying wide tropism, the vesicular stomatitis 

virus protein G (VSV-G). VSV-G was subcloned into a third plasmid (“envelope 

plasmid”) (Cockrell and Kafri, 2007).  

 

A second layer of safety was added (i) by deleting the ψ-element and PBS from the 

packaging plasmid, a modification which ensures the inability of Gag-Pol to get 

incorporated into the viral particle in the form of RNA and (ii) by substituting the most 

part of the U3 region with a heterologous promoter like the human cytomegalovirus 

immediate-early promoter (CMV). This strategy makes the lentiviruses replication-

incompetent because of the absence of all trans-acting factors required for their 

replication into the host cell but also due to the absence of U3 from the vector plasmid 

(Cockrell and Kafri, 2007). The transgene (the gene of interest) can be subcloned into 

the vector plasmid along with all the necessary sequences required for transgene 

expression (i.e. promoter/enhancer) provided that lentivector’s genome length will not 

exceed the physiological size of lentiviral genome of 11 kb. 
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CHAPTER 2: 

 

SCIENTIFIC AIMS 
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2. Scientific Aims 
Although the current knowledge regarding placenta development is continuously 

expanding, it still lacks important information regarding the earliest steps of this organ’s 

development. The general aim of this study was to better understand the process of 

placenta development at its earlier stages, focusing on its trophoblast component. In 

order to do that, we used the mouse as a model organism and employed in vivo, ex 

vivo and in vitro approaches. This work had three main aims. 

 

2.1 . Aim 1:  
The aim here was to identify the exact boundary between ExE and EPC at E5.5-E6.5 

and to correlate this with anatomical features of the conceptus. Although knowledge of 

this is crucial for understanding early trophoblast patterning, the location of this 

boundary (and hence the validity of current markers of ExE/EPC) is unknown, as this 

issue has not been addressed directly. 
 

The background to this aim is as follows: EPC appears as an outgrowth of the proximal-

most ExE cells as early as ~E5.3 (Robertson, 1942). During this time and until E6.5 

proximal ExE and EPC are contiguous tissues but they don’t share any morphological 

aspect which can be easily used for their distinction. Because the EPC grows 

mesometrially, and is not shielded by a VE layer it is arbitrarily assumed that EPC 

initiates at the turning point where the VE becomes PaE (Rossant and Ofer, 1977). 

Interestingly however, a study performed by Ninomiya and coworkers, 2005, has 

identified a region of VE, prior the turning point, which has PaE characteristics, like the 

expression of the RM-component Sparc (Ninomiya et al, 2005). In a more recent 

approach, Donnison and coworkers, 2015, used a morphological constriction occurring 

on the exVE as the separation point of EPC-ExE but these authors did not provide any 

supporting evidence that this point is indeed the correct border of the two tissues.  

 

The specific aims here were to: (i) identify the exact border between ExE and EPC 

based on cellular and functional assays (ii) use this knowledge in order to test whether 

known and putative ExE/EPC gene expression markers respect this boundary. 
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2.2. Aim 2: 

The aim here was to describe in more detail proximodistal (PD) patterning within the 

ExE and to investigate the role of Fgf and Nodal/Activin signaling (Fgf and Nodal/Activin 

signaling are necessary and sufficient for the maintenance of TS cells) in relation to 

distinct ExE regions along its PD axis. Although this is an important aspect for the 

understanding of early trophoblast patterning, it is largely unexplored. 

 

Specific aims: 

1. To investigate whether there are more than two distinct regions within ExE along 

its PD axis using gene expression at E6.5 (a time when ExE is considered fully 

formed). Although current literature suggests that there are only two distinct 

regions (Donnison et al, 2015), our pilot experiments suggested that there are 

at least three (distal, intermediate and proximal, the latter being closest to the 

EPC and the first being furthest away from the EPC). Knoweledge of this is a 

prerequisite for understanding PD patterning within the ExE. 

 

2. To investigate the sequence of appearance of the aforementioned ExE regions 

based on gene expression profiles from E5.0 to E5.5. 

Although it is known that early ExE is uniformly positive for distal ExE markers 

like Cdx2 and Eomes (Adachi et al, 2013; Donnison et al, 2015), it is yet 

unknown when these genes become distally localized as well as when the 

expression of the proximal ExE markers is induced. Moreover, if an intermediate 

area exists by E6.5 (as our pilot experiments suggested), we wanted to know 

when this putative novel ExE region firstly appears.  

The aim here therefore was to employ single and double in situ hybridization 

analysis of known markers of the distal and proximal ExE to investigate how 

their expression changes E5.0 (a time just before EPC appearance) and E5.5 

embryos (when the EPC is established). This would alow us to make 

suggestions as to the sequence with which these ExE regions appear. 

 

3. To associate the sequence of appearance of ExE regions discovered in the 

previous section with the appearance of the EPC.   
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Although it is known that EPC appears by ~E5.25, it is yet unknown whether this 

tissue arises from the distal, the proximal or intermediate ExE (the latter was 

discovered during this work). This section was expected to give clues as to the 

identidy of the ExE region giving rise to EPC. This involved single and double in situ 

hybridization analysis of known markers of the distal and proximal ExE/EPC 

performed at E5.25 embryos. 

 

4. To correlate the localization of Fgf and Activin/Nodal signaling in relation to our 

newly discovered ExE PD pattern (proximal, intermediate and distal ExE). 

 

It is currently known that Fgf signaling is active at the distal part of ExE but the exact 

region of ExE responding to Fgf signaling (especially in relation to the intermendiate 

region) is yet unknown. Moreover, the localization of Nodal/Activin signaling within 

the ExE along its PD axis is currently unknown. Although pSmad2 localization (an 

indicator of Nodal/Activin signaling) was reported to exist within the ExE (Aoyama 

et al, 2012; de Souza Lopez et al, 2003), whether its presence within the ExE is 

indicative of Nodal/Activin signaling has not been confirmed and its spatial relation 

to distal, intermediate or proximal ExE is unknown. The aim here therefore was to 

correlate distal ExE (marked by Errb gene expression) and the rest of ExE (Errb 

negative ExE) with (a) Fgf signaling detected by the expression of the Fgf-

responsive gene Spry4 and the localization of Fgf signaling indicator pErk and (b) 

Nodal/Activin signaling detected by the expression of Nodal/Activin responsive 

genes Smad7 and Nodal, as well as with pSmad2. In all cases, the activity of this 

signaling was confirmed by culturing embryos in the presence or absence of small 

molecule inhibitors of these signaling patways. 

 

5. To investigate the role of Fgf and Activin/Nodal signaling in the maintainance of 

ExE PD patterning. 

 

Although this is an important issue, global inhibition of either or both of these 

signaling pathways has not been investigated directly. In an approach to investigate 

the effect of Nodal and Fgf signaling in the embryo, Guzman-Ayala and coworkers, 

2004 used Nodal knockout embryos to investigate their phenotype in the ExE. They 
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concluded that ExE in Nodal knockout embryos had differentiated into EPC 

(Guzman-Ayala et al, 2004). However, this study did not involve a sufficient number 

of marker genes since Mash2 is a marker of both EPC and proximal ExE. 

Furthermore, although Nodal knockout embryos by definition lack Nodal activity, it 

is possible that maternally derived Activin can mask the data obtained from these 

embryos. Moreover, Fgfr2 knockout embryos have an early death prior to the full 

establishement of the PD ExE pattern described here, thereby precluding their 

usefulness in this respect. In order to effectively study the effect of Fgf and 

Nodal/Activin on the maintenance of ExE’s pattern, we used a recently described 

serum-free culture medium developed in our lab (Drakou and Georgiades, 2015) 

under mock conditions or in the presence of specific small molecule inhibitors of the 

Fgf pathway (SU-5402) and the Nodal/Activin pathway (A-8301) for 12 hours. The 

use of the serum-free culture medium also allowed us to avoid the effect of unknown 

serum-derived factors that could possibly mask our results. 

 

6. To investigate the role of Fgf and Activin/Nodal signaling on the ability of distal 

ExE (the earliest ExE region to appear) to generate the other ExE regions as 

well as EPC. 

 

The role of these two signaling pathways in the induction of pattern in vivo is 

currently ill-defined with most of the information coming from in vitro data involving 

TS cells. In order to investigate the role of these two signaling pathways on distal 

ExE, we employed an ex vivo methodology, culturing distal ExE explants in the 

presence or absence of Fgf2 or Activin A proteins alone or in combination, under 

chemically defined conditions on matrigel.  

 
2.3. Aim 3: 

The aim here was to develop a new tool for investigating cell behavior in live TS cells 

using lentivirues.  

 

Currently there no TS cell lines that permanently display fluorescent nuclei and/or F-

actin, thereby allowing one to follow changes in nuclei and/or F-actin under live 

conditions. The construction of such system would contribute to the better 
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understanding of TS behavior during their differentiation in vitro.  

 

 

Specific aims:  

1. To use a lentivirus-based approach to develop a TS cell line that simultaneously 

expresses Ruby-fused F-actin (fluorescing at the red spectrum) and GFP-fused 

Histone H2B (fluorescing at the green spectrum). 

 

2. To use TS cells expressing GFP-fused Histone H2B to correlate changes in their 

nuclear size and chromatin content with live cell morphology, during their 

differentiation. 

 

Induction of differentiation of TS cells mainly leads to the formation of TGCs which 

are characterized by an increased nuclear size and chromatin content (Simmons et 

al, 2007). However, the early morphological alterations occurring during this 

process have not been directly assessed in live TS cells and it is currently unknown 

whether increase in nuclear size always correlates with increase in DNA content 

during this process. 
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CHAPTER 3: 

 

MATERIALS AND 
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3. Materials and Methods 
3.1 Cell cultures 

3.1.1 Trophoblast stem cell culture (stemness- and differentiation- promoting 
conditions) 
Trophoblast stem cells (kindly provided by Dr Janet Rossant, Mount Sinai, Toronto, 

Canada) were cultured in TS medium (i.e.  80% RPMI 1640 1X, 20% Fetal Bovine 

Serum, Sodium Pyruvate, Penicillin/Streptomycin, L-Glutamine and β-

mercaptoethanol) in the presence of 50ng/ml Fgf2 + 1ug/ml Heparin + 10ng/ml Activin 

A (these culture conditions will be hereafter denoted as stem cell medium - SCM). Fgf2 

can be used instead of Fgf4 because they share the same receptors (Zimmer et al, 

1993). In some cases, fibroblast conditioned medium (FCM) was used instead of 

Activin A (30% TS medium + 70% FCM) without any change in cell behavior or 

morphology (Natale et al, 2009). Cells were routinely passaged at 1/10 ratio every 3-4 

days (i.e. when confluency was ~80%) by exposing them to 0.05% Trypsin-EDTA for 5 

minutes at 37oc. Cells were maintained in 35mm plates (SPL). For differentiation 

induction, stem cell colonies, previously grown for 24 hours under SCM, were gently 

washed two times with prewarmed PBS (pH 7.2, Ca2+-Mg2+ free) and then they were 

cultured in TS medium with the exclusion of growth factors (i.e. without 50ng/ml Fgf2 + 

1ug/ml Heparin + 10ng/ml Activin A). The time just prior switching culture media, it was 

considered as Day 0. 

 

3.1.2 HEK293T cell culture 
HEK293T cells were routinely cultured into 10cm plates in DMEM containing 10% FBS. 

Upon reaching ~80% confluency (i.e. every 2-3 days), cells were washing with 

prewarmed PBS (pH 7.2, Ca2+-Mg2+ free) followed by trypsinization for 3 minutes at 

room temperature. Passaging was routinely performed at a 1/10 dilution. 

 

3.1.3 STO cell culture – Fibroblast Conditioned Medium (FCM) production 
STO cells were routinely cultured into 10cm plates in DMEM containing 10% FBS. 

Upon reaching ~80% confluency, cells were washing with prewarmed PBS (pH 7.2, 

Ca2+-Mg2+ free) followed by trypsinization for 5 minutes at 37oc. Passaging was 

routinely performed at a 1/10 dilution. For FCM production, 10 x 10cm plates were 
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prepaired with STO cells at 90-100% confluency. Then their culture medium was 

replaced with fresh culture medium containing 10ug/ml freshly made Mitomycin C and 

the plates were incubated at 37oc for 3 hours. During this period, fresh 10 x 10cm plates 

were gelatinized with the addition of 5ml gelatin solution (0.1%) per plate, incubate all 

plates at 37oc for 20 minutes and after aspiration of gelatin solution, plates were allowed 

to air dry until used. By the completion of the 3-hour mitomycin C-treatment of STO 

cells, medium was aspirated and cells were washed twice with prewarmed PBS (pH 

7.2, Ca2+-Mg2+ free). The cells were then trypsinized and 4 000 000 cells were added 

per gelatinized plate (i.e. 5 x 104/cm2). Cells were allowed to attach overnight by 

incubating at 37oc and the following day the culture medium was replaced with freshly 

made TS medium. Every three days Fibroblast Conditioned Medium was collected from 

cells and replaced with fresh TS medium (no more than three harvests). FCM was spun 

down (1000g for 10 minutes, RT) to remove cell debris and then aliquoted at 10ml 

aliquots. It was stored at -20oc until used. 

 

3.2 Lentivirus production, measurement and usage 
 

3.2.1. Lentivirus production by calcium phosphate transfection of HEK293T cells 

(Odiatis and Georgiades, 2010 with modifications) 

HEK293T cells were seeded in 75cm2 cell culture flasks ~20 hours before transfection 

at a density of 3.5 x 106 cells per flask so that at the time of transfection their confluency 

was ~60-70%. Transfection reaction was performed by preparing two mixtures as 

follows: 

Mixture 1: 

§ 12.5ug of vector plasmid (this was FG12.hisGFP or 

pLenti.PGK.LifeAct-Ruby.W - addgene #51009) 

§ 6.5 ug pCMV.delta8.91 

§ 3.5 ug pCMV.VSV-G 

§ H2O  

§ CaCl2 2M 

Mixture 1 was then transferred dropwise into 780 ul of 2x HeBs solution while vortexing 

at low speed. Reaction was left at RT in the dark for 20 minutes and then transferred 
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dropwise into the corresponding flask. After an overnight incubation at 37oc, the cells 

were washed once with 10ml of prewarmed plain DMEM and then once again with 

prewarmed PBS (pH 7.2, Ca2+-Mg2+ free). Finally, fresh culture medium was added and 

the flasks were returned to the incubator for 48 hours. After this, the first viral harvest 

was performed and then fresh medium was added for a second harvest 24 hours later. 

The virus-containing supernatant obtained from the first harvest was spun down at 

500g for 5 minutes and then kept at 4oc. The next day it was mixed with the second 

viral harvest (which had previously spun down under the same conditions) and filtered 

through a 0.45 um vacuum filter. The filtered supernatant was transferred into 

ultracentrifuge tubes and ultracentrifuged at 25000 rpm, 4oc for 1 hour and 45 minutes. 

After this step, the supernatant was discarded and 100 ul of TS culture medium (lacking 

Fibroblast Conditioned Medium and Fgf2/Heparin or Activin A) were added to the pellet. 

The pellet was left overnight at 4oc to resuspend and the following day the viral 

supernatant was transferred at -80oc to be stored for no more than 6 months. A small 

amount (5ul) of supernatant was used for titration. 

    

3.2.2. Lentivirus titration 
A small aliquot of the concentrated lentivirus was used to measure its titer as follows: 

Decimal dilutions were prepaired (10-1, 10-2, 10-3, 10-4 and 10-5) by diluting concentrated 

virus into plain DMEM. After that, 2 ul of each dilution were used to inoculate one well 

of a 4-well plate containing 1.8 x 104 HEK293T cells (the cells were seeded 8 hours 

earlier) growing in 500ul culture medium (DMEM supplemented with 10% FBS). Each 

transduction step was performed in duplicate. Three days after virus addition, several 

random pictures were taken from the dilution giving between 1-20% positive fluorescing 

cells (usually the 10-4 dilution) and fluorescing cells were measured (cell doublets, 

triplets or quadruplets were measured as one). Lentivirus titer (expressed as “Infectious 

Units per ml, IU/ml”) was measured using the formula: Virus titer = {(F × Cn) /V} × DF 

were F= frequency of fluorescing cells Cn= total number of cells in the well (1.8 x104) 

V=volume in ml, DF= dilution factor. The usual titer obtained was at the range of 1 - 5 

x 107.    
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3.2.3. Trophoblast stem cells transduction (Odiatis and Georgiades, 2010 with 

modifications) 

Trophoblast stem cells were seeded under stem-cell conditions approximately 16 hours 

before transduction at a density of 1500 cell particles (either single cells, doublets or 

triplets; occasionally particles of more than three cells were also observed) per well of 

a 4-well plate. Virus-containing medium was left on ice to thaw and then transferred 

directly into the corresponding well. Transduction took place overnight, under stem-cell 

conditions in the presence of 8 ug/ml of polybrene. The following day, transduced cells 

were washed twice with prewarmed PBS (pH 7.2, Ca2+-Mg2+ free) and fresh stem cell 

medium was added.  

 

3.2.4 Clonal derivation of transduced trophoblast stem cell colonies 
Transduced cells were seeded under conditions favoring the formation of single, well 

isolated colonies, derived from a single cell. This was achieved by seeding 1000 cells 

in a 35mm plate followed by culture under stem cell conditions for 6-7 days. All colonies 

were examined for fluorescence positivity and colonies displaying 100% positivity were 

marked by a small scratch on the plastic directly below the colony. The medium was 

then aspirated and prewarmed PBS (pH 7.2, Ca2+-Mg2+ free) was added to the plate. 

Under strictly sterile conditions, each colony of interest was selected under a 

stereoscope (Zeiss stereomicroscope) and transferred into a small drop of 0.05% 

Trypsin-EDTA, at 37oc for 5 minutes. Then the cells were transferred into one well of a 

4-well plate containing fresh stem cell medium.  

 

3.2.5. Nuclear content measurement during differentiation using the hisGFP 
intensity (live) 

5000 of lentivirus FG12.hisGFP-transduced, clonally expanded trophoblast stem cell 

particles (singlets, doublets or triplets) were seeded in a 35mm plate in the presence 

of TS medium + 50ng/ml Fgf2 + 1ug/ml Heparin + 10ng/ml Activin A. 24 hours later 

cells were switched into differentiation conditions for 6 days. On days 0, 1, 2, 4 and 6 

pictures were taken from several random fields of view (both phase contrast and 

fluorescence) at a fixed exposure time (13.99ms) and magnification (10x, optovar 2.5). 

The plate was returned to the incubator until the next documentation day. Pictures were 

taken with a Zeiss Axiovert inverted microscope equipped with 10x phase contrast lens 
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and GFP filter. Nuclear area (in squared inches) and GFP intensity were measured by 

ImageJ. Statistical analysis and graphs were done using Microsoft excel. Student’s t-

test for independent variables was employed for statistical significance. 

 

3.3. Mouse embryo isolation, explant derivation and cultures 
 

3.3.1. Mice maintenance and plug derivation 
All animals were provided with direct access to food, water and clean-quiet living 

conditions by cleaning twice a week throughout the completion of this study. Animals 

were living in a 12-hour dark – 12-hour light conditions. For “plug” derivation, female 

mice (at least 3 months old) were transferred into a stud the previous evening (usually 

at 17:00-18:00) and the following morning (prior 11:00) each female vagina was 

checked for the presence of a white “plug” (Fig. 3.1). Presence of a “plug” was 

considered as a successful mating. 

 
Figure 3.1: The presence of a white “plug” in mouse’s vagina can be used as a 

determinant of pregnancy. A) successful mating, presence of plug is denoted with a 

black arrow, B) Unsuccessful mating denoted by the absence of plug (black arrow)  
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3.3.2. Mouse embryo derivation and fixation 
Pregnant female mice of the ICR strain were sacrificed by cervical dislocation after a 

brief exposure to carbon dioxide at the desired stage of pregnancy. Noon of the day 

that a vaginal plug was observed was considered as embryonic day 0.5 (E0.5). 

Pregnant mice whose embryos would be derived at E5.5, E6.5 or E7.5 stages were 

sacrificed at ~11:30-12:00 am of the corresponding day. In the case of E5.0, pregnant 

mice were sacrificed at 00:00-01:00 am while for E5.25, pregnant mice were sacrificed 

between 04:00-05:00 am. Embryos were dissected out of the uterus, RM was removed 

using a pair of 301/2 gauge needles and collected in Ham's F-12 Nutrient Mix, 

GlutaMAX™ medium supplemented with 10% fetal bovine serum (dissection medium). 

Following collection, embryos were fixed in 4% pfa overnight at 4oc. After a gradual 

dehydration in methanol, embryos were stored in 100% methanol at -20oc. 

 

3.3.3. Mouse embryo culture 

E6.5 embryos were dissected as described. Embryos were then transferred through 

two drops of serum-free medium prior transferring in the same medium for culture. 

Serum free medium was composed of 25% (v/v) DMEM, low glucose, pyruvate, no 

glutamine, no phenol red, 25% (v/v) Ham's F-12 Nutrient Mix, GlutaMAX™, 50% 

(v/v) Neurobasal™-A Medium (1X) Liquid without Phenol Red, 0.5X of N-2 Supplement 

(100X) liquid, 0.5X of B-27 Serum Free Supplement (50X) liquid, 100 U/ml of Penicillin-

Streptomycin, 0.1mM of β-Mercaptoethanol. Cultures were performed in equilibrated 

culture medium for 8 and 12 hours in the presence of DMSO (mock conditions), 20uM 

A83-01 (selective inhibitor of TGF-bRI, ALK4 and ALK7), 20uM of SB431542 (selective 

inhibitor of TGF-bRI, ALK4 and ALK7), 40uM SU5402 (potent FGFR and VEGFR 

inhibitor), 3uM of PD161570 (selective inhibitor of FGFR) and combination of 20uM 

A83-01 + 40uM SU-5402. 

 

3.3.4 Putative proximal ExE and putative core EPC explant derivation 
E6.5 embryos were dissected as described. Once the RM was removed, two cuts were 

made using a custom-made glass needle. The first cut was made at the area proximally 

to the most proximal point of the opaque region (putative core EPC) and the second 

cut was made at the area distally to this point (putative proximal ExE). The explant 

corresponding to the putative proximal ExE was washed in a drop of 1 x PBS, Ca2+, 
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Mg2+ - free, pH 7.2 followed by incubation into ice-cold 0.5% Trypsin/2.5% Pancreatin, 

pH 7.6 for 10 minutes at 4oc, standing. Following this reaction, the surrounding exVE 

was removed by gentle mouth pipetting. The explant corresponding to the putative core 

EPC was mechanically cleaned from the surrounding maternal blood. Explants of both 

types as well as very small fragments of exVE were cultured for 24 hours (only the 

putative proximal ExE and putative core EPC) or for 4 days in chemically defined 

culture medium an matrigel, in conditions favoring ExE maintenance (i.e. 50ng/ml Fgf2 

+ 1ug/ml heparin + 10ng/ml Activin A). Putative core EPC explants cultured for 4 days 

were fixed and stained with Hoechst (diluted 1:5000 in 1 x PBS, Ca2+, Mg2+ - free, pH 

7.2). Nuclear area (in squared inches) and hoechst intensity were measured by ImageJ. 

Statistical analysis and graphs were done using Microsoft Excel. Student’s t-test for 

independent variables was employed for statistical significance.   

 

3.3.5. E5.5 distal ExE explant derivation and culture on Matrigel 
E5.5 embryos were dissected as described. Once the RM was removed, embryos were 

exposed to ice-cold 0.5% Trypsin/2.5% Pancreatin in PBS Ca2+, Mg2+-free, pH 7.2, at 

4oc, standing for 10 minutes. Enzymatic reaction was terminated by transferring the 

embryos into fresh dissection medium.  A custom-made glass needle was made to cut 

the embryoning-extraembryonic region as well as to make a cut in the middle of ExE. 

The fragment corresponding to distal ExE was denuded from the surrounding VE by 

mouth pipetting and then this fragment was transferred into 500ul of serum-free 

medium to attach onto matrigel-coated 4-well plates under the following conditions: 

50ng/ml Fgf2 + 1ug/ml heparin + 10ng/ml Activin A for 24 hrs, no growth factor for 24 

hours, no growth factor for 6 hours, 50ng/ml Fgf2 + 1ug/ml heparin for 24 hours, 

10ng/ml Activin A for 24 hours, 10ng/ml Activin A for 6 hours. Three explants (derived 

from three E5.5 embryos) were cultured under each condition. 

 

3.4. Real Time PCR analysis 
3.4.1 RNA derivation from E6.5 embryos and Reverse Transcription 
Four E6.5 embryos per condition were pooled together and their EPC with the 

underlying proximal-most part of ExE was microsurgically removed. Remaining tissue 

was used as a source of total RNA which was extracted using the NucleoSpin® RNA 
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XS kit from Macherey Nagel. The whole process was repeated three times (three 

biological replicates). 63ng of total RNA were then used per reverse transcription 

reaction using random hexamers and oligo dT primer, according to the manufacturer 

(PrimeScriptTM RT reagent Kit – Perfect Real Time, TaKaRa). For a list of the Real 

Time primers used, please refer to the Appendix (table 8.1)  

 

3.4.2. Real Time PCR 
For each reaction (each gene was measured in duplicate for each condition, using three 

biological replicates), 7ng of cDNA were used per reaction in a total volume of 25ul as 

follows: 

• 1.1ul template cDNA 

• 10.6ul PCR grade H2O 

• 0.8ul 1:1 primer mixture (10uM each primer) 

• 12.5ul KAPATM SYBR® FAST qPCR Kit (KAPABIOSYSTEMS) 

Cycle thresholds (Ct) for each reaction were obtained and transformed into gene 

expression fold change according to the formula: Fold change=2delta delta Ct, where delta 

delta Ct= delta Ct (GOI treated – Gapdh treated) – delta Ct (GOI mock – Gapdh mock). 

Where GOI = Gene of Interest. 

 

3.5. General Molecular Biology techniques 
3.5.1 Design, subcloning and in vitro transcription of riboprobes (Spry4, Smad7, 

Cldn4 and Secretin) 
3.5.1.1 Design 

i) Design of Spry4, Smad7 and Cldn4 templates  

The full mRNA sequence of Spry4, Smad7 and Cldn4 was derived 

from Mouse Genome Informatics (Spry4 - MGI:1345144, Smad7 - 

MGI:1100518, Cldn4 - MGI:1313314) in FASTA format. A random 

sequence of each mRNA (between 0.5-1kb, usually at the 3’ 

UnTranslated Region – 3’-UTR) was selected and used as a query 

sequence for a blast nucleotide alignment against all known 

mouse genomic and transcript sequences to verify its gene-

specific specificity (Blastn algorithm). The query sequences 
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showing unique identity with the target sequence were selected 

and primers at their 5’ and 3’ ends were designed.  

ii) Design of Secretin 

The sequence of interest as well as the appropriate primer 

sequences were found from Allen Brain Atlas (http://mouse.brain-

map.org, probe name: RP_050329_04_A02, experiment: 

74357731) 

3.5.1.2 Template derivation 
Total RNA from 10 littermate E8.5 embryos (which were pooled together) was isolated 

using the NucleoSpin® RNA XS kit from Macherey Nagel. Following RNA isolation, 1ug 

of total RNA was used for full-length cDNA conversion using the SMARTerTM PCR 

cDNA Synthesis Kit from Clontech  

 

3.5.1.3 Polymerase chain reaction 
100 ng of template full-length cDNA were used per PCR reaction (KAPA HiFi HotStart 

ReadyMixPCR Kit from KAPABIOSYSTEMS) with gene specific primers (for a list of 

these primer pairs please refer to table 8.2 in the appendix), according to the protocol 

provided by the manufacturer (table 3.1):  

 

 

 

 

 

 

 

 

 

Table 3.1: PCR conditions followed for template derivation 

When the appropriate PCR conditions per case were set up, 4 PCR reactions were set 

up per gene and the products of all reactions were finally mixed together. 

 

 

 

Step Temperature Duration Cycles 

Initial 

denaturation 
95oc 3 min 1 

Denaturation 98oc 20 sec 

25 cycles Annealing 
Case depended 

(60-75oc) 
15 sec 

Extension 72oc 60 sec 

Final extension 72oc 5 min 1 
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3.5.1.4. Subcloning – plasmid preparation 
PCR products were electrophoresed on a 1% agarose gel and then the band of the 

correct size (often a single band) was gel extracted (NucleoSpin® Gel and PCR Clean-

up kit). 10ug of the PCR product were then digested overnight in a restriction enzyme 

digestion reaction according to the recognizing sequences previously included into the 

PCR primers. A similar restriction enzyme reaction was also set up for the vector (often 

plasmid Bluescript SK-). After a second gel extraction, the isolated fragments took part 

in a ligation reaction (10ul total volume incubated at 14oc, overnight). The ratio of 

vector:insert was kept constant at 1:3 with vector’s total weight being 100ng per 

reaction. 5ul of the ligation reaction were used to transform competent DH5a bacteria 

(MAX EfficiencyTM DH5ATM Competent Cells, InvitrogenTM) and the transformed cells 

were then spread on ampicillin containing agar plates followed by an overnight 

incubation at 37oc. 5 colonies were picked up the next morning and screened for the 

presence of the appropriate clone, using the same restriction enzymes used for the 

initial PCR product and vector digestion. The appropriate colony was then grown further 

and the plasmid DNA was isolated (NucleoBond Xtra Midi Kit, Mackerey Nagel). A 

portion of the grown colony was stored indefinitely at -80oc in the presence of Glycerol 

(1:1 v/v ratio).  

 

3.5.1.5. Plasmid Linearization - In Vitro Transcription (IVT) reactions 
20ug of the appropriate plasmid were digested overnight at 37oc using the specific 

enzyme required to get a linearized product for in vitro transcription. The digestion 

product was then phenol/chloroform extracted and ethanol precipitated. 1ug of the 

linearized plasmid was in vitro transcribed as follows:    

• 1ug linearized plasmid 

• 1ul buffer 

• 1ul oligonucleotides with Digoxigenin (DIG) or Fluorescein isothiocyanate 

(FITC)-labeled dUTP 

• 0.5ul RNase inhibitors 

• 0.5ul T3 or T7 or SP6 RNA polymerase 

• H2O to 10ul final volume 
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Reactions were incubated at 37oc (except for reactions conducted by SP6 polymerase 

which were incubated at 40oc) for 3 hours and then each reaction was terminated by 

the addition of 90ul H2O, precipitated with LiCl and ice-cold isopropanol and then 

resuspended in 45ul of DEPC-treated H2O. All probes were stored at -80oc until used. 

In order to examine the quantity and quality of the probe, a sample (5ul) was taken later 

from each reaction and electrophoresed (Figure 3.2). 

	 	 	
Figure. 3.2: Products of a series of in vitro transcription (IVT) reactions. RNA riboprobes appear 

as a single or double bright band. The upper bands (~3kb size) correspond to the linearized 

plasmid template. Samples displaying faint diffusive appearance like the case of Erf (second 

well) were discarded. 

 

3.6. Whole-mount RNA in situ hybridization on mouse embryos and 
explants (single and double color wISH) 

Mouse embryos of the desired developmental stage were isolated and fixed at freshly 

prepaired 4% ice-cold pfa, overnight at 4oc. The following morning embryos were 

dehydrated through an increasing concentration of methanol (PBST, 25%, 50%, 75% 

and 100% methanol) and then stored in 100% methanol at -20oc. Stored embryos were 

then rehydrated through a reducing concentration of methanol (100%, 75%, 50%, 25%, 

PBST). Rehydrated embryos were then penetrated by incubation in Proteinase K 

(20mg/ml). Exposure to Proteinase K was for 1.0 minute for E5.0 embryo, 1.5 minutes 

for E5.5 embryos and E2.5 minutes for E6.5 embryos. Penetrated embryos were then 

re-fixed in 0.2% glutaraldehyde/4%pfa for 20 minutes at room temperature to withstand 

the high temperature of the following hybridization step. After fixation, embryos were 

washed three times in PBST and incubated at 67oc in pre-hybridization solution for 6 

hours. This step was followed by the addition of the probe solution (this solution was 

composed by 15 – 25 ul of probe diluted in 380ul of prewarmed at 67oc pre-hybridization 

solution). For a complete list of probes used in this study, see table 3.2. Embryos were 

then incubated in the presence of probe at 67oc for two overnights (occasionally for 
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three), in a hybridization chamber filled with 50ml of 50% SSC pH 7 and 50% 

formamide. The following day, each sample was washed three times for 30 min at 67oc 

with Solution I (1x SSC pH 4.5, 50% formamide, 0.1% Tween 20), treated with RNase 

I for 1 hour at 37oc and then washed three more times for 30 min at 67oc with Solution 

II. Each sample was blocked for three hours into blocking solution (MABT/Block/Sheep 

serum; MABT was composed of 100mM maleic acid, 150mM sodium chloride, 0.1% 

Tween 20, pH 7.5) and then incubated in 1:2500 anti-Digoxigenin antibody in blocking 

solution for 2 overnights at 4oc, rocking. Washes in MABT were performed over the 

entire next day and overnight at 4oc. Finally, after three washes in NTMT solution, color 

development followed using BM Purple AP Substrate (Roche). When color 

development was completed, reaction was terminated by washing in PBST and then 

post-fixing in 4% pfa for 20 min at room temperature. Embryos were finally cleared by 

transferring into 50 and then 70% glycerol for documentation and storage.  In the case 

of double color experiments, the FITC-bound probe (often the most strongly expressed 

gene) was first developed (INT/BCIP was used which gives a reddish color instead of 

BM purple which gives a blue-purple color). Upon reaction was ready, embryos were 

gradually transferred into 70% glycerol, oriented, documented and then dehydrated 

and rehydrated through an increasing and decreasing concentration of methanol as 

described. Enzyme inactivation was conducted by incubating the embryos at 70oc for 

one hour, standing. Following enzyme inactivation, embryos were stained with BM 

purple to visualize the expression of the second gene, cleared by transferring into 50 

and then 70% glycerol, oriented according to the orientation they had when the first 

gene was documented, and documented again, this time for the second gene. 
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Gene Restriction enzyme for antisence probe RNA polymerase 

Errb EcoRI T7 

Sox2 EcoRI T3 

BMP4 AccI T7 

Eomes EcoRI T7 

Cdx2 XhoI T7 

Cldn4 XhoI T3 

Erf BamHI T7 

Snail ClaI T7 

Mash2 XhoI T7 

Ker8 XbaI T3 

Spry4 XhoI T3 

Smad7 XhoI T3 

Nodal XhoI T7 

Secretin EcoRI T7 
 

Table 3.2: List of plasmids used for in vitro transcription, their corresponding restriction 

enzymes and the RNA polymerase used 

 

3.7. DBA-lectin staining (immunochemistry) following wISH and 
embryo histology 

Following wISH, embryos were transferred into PBST (0.01% Tween-20 in PBS Ca2+, 

Mg2+-free), penetrated using 0.3% TritonX-100 in the presence of 0.1M Glycine for 15 

m, rocking at room temperature and blocked in blocking solution (10% goat serum in 

PBST) for 1 hour at room temperature, rocking. DBA lectin (1:400 in blocking solution) 

was added and embryos were incubated overnight at 4oc, rocking. The embryos were 

then washed five times, 5 minutes each, in PBST and then peroxidase-conjugated 

streptavidin was added (1:2000; diluted in blocking solution) for 2 hours at room 

temperature. Following washing (five times in PBST for 5 minutes each), color 

development was conducted using DAB substrate. Color development often lasted for 
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~1 minute. After clearing by transferring embryos into 50 and then 70% glycerol, they 

were oriented according to the orientation they had during wISH documentation, and 

documented again, this time for DBA lectin. For embryo histology, embryos were 

dehydrated by exposing them in an increasing concentration of ethanol (50%, 70%, 

90% 100%) and xylene prior to embed them in paraffin wax. Sagittal sections were cut 

at 7um intervals. 

 

3.8. Whole mount immunofluorescence – confocal microscopy 
Embryos were fixed in 2% pfa for 20 minutes at room temperature. Tissue penetration 

was performed using 0.3% TritonX-100 in the presence of 0.1M Glycine for 15 m, 

rocking at room temperature. After blocking (blocking solution: 10% goat serum, 0.01% 

Tween-20 in PBS Ca2+, Mg2+-free) for one hour at room temperature, primary antibody 

was added in the presence of blocking solution overnight, rocking, at 4oc (rabbit anti-

PAR6B 1:100, BS-I lectin 1:400, DBA lectin 1:400, rabbit biotin conjugated anti-

Collagen IV 1:100, rabbit anti-phospho Erk 1:50, mouse anti-Cdx2 1:100). 

Corresponding secondary antibody (1:700) was added the following day in the 

presence of blocking solution for 2 hours, rocking at room temperature. Nuclei were 

stained with TOPROTM-3 Iodide, diluted 1:500 in PBS Ca2+, Mg2+-free, for 30 minutes 

at RT. Embryos were then post fixed in 2% pfa for 10 minutes at room temperature, 

cleared by transferring in 50% glycerol for 10 minutes and then in 70% glycerol. They 

were then mounted on glass coverslips, using 70% glycerol as a mounting medium, for 

confocal microscopy. 
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4. Results 
4.1 Results for aim 1: To identify the exact boundary between ExE and EPC at 

E5.5-E6.5 and to correlate this with anatomical features of the conceptus. Although 

knowledge of this is crucial for understanding early trophoblast patterning, the 

location of this boundary (and hence the validity of current markers of ExE/EPC) is 

unknown, as this issue has not been addressed directly. 

 

Identification of the exact boundary between the ExE and the EPC is often difficult 

because of the apparent lack of anatomical differences in the trophoblast within the 

transition region between ExE and EPC, as these two tissues are contineous during 

the early stages of development. As a first approach towards identifying this 

boundary, we observed live embryos at different developmental stages (i.e. the 

E5.5, E6.5 pre-streak, E6.5 early streak and E6.5 mid-streak). It was found that at 

E6.5, exVE is more opaque than other cells of the conceptus. This allowed us to 

identify the most proximal edge of exVE, which coincides with the area where it 

turns outward, before it eventualy turns distally and becomes parietal endoderm 

(PaE) (Fig. 4.1.1: A - D). We did not observe any opaqueness difference at E5.5 

(Fig. 4.1.1: A). That the proximal edge of this opaqueness correlates with the 

proximal edge of exVE was confirmed using staining with DBA lectin (marker of the 

entire VE and PaE) (Fig. 4.1.1: E - H). Based on DBA positivity, the ‘neck’ region of 

exVE (rouphly concave region of proximal exVE up to the point where it begins to 

turn outwards) appeared shorter (along the P-D axis) in less advanced E6.5 

embryos (Fig. 4.1.1: E –F and G – H).  

 

Because the ExE-EPC boundary was suggested, but never tested directly, to be at 

the level of the point of insertion of RM into the egg cylinder, we aimed to identify 

this point and correlated it with the level of the proximal edge of the exVE ‘neck’ 

mentioned above. This insertion point is considered to be where the relatively thin 

basement membrane (BM) of exVE transitions into the thicker RM (Miner et al, 

2004), using ColIV and BS-I lectin staining (both mark the RM and the BM of exVE, 

with BS-I lectin additionally staining exVE, PaE, as well as the cell surface of ExE 

and EPC cells). Immunofluorescence analysis of ColIV localization at early-streak 

STAVROS N
IKOLA

OU



	 77	

and mid-streak E6.5 stages and of BS-I at E5.5 revealed that the transition from BM 

to RM (that is, the point of insertion of RM) coincides with the proximal end of the 

neck region of exVE (Fig. 4.1.2: B, B’ and C, C’; Fig. 4.1.2: A). Thus, our data lead 

us to conclude that the most proximal edge of exVE coincides with RM insertion 

point (this point can also be considered as the initiation of RM). 

 

 
Figure 4.1.1: An opaque region of exVE nature characterizes the region of ExE – EPC junction 

in live embryos from the early to mid-streak stages in bright field microscopy. During the E5.5 

stage, both ExE and EPC of live embryos are indistinguishable with regards to their color (A, 
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n=10/10) but live embryos at the pre-, early- and mid-streak stages are characterized by the 

presence of an opaque region initiating from the embryonic-extraembryonic junction 

(arrowheads in B, C, D, n=3/3 per developmental stage) and extending up to the region of 

assumed ExE-EPC junction (B, B’, C, C’, D. D’). In live pre-streak embryos, this opaque area 

stops abruptly (B’, arrow shows the clear region - please notice the color difference between 

the opaque and the clear region) while in early- and mid-streak embryos the opaque area forms 

a neck-like formation (C’, D’, arrows show the neck region) (Ninomiya et al, 2005). 

Immunochemistry analysis for the localization of the VE-specific marker DBA lectin (Noguchi 

et al, 1982) demonstrates that the neck region has VE-origin (E – H, dotted line demarcates 

the absence of DBA lectin staining which occurs as a result of definitive endoderm cell 

engression into the emVE (Nowotschin and Hadjantonakis, 2010)). E – F and G – H show the 

same embryo alive (E and G) or after DBA staining in the same orientation (F, H), n=3/3 per 

developmental stage. ps: Primitive Streak, Scale bars indicate 100 μm. 
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Figure 4.1.2: The most proximal region of exVE (i.e. before it turns distally to become PaE) 

coincides with an increase in the thickness of basement membrane, a characterization of RM. 

A) BS-I lectin staining on a E5.5 embryo dissected from the uterus but with its RM kept intact. 

Arrows indicate an increase in basement membrane thickness at the most proximal region of 

exVE, n=3/3, B and C) Immunofluorescence analysis of Collagen IV on an early streak and 

mid-streak embryo respectively. Arrows in B’ and C’ indicate an increase in basement 

membrane thickness at the most proximal region of exVE, n=3/3 per developmental stage. 

ExE: Extraembryonic ectoderm, EPC: Ectoplacental cone, RM: Reichert’s membrane. 

 

In order to test whether the level of insertion of RM/proximal edge of exVE coincide 

with the boundary between ExE and EPC trophoblast, the following experiments were 

carried out. 

STAVROS N
IKOLA

OU



	 80	

 

First, it was found here for the first time that the proximal limit of Erf expression (a gene 

previously reported to mark the ExE) and the distal limit of Snail expression (a gene 

previously reported to be a marker of the EPC) coincide with the most proximal edge 

of exVE, and hence with the point of insertion of the RM (Fig. 4.1.6: E – H, I – K).  

 

Second, the presented data so far lead us to hypothesize that the trophoblast distally 

to the RM initiation point (referred to here as ‘putative proximal ExE’) should have ExE 

characteristics, whilst the trophoblast region proximal to this point (referred to here as 

‘putative core EPC’) should have EPC characteristics. This hypothesis was tested in 

two different ways: 1) Putative proximal ExE (ppExE) and putative core EPC (pcEPC) 

explants were isolated from E6.5 embryos and cultured under conditions favoring ExE 

maintenance, that is, culture in the presence of Fgf2/Heparin and Activin proteins on 

matrigel-coated plates in a serum free medium (Kubaczka et al, 2015). Under these 

condtions, ExE tissue should be expected to remain ExE, whereas EPC tissue should 

differentiate into EPC derivatives, such as TGCs. This is because a defining difference 

between ExE and EPC is their different response to conditions that keep ExE 

undifferentiated: EPC, but not ExE, fails to respond to these conditions and as a result 

differentiates. 2) If in vivo developed ppExE and pcEPC are part of ExE and EPC 

respectively, they should display a different cell status because ExE is considered to 

be an epithelial tissue whereas EPC is not. To this end, the trophoblast of E5.5 and 

E6.5 embryos was examined using epithelial cell markers. 

 

Regarding the first mode of testing for the ExE-EPC boundary, our microsurgery 

methodology allowed us to obtain sufficient numbers of isolated ppExE and pcEPC 

explants which were then cultured as mentioned above (Fig. 4.1.3). Culture of pcEPC 

under such conditions for 4 days (n=8/8) resulted in the appearance of cells migrating 

away of the initial explants. These cells had the classical appearance of TGCs, that is, 

cells with a relatively large cell size and perinuclear granules around some of their 

nuclei (Fig. 4.1.4: A, A’). In contrast, ppExE explants cultured in the same way (n=5/5) 

did not show the appearance of such cells (Fig. 4.1.4: B). The TGC status of the cells 

that migrated away from the pcEPC explants was confirmed by examining their DNA 

content (by definition, TGC cells are the only non-diploid trophoblast cell types and 
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have a high ploidy) in relation to that of diploid exVE cells that were cultured under the 

same conditions (Simmons et al, 2007). Specifically, the nuclei of these cells displayed 

a much higher and statistically significant DNA content than the diploid exVE cells. This 

was based on measuring nuclear fluorescence intensity after Hoechst treatment (Fig. 

4.1.4: C – C’ and D – D’; E – G).  

 

These data strongly suggest that ppExE and pcEPC are indeed ExE and EPC tissues 

respectively and that the ExE-EPC boundary is within the trophoblast region that 

coincides with the level of insertion of RM.  

 

To further support this conclusion ppExE and pcEPC explants were cultured under the 

above-mentioned conditons for 24h, followed by examination of the expression of Snail 

(EPC gene whose distal expression limit coincides with the RM insertion point – see 

our results above), Erf (ExE gene whose proximal expression limit coincides with the 

RM insertion point – see our results above), Secretin (marker of the EPC-derived cells 

located in the center of the E6.5 EPC) and PlI (marker of TGCs located in the periphery 

of E6.5 EPC). As expected, the EPC genes Snail (n=3/3) and Secretin (n=3/3) were 

robustly expressed only in pcEPC, but not in ppExE explants, whereas the ExE gene 

Erf (n=3/3) was only found to be expressed in ppExE explants (n=3/3) (Fig. 4.1.5 and 

4.1.6). Interestingly, although pcEPC explants cultured for 4 days produce TGCs (see 

our results above), when these explants were cultured for only 24h, they rarely produce 

TGCs based on morphology and PlI expression (n=3/3) (Fig. 4.1.5: B). This can be 

explained by the fact that TGC differentiation in EPC explants in vitro first requires their 

migration away from the original explant (Gonçalves et al, 2003), an event that has 

barely started in our explants after only 24h of culture. 

 

As a last way to verify the ExE identity of the trophoblast cells located just distal to the 

RM initiation point, we made use of the finding that from E5.5 onwards, ExE, but not 

EPC, is an epithelial tissue (Mehrotra, 1984; Bedzhov and Zernicka-Goetz 2014). We 

therefore hypothesized that if ppExE trophoblast cells are indeed ExE tissue, they 

should display epithelial characteristics. To investigate this, we first examined by 

immunofluorescence analysis the localization of the Par6B protein (apically localized in 

epithelial cells, but either localized in a non-polarized fashion or not present in non-
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epithelial cells) in relation to the RM insertion point/proximal edge of exVE (assayed by 

BS-I binding distribution) at E5.5 and E6.5 (early- and mid-streak stages). Our results 

show for the first time that the distribution of Par6B within ExE is polarized up to the 

region that coincides with the proximal edge of exVE/RM insertion point at both E5.5 

and E6.5 (n=3/3 for each stage) (Fig. 4.1.7: Ci and Di). 

 
Figure 4.1.3: Microsurgery-based methodology for putative core EPC (pcEPC) and putative 

proximal ExE (ppExE) explant isolation from live embryos. A) intact E6.5 pre-streak embryo. 

B) three transverse cuts using custom-made glass needles where made at the region where 

the opaque color stops (i.e. the most proximal point of exVE) and proximally and distally to this 

(demarcated as “sectioning points”). C) This process allowed us to derive the proximal ExE 

enveloped into its surrounding exVE (prox. ExE + exVE) as well as the core EPC with maternal 

blood. Ci) maternal blood was mechanically removed from the core EPC, Cii and Ciii) proximal 

ExE was released from the surrounding exVE by a brief exposure into an enzymatic digestion 

STAVROS N
IKOLA

OU



	 83	

followed mechanical separation of the two tissues. ExE: Extraembryonic ectoderm, EPC: 

Ectoplacental cone. 

 

 
Figure 4.1.4: putative core EPC explants cultured under conditions maintaining ExE character, 

fail to maintain their own character and after four days in culture, they differentiate into 

morphologically distinct, trophoblast giant cells. A and B) phase contrast pictures of live 

explants cultured for four days on matrigel in the presence of Fgf2/Heparin and Activin (ExE 

maintenance conditions). Putative core EPC explants have morphologically giant cells (TGCs) 

spread around the initial explant in a cellular monolayer (A – A’, n=8/8) while putative proximal 

ExE explants grow as a solid mass of cells (B, n=5/5). When compared to the diploid cell 

population of VE cells (C – C’ and D – D’), TGCs from core EPCs, display an increased nuclear 

area (E), increased Hoechst Intensity (F) and an increase in their DNA content (G). Dotted line 

in D and D’ indicate the contour of the initial explant. n=82, P<0.001, Student’s t-test 

(independent). Scale bars: 100 μm. 
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Figure 4.1.5: putative core EPC explants cultured under conditions maintaining ExE character, 

fail to maintain their own character and after 24 hours in culture, they differentiate into EPC 

derivative cell types. A and B) both types of explants fail to differentiate into the Placental 

lactogen I (PlI) expressing EPC-derivative cell types (E – G, n=2/2 for putative proximal ExE 

and n=3/3 for core EPC). This failure is not due to experimental reasons because embryo in 

(E) had served as an internal control for the reaction. F) section of a E6.5 embryo after in situ 

hybridization for PlI demonstrating presence of positive cells exclusively at the EPC periphery 

while if the periphery is mechanically removed, no PlI positive domain is seen. C and D) putative 

core EPC explants differentiate into Secretin positive EPC-derivative cells (n=3/3) while none 

of the putative proximal ExE explants behaves as such (n=3/3). (H, I, J). Secretin marks EPC 

derivative cells because neither the EPC at the E5.5 embryo (n=3/3) nor the core EPC at E6.5 

(6/6) are positive for Secretin expression. Secretin positive cells appear at the proximal region 

of EPC by E6.5 (I, J, n=6/6). Scale bars: 100 μm.    
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Figure 4.1.6: putative proximal ExE explants cultured for 24 hours under conditions maintaining 

ExE character, display ExE character. A and B) putative proximal ExE retains the expression 

of the ExE specific gene Erf (n=3/3) while core EPC is negative (n=3/3). Snail fails to get 

upregulated by proximal ExE explants cultured under such conditions (n=3/3) while core EPC 

retains its Snail expression (n=3/3). Erf expression during E6.5 respects the contour of Visceral 

Endoderm as its expression domain appears up to the most proximal point of DBA positivity (E 

– H, arrows indicate the most proximal point of Erf expression, n=3/3 for both developmental 

stages; The same embryo is displayed in E and F also the same is true for G and H). In 

agreement to the above, the most distal point of the expression domain of the EPC-specific 

gene Snail is also respecting the contour of Visceral Endoderm (I, J, K, arrows indicate the 

most distal point of Snail expression in relation to DBA lectin positivity; n=3/3). The embryo in 

I, J and K is the same embryo. Scale bar: 100 μm.  

 

The proximal limit of trophoblast with epithelial characteristics was also examnined 

using the expression pattern of Cldn4, a component of tight junctions (one of the unique 

features of epithelial cells) that was shown previously to be expressed in the ExE-

derived chorion at E7.5 (Günzel and Yu, 2013; Burtscher and Lickert, 2009). We show 
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here for the first time that the proximal limit of its expression coincides with the proximal 

edge of exVE (based on DBA lectin binding pattern) at E6.5 (Fig. 4.1.7: H – K) and at 

E5.5 (data not shown). 

 
Figure 4.1.7: Trophoblast’s epithelial polarity is associated with the presence of Visceral 

Endoderm at both E5.5 and E6.5. A, B, C, Ci) Epithelial polarity of ExE cells correlates with low 

thickness of the basement membrane as shown by the polarized localization of Par6B 

(arrowheads) up to the point of increased BS-I lectin-stained basement membrane, which is 

itself associated with the initiation of RM (Ci), n=3/3. The same is true also for mid streak 

embryos (D – D’) as Par6B polarization (arrowheads) can be detected until the most proximal 

point of VE, here indicated by DBA lectin positivity (arrows) n=3/3. This association is also seen 

in E5.5 embryos (E – Gi; arrowheads indicate polarized Par6B, arrow shows RM initiation) 
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n=5/5. H – K) Expression of the epithelial marker gene Cldn4 during early and mid-streak 

stages is strongly associated with DBA lectin positivity. n=3/3 for both developmental stages.   

 

Taken together, the results presented here show for the first time that the ExE-EPC 

boundary coincides with the level where the RM inserts into the egg cylinder. Moreover, 

the expression of Erf and Cldn4 can be used as a marker of the entire ExE, whereas 

Snail and Secretin are exclusively expressed in the EPC, with the distal boundary of 

the former coinciding with the ExE-EPC boundary.  

 
4.2.1. Results for specific aim 1 of aim 2: To investigate whether there are more than 

two distinct regions within ExE along its PD axis using gene expression at E6.5 (a time 

when ExE is considered fully formed).  

 

The existence of two regions within the E6.5 ExE has been suggested in the past by 

Donnison and coworkers, 2014, based on data obtained by whole mount in situ 

hybridization (Donnison et al, 2014). These workers took length measurements of the 

expression domain of several genes along the PD axis using as a starting point the 

embryonic-extraembryonic junction (that is, the boundary between distal ExE and 

epiblast). Although these data clearly demonstrated the existence of two 

transcriptionally distinct regions in the ExE (distal and proximal halves), our pilot 

experiments suggested that there are at least three regions (distal, intermediate and 

proximal ExE regions). Clarification of this is important for a more comprehensive 

understanding of ExE patterning. 

 

We therefore readdressed this issue in the E6.5 ExE and EPC by performing single 

whole mount in situ hybridization for genes previously reported as distal ExE half 

markers (Errb, Sox2, Bmp4, Eomes, Cdx2; Fig. 4.2.1: A-E) and markers of proximal 

ExE and EPC (Mash2, Ker8; Fig. 4.2.1: F, G). We also compared these to the  
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Figure 4.2.1: In situ hybridization analysis reveals that the E6.5 ExE is regionally divided into 

more than two regions. ExE at E6.5 displays distally localized expression of multipotency 

associated genes like Errb (A), Bmp4 (B), Sox2 (C), Cdx2 (D) and Eomes (E) but the 

expression domain of Cdx2 and Eomes is wider (dotted lines) and characterized by the 

existence of two subareas: a distally localized and strongly stained which is followed by a 

weakly stained subarea. Differentiation associated Mash2 and Ker8 display strong localization 

to the EPC and the proximal ExE but also display a region of weak staining distally to the 

proximal ExE (F and H). EPC and entire ExE can be distinguished by the expression of Snail 

(H) and Cldn4 (I). Two color double in situ hybridization analysis reveals that although the 

expression domains of Eomes and Cdx2 are largely overlapping (Ji – Jii’, black arrowheads 

indicate the edge of the expression domain), the expression domain of Sox2 and Errb is more 

restricted than the one of Eomes (Li – Lii’ and Mi – Mii’, black arrowheads indicate the edge of 

the expression domain). Ki - Kii’) Both Cdx2 domain and Mash2 domain are characterized by 

the existence of a strongly stained subarea (white arrowheads) and a weakly stained subarea 

(black arrowheads) which are largely overlapping. Gene expression positivity was verified in all 

samples examined (at least three embryos were used per experiment). Scale bars: 100 μm.  
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expression of validated EPC marker Snail (this work) (Snail; Fig. 4.2.1: H) and the 

validated marker of the entire ExE, Cldn4 (this work) (Cldn4; Fig. 4.2.1: I).  
 

Our data show for the first time the existence of at least three, as opposed to two, 

regions within the ExE along its PD axis. This is based on the following. First, although 

some distal ExE marker genes like Errb, Bmp4 and Sox2 display a restricted and sharp 

expression domain (Fig. 4.2.1 A, B, C), the expression domains of Cdx2 and Eomes 

appeared broader, suggesting that they extend more proximally (being stronger close 

to the epiblast and weaker proximally) than those of the former genes (Fig. 4.2.1 D, E, 

Ki, K’i, Li, L’i). This suggestion was confirmed by two color (double) in situ hybridization 

analysis between Eomes - Sox2 (Fig. 4.2.1: Li, Lii, L’i, L’ii) and Eomes – Errb (Mi, Mii, M’i, 
M’ii) as in both cases, the expression domain of Eomes appears to extent further 

proximally than the expression domain of either Sox2 or Errb. Importantly, using the 

same methodology, the expression domains of Eomes and Cdx2 appear to coincide 

(Fig. 4.2.1: Ji, Jii, J’i, J’ii). Furthermore, co-staining for Cdx2 and Mash2 indicated that the 

domains of these two genes overlap in the region of their weakest expression level 

(proximal end of Cdx2 expression and distal end for Mash2 expression) (Fig. 4.2.1: Ki, 

Kii, K’i, K’ii). More extensive analysis using single color double in situ hybridization 

involving more combinations of genes, has revealed that the intermediate region is 

negative for Bmp4 (Fig. 4.2.2: A and C), Errb (Fig. 4.2.2: D) and Sox2 (Fig. 4.2.2: B) 

while it is weakly positive for Ker8 (Fig. 4.2.2: A’), Mash2 (Fig. 4.2.2: B’, C’, D’) as well 

as for Cdx2 and Eomes as this is verified by the undisturbed blue color presence across 

the entire ExE in double staining for Mash2-Cdx2 and Mash2-Eomes (Fig. 4.2.3 A – 

Aib’ and B – Bib’).   

 

Taken together, these data indicate for the first time that ExE can be subdivide into at 

least three regions along its PD axis, but not into two, as previously thought: distal ExE 

(marked by Errb, Sox2, Bmp4, strong Cdx2 and strong Eomes expression levels), 

intermediate ExE (marked by weak Cdx2, Eomes, Ker8 and Mash2) and proximal ExE 

(marked by strong Ker8 and Mash2 expression). This is summarized in the Table 4.1 

shown below (this includes information about the EPC expression profile). 
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Table 4.1: List of genes and their expression domains in the E6.5 ExE and core EPC 

 Errb Bmp4 Cdx2 Eomes Cldn4 Mash2 Snail 

EPC - - - - - + + 

Proximal 

ExE 
- - - - + + - 

Intermediate 

ExE 
- - 

+ 

(weak) 

+ 

(weak) 
+ 

+ 

(weak) 
- 

Distal ExE + + + + + - - 

 

 
       

        

  
Figure 4.2.2: Existence of three transcriptionally distinct regions within the E6.5 ExE. A, A’) 

single color double in situ hybridization analysis for Bmp4 and Ker8 has revealed the existence 

of a weakly stained, Ker8 positive region in between the two strongly positive domains. B, B’) 

The same approach was used to investigate the expression domains of Mash2 and Errb with 

findings strongly suggesting the existence of a weakly Mash2 stained region in between the 

two strongly positive domains. The same result was obtained when examining Mash2 and 

Bmp4 (C, C’) as well as Mash2 and Errb (D - D’ib). n=3/3 per case. Scale bars: 100 μm. 
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Figure 4.2.3: Intermediate ExE is characterized by Cdx2 and Eomes positivity. Single color 

double in situ hybridization of either Mash2 – Cdx2 or Mash2 – Eomes demonstrates the 

absence of a negatively stained area within the ExE (n=3/3 per case). Scale bars: 100 μm. 
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Figure 4.2.4: ExE at E5.5 is composed of two transcriptionally distinct regions. A and B) Distal 

half of ExE localization of Errb and Sox2 at E5.5. C) Ubiquitous expression of Eomes in the 

E5.5 ExE. Di, Dii) The expression domain of Eomes mirrors the expression domain of Cdx2 at 

the E5.5 ExE. Mash2 (E) and Ker8 (F) expression domain at E5.5 mirror the EPC-specific Snail 

domain (G). A region of ExE negative for Sox2 (H) and Errb (I) but positive for Eomes (J) exists 

between the E5.5 ExE and EPC. n=3/3 per case except for Eomes - Mash2 (n=4/4). Scale 

bars: 100 μm. 
 

4.2.2. Results for specific aims 2 and 3 of aim 2: To investigate the sequence of 

appearance of distal, intermediate and proximal ExE regions (based on gene 

expression profiles shown in the previous section) and relate it to the timing of EPC 

formation. This was examined at E5.0 (a time before EPC formation), E5.25 (a time 

coinciding with the appearance of the EPC) and E5.5 (just after the EPC has formed). 

 

First, we provide evidence that at E5.5, all trophoblast regions are present except 

proximal ExE. This because although Errb and Sox2 are marking the distal half of E5.5 

ExE, Eomes and Cdx2 are expressed along the entire ExE, while both Mash2 and Ker8 

are intensively expressed only in the EPC which is also Snail positive (Fig. 4.2.4: A - 
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F). Double in situ hybridization analysis suggests that there is a gap in the expression 

domains of Sox2-Mash2 and Errb-Mash2 (Fig. 4.2.4: H’ and I’), however this gap is 

absent when we stain for Eomes-Mash2 (Fig. 4.2.4: J’). Collectively, the data suggest 

that by E5.5, ExE is composed of two regions with transcriptional profiles of distal and 

intermediate ExE. 

 

 
Figure 4.2.5: Early ExE is ubiquitously positive for distal ExE marker genes and is the source 

of EPC. A and B) Expression of Errb and Bmp4 demarcates the entire ExE at E5.0. C) Absence 

of expression of the Proximal ExE-EPC marker gene Mash2 at E5.0. D and E) Early EPC is 

negative for Errb and Bmp4 but positive for Mash2 (F, F’). G, G’) The Errb demarcated early 

ExE is contiguous with the Mash2 demarcated early EPC without any negative area in between 

the two tissues. n=3/3 except for E5.0 and E5.25 Errb (n=4/4 per case). Scale bars: 100 μm. 

 

Second, our data support the notion that at E5.0, the entire trophoblast compartment 

consists of distal ExE character. This is because all trophoblast was positive for the 

distal ExE markers Errb and Bmp4 (Fig. 4.2.5; A and B), but completely negative for 

the proximal and intermediate marker Mash2 (Fig. 4.2.5; C). As expected, no 

morphological EPC was visible at this stage. 

 

Third, since EPC froms from proliferation of the proximal edge of the first-formed ExE, 

our data obtained at E5.5 and E5.0 suggest that the EPC could be derived from ExE 
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with either distal or intermediate character. In order to address this, we performed 

single and double in situ hybridization at E5.25, the developmental stage when the EPC 

is forming from the proximal edge of the first-formed ExE (Robertson, 1942). Our results 

suggest that at E5.25, the entire ExE is positive for the distal ExE markers Errb and 

Bmp4 (Fig. 4.2.5: D and E) and the EPC is strongly positive for Mash2 (Fig. 4.2.5: F, 

F’). Double staining with Errb and Mash2 probes revealed the absence of a gap 

between their expression domains, suggesting that the Mash2+ EPC cells derive 

directly from Errb+ distal ExE cells (Fig. 4.2.5; G, G’).  

 

4.2.3. Results for specific aim 4 of aim 2: To correlate the localization of Fgf and 

Activin/Nodal signaling in relation to our newly discovered ExE PD pattern (proximal, 

intermediate and distal ExE). 

 

In order to correlate Fgf and Activin/Nodal signaling-responsive regions in the ExE with 

the corresponding ExE regions, we first needed to verify that the probes used were 

valid markers of their respective signaling pathways and if yes, we aimed to identify 

which of the trophoblast regions they are found. 

 

Regarding the Fgf pathway, we cultured E6.5 embryos in serum free conditions 

(Drakou and Georgiades, 2015) for 8 hours in the absence (mock) or presence of 40uM 

of the FGFR inhibitor SU-5402 (Corson et al, 2004). Similar results were obtained with 

PD161570, another Fgf inhibitor (data not shown). The expression of the Fgf-

responsive gene Spry4 is normally localized to the epiblast and the ExE region closest 

to the epiblast (Fig. 4.2.6: A and Donnison et al, 2015). Under mock culture conditions, 

Spry4 expression (using RNA in situ hybridization) appears to be unaffected (compare 

Fig. 4.2.6: A and B), whereas in the presence of inhibitor its expression is eliminated 

from the entire embryo (Fig. 4.2.6: C). Inhibitor treatment appears to be highly efficient 

as verified by Real Time PCR quantification of Spry4 expression levels (Fig. 4.2.6: D). 

Similar findings were obtained in whole-mount immunofluorescence analysis, using the 

phosphorylated Erk (pErk), another indicator of Fgf signalling (Corson et al, 2004). It 

was found that Erk is phosphorylated in the ExE region closest to the epiblast, in the  
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Figure 4.2.6: Spry4 expression demarcates Fgf-responsive regions in the E6.5 embryo. A) in 

vivo grown E6.5 embryo displaying Spry4 positivity in the epiblast and the ExE close to the 

epiblast (n=3/3). In the presence of 40 uM of the FGFR inhibitor SU-5402 in serum-free culture 

conditions for 8 hours, Spry4 expression is completely abolished from all positive domains (B 

and C, n=2/2 per experiment). D) Quantification of Spry4 with Real Time PCR verifies that 

Spry4 expression is eliminated. Three samples of 4 pooled embryos per sample were used for 

this experiment, each sample was measured twice; data were normalized to Gapdh level. 

P<0.01. Scale bars: 100 μm. Ei) phosphorylated Erk marks the epiblast, the region of the ExE 

close to the epiblast as well as the entire EPC. The ExE-located pErk domain is more restricted 

than Cdx2 domain (Eii, Eiii) n=3/3. The EPC-located pErk domain is independent of Fgf signaling 

and upon in vitro culture it seems to expand within the ExE region independently of the 
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presence of SU-5402. Cdx2 remains in the ExE after Fgf inhibition albeit at reduced level (Fi, 

Fii, Fiii and Gi, Gii, Giii, n=3/3).     

 

epiblast itself as well as in the EPC, consistent with previous reposrts (Fig. 4.2.6: Ei, 

Corson et al, 2004). In in vivo grown embryos, the localization of pErk within ExE 

appears to extend more distally than that of Cdx2 (Fig. 4.2.6: Eii, Eiii). This pattern is 

also maintained after culture with the only difference being the expansion of the EPC-

specific pErk region into the ExE (Fig. 4.2.6: Fi, Fiii). In the presence of SU-5402 

however, the entire pErk positive region is eliminated except for the EPC-specific 

(including its expansion into the ExE) region which retains its pErk positivity (Fig. 4.2.6: 

Gi, Giii). Our data are in agreement with those of other researchers (Corson et al, 2004) 
and strongly suggest that Erk phosphorylation in the EPC is independent of Fgf 

signaling. The reason for pErk expansion into the ExE is currently unknown, however 

it could be a side effect of the ex vivo culture because a similar finding was previously 

reported (Shimokawa et al, 2011). Interestingly, the Cdx2 positive domain is retained 

after inhibition, although signal intensity is weaker than the mock (Fig. 4.2.6: Fii, Fiii, Gii, 

Giii). 

 

Regarding the Nodal/Activin signaling, we used Smad7 expression, which was 

previously shown to be an indicator of this signalling in TS cells (Erlebacher et al, 2004). 

Surprisingly however the Smad7 expression has not been described in the ExE/EPC 

(Zwijsen et al, 2000). Our data show that in vivo, Smad7 is ubiquitously expressed, 

displaying an intensively stained area in the ExE closer to the epiblast (Fig. 4.2.7: C). 

Upon DBA lectin staining, wax embedding and sectioning, a second, moderately 

stained area is uncovered at the periphery of EPC (Fig. 4.2.7: Ci and Ci’). In order to 

identify the Nodal/Activin responsive regions demarcated by Smad7 expression, we 

cultured E6.5 embryos for 8 hours in serum-free culture medium, either in mock 

conditions or in the presence of 20uM of the ALK4/ALK7 inhibitor A83-01. Smad7 

expression in the mock embryos shows the same pattern of expression as in the in vivo 

grown embryos with the only difference being the enhanced ectopic expression of 

Smad7 at the region of ExE closer to the EPC (Fig. 4.2.7: A, Ai, Ai’). 
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Figure 4.2.7: Smad7 is a Nodal/Activin responsive gene. ExE and peripheral EPC but not core 

EPC respond to this signaling pathway. Smad7 expression is ubiquitous along the entire E6.5 

embryo with stronger expression in the region of ExE closer to the epiblast and the peripheral 

EPC (C, Ci, Ci’, n=3/3). In order to identify the Nodal/Activin responsive domains of Smad7 

positivity, E6.5 embryos were cultured for 8 hours in serum-free mock conditions (A, Ai, Ai’, 

n=2/2) or in the presence of 20uM of the Nodal/Activin inhibitor A83-01 (B, Bi, Bi’ n=3/3). 

Embryos cultured in mock conditions display a similar expression pattern of Smad7 except for 

the appearance of a strongly positive region of Smad7 at the region of ExE in close contact 
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with the EPC. Expression in this region as well as in the core EPC remains unaffected in the 

presence of A83-01 but Smad7 expression in the ExE, the peripheral EPC and the epiblast is 

attenuated. Real Time PCR supports these observations (D). The functionality of the inhibitor 

is further supported by a separate culture experiment demonstrating eliminated Nodal 

expression (an established Nodal/Activin responsive gene – Arnold and Robertson, 2009) in 

the presence of this compound (E, Ei, Ei’, n=2/2 per case). Scale bar: 100 μm. For in situ 

hybridization experiments, three embryos were used per experiment. For Real Time PCR, three 

samples of four pooled embryos per sample were used, each sample measured in duplicate. 

Data were normalized to Gapdh level. P<0.05. 

 

We assume that the reason for this discrepancy must the same as for the Erk ectopic 

phosphorylation under culture conditions. In the presence of A83-01 (Nodal/Activin 

signalling inhibitor), Smad7 expression was highly diminished from the ExE and the 

peripheral EPC but persists in the core EPC and the region of ExE associated with this 

(Fig. 4.2.7: B, Bi, Bi’). The downregulation of Smad7 expression levels in the presence 

of A83-01 was confirmed by Real-Time PCR and was found to be statistically significant 

(Fig. 4.2.7: D). As a second means of verifying the activity of the Nodal/Activin pathway 

in the ExE, we repeated the inhibitor treatment but performed whole-mount 

immunofluorescence analysis of pSmad2/3. We didn’t observe any difference in the 

intensity or localization of the signal between mock and treated embryos (data not 

shown) and therefore did not pursue this further. Moreover, in order to use a second 

way to verify our data, the expression of the Activin/Nodal-responsive gene Nodal was 

assayed to verify the efficiency of the A83-01 inhibitor. It was found that indeed Nodal 

expression is eliminated in the treated embryos (Fig. 4.2.7 E, EI, EI’).  

 

The conclusion from the above set of experiments is that both Fgf and Nodal/Activin 

signaling are active in the ExE: the Fgf is exclusively restricted to the distal region of 

ExE while Nodal/Activin responsive area is broader and involves the entire ExE. In  

STAVROS N
IKOLA

OU



	 99	

 
Figure 4.2.8: Distal ExE is strongly responsive to Fgf and Nodal/Activin while intermediate and 

proximal ExE respond only to Activin. Double color whole mount in situ hybridization for the 

Nodal/Activin responsive gene Smad7 and the distal ExE marker Errb (Ai’ and Aii’) shows 

colocalization of Errb and strong Smad7 (white arrowheads). Smad7 expression continues 

through the intermediate region of ExE albeit slightly reduced (black arrowheads) and even 

more reduced in the proximal ExE. In constrast, Spry4 expression coincides with Errb. n=3/3 

per case. Scale bars: 100 μm.  
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order to better describe this pattern, we sought to correlate this signaling 

responsiveness to our newly identified ExE regions (distal, intermediate and proximal). 

To this end, we performed double color whole mount in situ hybridization analysis for 

Errb – Smad7 or Errb – Spry4. Our findings indicate that the Errb-positive distal ExE 

region is highly responsive to both Fgf and Nodal/Activin signaling (Fig. 4.2.8: Ai
’, Aii

’, 

Bi
’, Bii

’). However, in contrast to the sharp disappearance of expression observed in 

Spry4 proximal to distal ExE region, Smad7 expression displays a gradual drop in 

expression, first to a less intensively stained ExE region which is followed by a weakly 

stained region. Collectively the data support a model where the distal ExE is highly 

responding to both Fgf and Nodal/Activin, while the rest of ExE is only responding to 

Activin with gradual drop in its responsiveness at its proximal region. EPC is not 

responding to either Activin or Fgf, except for its peripheral cells. 
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Figure 4.2.9: Fgf signaling attenuation does not affect Nodal/Activin responsiveness in the 

embryo but Activin signaling is necessary for embryo’s responsiveness to Fgf. E6.5 embryos 

cultured for 8 hours in serum free culture medium in mock conditions (A and E) respond 

properly to both Nodal/Activin or Fgf signaling as verified by Smad7 and Spry4 expression 

(n=2/2 per case). The presence of 40uM of the Fgf inhibitor SU-5402 is not capable to affect 

Nodal/Activin responsiveness as Smad7 expression level is unaffected (B and D, n=2/2). In 
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contrast, in the presence of 20uM of A83-01 (Nodal/Activin inhibitor), Fgf signaling is attenuated 

albeit not completely since there is detectable Spry4 expression by both whole-mount in situ 

hybridization (n=2/2) and Real Time PCR (F and H). In the simultaneous presence of both 

inhibitors, both Activin and Fgf signaling pathways are eliminated (C, D and G, H, n=2/2). Scale 

bars: 100 μm. For Real Time PCR, three samples of four pooled embryos per sample were 

used, each sample measured in duplicate. Data were normalized to Gapdh level. Single star: 

P<0.05, double star: P<0.01, ns: not statistically significant. 
 

4.2.4. Results for specific aim 5 of aim 2: To investigate the role of Fgf and 

Activin/Nodal signaling in the maintainance of ExE PD patterning. 

 
Prior to investigating the effect of each these signalling pathways on ExE’s pattern 

maintenance, it was necessary to investigate what occurs to each pathway when the 

other pathway is inhibited. By this we sought to investigate whether the two pathways 

are independently activated or they depend on each other for their activation. In vivo 

and ex vivo data using Nodal knockout embryos and explant cultures suggest that Fgf4 

expression is induced by Nodal (Guzman-Ayala et al, 2004). However, in the in vivo 

conditions, maternally supplied Activin or other factors could be masking the results 

while in the ex vivo conditions, unidentified and variable serum derived factors could 

lead to biases in findings (Uehara et al, 2009; Drakou and Georgiades, 2015). Hence, 

we reassessed the effect of the absence of one signaling pathway to the other one by 

using the FGFR inhibitor SU-5402 and the ALK4/ALK7 inhibitor A83-01. In addition, we 

sought to verify that when both inhibitors are administered simultaneously, both 

pathways are silenced. Interestingly, our data clearly demonstrate that after culturing 

embryos in the presence of SU-5402 for 8 hours, Smad7 expression remains 

essentially undisturbed while in the presence of both inhibitors, as expected, Smad7 

expression levels drop significantly (Fig. 4.2.9: A, B, C and D). In contrast, exposure of 

embryos on A-8301 for the same time resulted to a significant drop to Spry4 expression, 

indicating the presence albeit reduced of Fgf responsiveness (Fig. 4.2.9: E, F, H). As 

expected, in the simultaneous presence of both inhibitors, Spry4 expression is 

eliminated (Fig. 4.2.9: E, G, H). Thus, it turns out that the elimination of Fgf pathway 

does not affect the Nodal/Activin pathway while the elimination of 
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Nodal/Activin reduces but does not totally eliminate Fgf pathway. In the simultaneous 

presence of both inhibitors, both pathways are simultaneously silenced. Importantly, 

the presence of any inhibitor, alone or in combination, did not show toxic effects 

because in a separate culture, embryos were left to grow in the presence of inhibitors 

for 24 hours without any signs of death (data not shown). 

In order to investigate the effect of these signaling pathways on ExE’s pattern 

maintenance, we cultured embryos for 12 hours in mock conditions, in the presence of 

A83-01, in the presence of SU-5402 or in the simultaneous presence of both inhibitors. 

Patterning defects were examined by whole-mount in situ hybridization for the distal 

ExE marker, Errb; the distal/intermediate ExE marker, Cdx2; the whole ExE marker 

Cldn4; the proximal ExE/EPC marker, Mash2; and for the EPC marker, Snail. The mock 

embryos displayed the wild type pattern with distally localized Errb, a bi-regional Cdx2 

with a strong and weak domain, an ExE-specific Cldn4, and Mash2 expressed in both 

proximal ExE and EPC. Snail was also marking the EPC, albeit in most cases (3/4 

embryos) it appears to expand within the ExE, as is the case for pErk and Smad7 (Fig. 

4.2.10: A - E). In addition, the ExE appeared to retain its polarized appearance until the 

area below the EPC (presumably a Snail+ region) as shown by the polarized localization 

of Par6B (Fig. 4.2.11: A – D). In the presence of A83-01, our hypothesis was that since 

Nodal/Activin signaling is required along with Fgf signaling for the maintenance of the 

distal ExE character (Guzman-Ayala et al, 2004), in its absence, the distal ExE marker 

genes should be eliminated, and ExE would be differentiated. Our hypothesis was true 

because in the presence of A83-01, Errb expression was absent and Cdx2 retained an 

expanded albeit weakly positive domain (Fig. 4.2.10: F, G). The undisturbed presence 

of Cldn4 and Snail indicates that ExE retains its character and has not differentiated 

towards EPC phenotype (Fig. 4.2.10: H, J). In contrast, the weak Mash2 domain has 

expanded towards the embryonic-extraembryonic junction (Fig. 4.2.10: I). These data 

strongly suggest that in the absence of Nodal/Activin signaling, ExE pattern is not 

maintained and distal ExE differentiates towards intermediate ExE while the other two 

ExE regions and the EPC remain undisturbed. This is in agreement to the polarized 

localization of Par6B observed under these conditions (Fig. 4.2.11: E – H). Strikingly, 

the same phenotype is seen when Fgf pathway is inhibited with SU-5402 (Fig. 4.2.10: 

K, O) and (Fig. 4.2.11: I – L). The combined data strongly suggest that both Fgf and 

Activin are required to be simultaneously active to the distal ExE in order to prevent it 
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from differentiating towards an intermediate ExE. In constrast, when both signaling 

pathways are inhibited, the entire domains of Errb and Cdx2 disappear while the 

expanded Mash2 is strongly expressed along the entire ExE. The expansion of Snail 

towards the entire ExE as well as the persistence of Cldn4 in the ExE strongly suggests 

that in the absence of both signaling pathways, the entire ExE differentiates towards a 

core EPC phenotype. This is in agreement to the finding that under such conditions, 

ExE cells lose their polarized appearance and become apolar, as is indicated by Par6B 

localization (Fig. 4.2.11: M – P) 
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Figure 4.2.10: Simultaneous inhibition of both Fgf and Nodal/Activin signaling pathways is 

necessary for the entire ExE to differentiate towards core EPC. A – E) E6.5 embryos cultured 

in serum-free mock conditions for 12 hours retain their gene expression pattern, across the 

entire ExE and EPC except the ExE region close to the EPC which is positive for the EPC-

specific Snail. In the absence of either Nodal/Activin (F - J) or Fgf (K - O) signaling pathways, 
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the distal ExE-specific Errb and strong Cdx2 disappears while and expanded weak region of 

Cdx2 (G, L) is obvious, along with an expanded weak Mash2 (I, N) and absence of Snail (J, 

O). In the simultaneous absence of both signaling pathways, the entire ExE adopts a core EPC 

transcriptional profile as shown by the Snail, strong Mash2 over the entire ExE and Cldn4 

positivity (T, S, R). n=3/3 per case. Scale bars: 100 μm. 

 
Figure 4.2.11: Simultaneous inhibition of both Fgf and Nodal/Activin signaling pathways is 

necessary for the entire ExE to lose its epithelial polarity. A – D) E6.5 embryos cultured in 

serum-free mock conditions for 12 hours retain their epithelial polarity, across the entire ExE 

except the ExE region close to the EPC. Arrows indicate the polarized distribution of Par6B at 
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the apical membrane of ExE cells. Epithelial polarity is maintained when either Nodal/Activin 

signaling (E - H) or Fgf signaling (I - L) is inhibited for 12 hours. Arrows indicate the polarized 

distribution of Par6B at the apical membrane of ExE cells. (M – P) Epithelial polarity of ExE 

cells is disrupted when both signaling pathways are inhibited for 12 hours. Arrows indicate the 

disrupted polarization of ExE cells as shown by the pericellular distribution of Par6B. n=3/3 per 

case. 

 

4.2.5. Results for specific aim 6 of aim 2: To investigate the role of Fgf and 

Activin/Nodal signaling on the ability of distal ExE (the earliest ExE region to appear) 

to generate the other ExE regions as well as EPC. 
 
Although it is known that both Fgf4 and Nodal/Activin are required for the maintenance 

of the distal ExE identity (see results in previous section), it is currently unknown how 

these pathways regulate the differentiation of distal ExE. Data obtained from this 

Thesis, suggest that distal ExE can give rice to EPC, intermediate ExE and proximal 

ExE. In addition, our data suggest that while distal ExE responds to both signaling 

pathways, EPC does not respond to any one and intermediate ExE/proximal ExE only 

respond to activin. This let us to hypothesize that in the absence of both signaling 

pathways, distal ExE will differentiate towards an EPC phenotype while in the presence 

of exogenously supplied Activin, distal ExE wil differentiate towards a proximal ExE 

phenotype. Although this hypothesis is supported by findings in trophoblast stem cells 

(Latos and Hemberger, 2016; Tanaka et al, 1998), other investigators have, in the past, 

examined the effect of Fgf and Nodal/Activin on the distal ExE (Guzman-Ayala et al, 

2004) using explant cultures and found that both factors are necessary to 

simultaneously act on distal ExE in order to maintain its identity. In addition to this, they 

suggest that the presence of exogenously supplied Nodal in the culture medium has 

not any effect while the presence of Fgf alone is sufficient to prevent differentiation 

towards and EPC phenotype. However, their approach has several weaknesses. For 

example, these authors did not use a sufficient set of probes to correctly identify the 

existence of the several trophoblast regions, but instead used the proximal ExE/EPC 

marker gene Mash2 as an exclusively EPC marker. In addition, during explant 

preparation, they left the VE attached on the explant, thus the possibility of VE-derived 

effect on the phenotype cannot be excluded. Importantly, since their culture medium 
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contained serum, the unwanted effect of a serum-derived factor on the observed 

phenotype, remains a serious possibility. In order to better address this question, we 

took advantage of the complete set of marker genes we have previously described in 

this Thesis and of the serum free culture conditions recently described for trophoblast 

stem cells (Kubaczka et al, 2014) as well as we enzymatically and mechanically 

removed the VE from all ExE explants prior seeding on matrigel-coated dishes (Fig. 

4.2.12).  

 

 
Figure 4.2.12: Microsurgery-based methodology for distal ExE explant derivation from 

E5.5 embryos. A) diagram depicting the followed methodology. B) series of pictures of 

the same embryo during the process of explant derivation. C) whole mount in situ 

hybridization for Errb on embryos stopped at step Bii. In order to make sure that only 

uniformly Errb+ explants were used, only smaller embryos were used for explant 

derivation.  

 

Thus, the presence of exogenously supplied Fgf2 and Activin A for 24 hours was 

capable of maintaining the expression of multipotency associated genes like Errb, Cdx2 

and Eomes, the distal ExE marker gene Bmp4 and the whole ExE marker Cldn4 (Fig. 
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4.2.13: A - E) at the expense of Mash2 and Snail (Fig. 4.2.13: F - G). In contrast, culture 

in the absence of both factors for 24 hours, resulted to differentiation towards an EPC-

like phenotype as verified by the expression of Snail, Mash2 and weak Cldn4 (Fig. 

4.2.13: L - N) and silencing of pluripotency associated genes (Fig. 4.2.13: H - K). The 

specification towards EPC differentiation appears to be a single step process and to 

occur early after the induction of differentiation because we could observe the same 

phenotype after culturing the explants for only 6 hours instead of 24 (Fig. 4.2.13: O - 

S). In contrast, when the explants were cultured in the absence of Fgf2 but presence 

of Activin, they were differentiated towards a proximal ExE phenotype because only 

Cldn4 and Mash2 were expressed, while Snail and multipotency associated genes 

were silent. The specification towards proximal ExE phenotype appears to be a two-

step process as it involves a first step of differentiation towards an intermediate ExE 

followed by a second step of differentiating to the proximal ExE because explants 

cultured in the presence of Activin for only 6 hours, display an intermediate ExE-specific 

transcriptional profile (Fig. 4.2.13: AA - AF). Explants cultured in the presence of 

exogenous Fgf2 but not Activin for 24 hours, display differentiation towards EPC, which 

is the same case as in the absence of both factors. This discrepancy can be explained 

by the finding that Nodal/Activin signaling is required to maintain Fgf-responsiveness 

in the ExE and therefore the prolonged absence of Nodal/Activin rendered explants 

unable to respond to Fgf2 thus differentiating towards EPC. Indeed, in vitro data from 

TS cultures suggest that in the absence of Activin, Fgfr2 expression drops 10-fold within 

24 hours (Erlebacher et al, 2004) 
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Figure 4.2.13: Distal ExE differentiates into core EPC in the absence of growth factors or into 

proximal ExE through intermediate ExE in the presence of Activin. A – G) distal ExE maintains 

the expression of the multipotency associated factors Errb, Bmp4, Cdx2 and Eomes as well as 

the ExE-specific marker Cldn4 in the presence of Fgf2 and Activin, while the expression of 

differentiation associated Mash2 and Snail is silenced. H – N) In the absence of growth factors 

for 24 hours, or for only 6 hours (O - S) distal ExE differentiates into core EPC because it 

expresses Mash2 and Snail but not Cldn4. (T - Z) In the presence of Activin for 24 hours distal 

ExE explants differentiate into upper ExE as shown by the expression of Cldn4 and Mash2 but 

absence of expression of Snail and multipotency associated genes. (AA – AF) The 

differentiation of distal ExE to proximal ExE involves a first differentiation step through an 

intermediate ExE as shown by the weak expression of Cdx2, Eomes and Mash2, strong 

expression of Cldn4 and absence of expression of Errb and Snail. (AG – AK) Presence of Fgf2 

for 24 hours mirrors the culture conditions without growth factors. At least three distal ExE 

explants were seeded per well and all explants were hybridized with the same concentration of 
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probe and allowed the same time for color development (n=3/3 explants per case). Scale bar: 

100 μm. 

 
4.3.1. Results for specific aim 1 of aim 3: To use a lentivirus-based approach to 

develop a TS cell line that simultaneously expresses Ruby-fused F-actin (fluorescing 

at the red spectrum) and GFP-fused Histone H2B (fluorescing at the green spectrum). 

 
Figure 4.3.1: Double lentivirus-mediated transduction of TS cells for live cell morphology 

tracking. A - E) TS cells were transduced with lentivirus FG12.hisGFP followed by clonal 

selection and expansion. Then a second transduction step was followed with lentivirus 

PGK.LifeAct-Ruby.W (addgene #51009) followed by a second clonal selection and expansion. 

F – J) GFP and Ruby fluorescence are obvious at differentiated trophoblast cell types. F’ and 

I’ are high magnifications of F and I. Arrows show fibrillar Actin separating a syncytial cell from 

its neighbors. Scale bars indicate 50 μm. 
 

TS cells represent a great tool for in vitro studies of trophoblast specification (review of 

Latos and Hemberger, 2016). The current approaches however involve gene 

expression studies requiring the biochemical extraction of the desired type of molecule, 
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and therefore sample destruction, accompanied by immunofluorescence studies on a 

different sample requiring fixation and sample preparation (Murray et al, 2016; 

Simmons et al, 2007). This approach however, lacks the ability to track dynamic 

processes like cell and nuclear shape/size change as well as chromatin increase as 

they happen. Moreover, although the scientific community currently enjoys a wealth of 

information regarding the transcriptional profile characterizing different trophoblast cell 

types, we know surprisingly little about their live morphology and, unfortunately, even 

less regarding their precursor cell types. In order to approach this challenge, we 

sequentially transduced TS cells with two lentivectors, capable of overexpressing a 

histone H2B-fused GFP (FG12.hisGFP – constructed by the writer during his M.Sc. 

Thesis, Kanda et al, 1998) and the small peptide lifeAct fused to the red fluorescing 

protein Ruby (PGK.LifeAct-Ruby.W - addgene #51009, Riedl et al, 2008; Kredel et al, 

2009) respectively. Upon clonal selection and expansion, we were capable to derive a 

homogenous cell population of TS cells presenting a nuclear localized GFP with red 

fluorescence around their cellular periphery (Fig. 4.3.1: A - E). The expression and 

subcellular localization of both transgenes was maintained even in differentiated 

derivatives spontaneously appearing into the culture (Fig. 4.3.1: F - J).    
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Figure 4.3.2: Morphological changes occurring during TS cell differentiation. A – E) phase 

contrast microscopy of random live TS cell colonies during differentiation, documented at the 

corresponding day. Filled and empty arrowheads correspond to the filled and empty 

arrowheads shown in J. F – J) nuclear GFP fluorescence of the corresponding cells shown in 

A – E, documented by exposing them under the same exposure (13.99 ms). Filled arrowheads 

in J show two nuclei of a similar size but different GFP intensity, empty arrowheads in J show 

two nuclei of different size but of similar GFP intensity. Scale bars indicate 50 μm. K) Nuclear 

area (NA) and L) mean GFP intensity (I) for each day of differentiation was measured using 

ImageJ. Mean nuclear area increases with advanced differentiation time while mean GFP 

intensity varies. However, during the second day of differentiation, nuclear size does not 

change significantly. M) Chromatin content increases with advanced differentiation but during 

the first day of differentiation it remains essentially the same as in control stem cells. n=253, 

ns=not statistically significant, P<0.001; Student’s t-test (independent). 

 
 

In order to examine the ability of this system to recapitulate the published behavior 

occurring during TS cell differentiation (i.e. giant cell formation characterized by gigantic 

cell size, expanded nucleus and increased chromatin content - Tanaka et al, 1998; 

Simmons et al, 2007), we induced the cells to differentiate by switching their culture 
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medium into a culture medium devoid of Fgf2 and Activin for 6 days, each time 

documenting random fields of view and returning the cells back to the culture incubator. 

Unfortunately, Ruby-stemmed fluorescence appeared extremely faint to be 

documented so we focused our efforts on the nuclear part of our study. As shown in 

figure 4.3.2, TS live morphology is altered during differentiation (Fig. 4.3.2: A and E). 

In addition, although TS nuclear size and fluorescence intensity varies by day 6 of 

differentiation (Fig. 4.3.2: F and J), overall, the nuclear size and chromatin content 

(measured as the product of nuclear fold change and intensity fold change) increases, 

thus our data are in agreement to published data (Fig. 4.3.2: K - M). Surprisingly, the 

granular morphology of TS colonies is maintained until day 2 of differentiation with a 

variability of morphological changes occurring after this day (Fig. 4.3.2: A, B, C and D, 

E). In addition, we observed a statistically significant expansion in nuclear size during 

the first day of differentiation which was not accompanied by a subsequent increase in 

chromatin content (which remained essentially the same as in control stem cells – Fig. 

4.3.2: K - M). In contrast, nuclear size remains constant during the transition from day 

1 to day 2 of differentiation but at the same time the chromatin content increases (Fig. 

4.3.2: K - M).  
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Figure 4.3.3: Different trophoblast cell types are obvious after four days in differentiation 

conditions. A) Phase contrast, live cell morphology of TS cells grown under differentiation 

conditions for 4 days. B) Nuclear GFP fluorescence of cells in A. C) Overlay of A and B. A’ and 

C)’ high magnification of the corresponding picture. Arrow depicts a granular cell with small 

nucleus and peripheral halo, empty arrowhead depicts a cell with big nucleus and reduced 

perinuclear granularity, filled arrowhead depicts a cell with big nucleus and increased 

perinuclear granularity. Scale bars indicate 100 μm. D) Nuclear area (NA) and E) mean GFP 

intensity (I) for each cellular morphology was measured using ImageJ. F) Cells with halo around 

their periphery have the same chromatin content as stem cells while the other two cell types 

display significantly increased chromatin content. n=33, ns=not statistically significant, 

P<0.001; Student’s t-test (independent). 

 

 

4.3.2. Results for specific aim 2 of aim 3: To use TS cells expressing GFP-fused 

Histone H2B to correlate changes in their nuclear size and chromatin content with live 

cell morphology, during their differentiation. 
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The variable morphological differences as well as the variability in nuclear sizes and 

GFP intensities, indicates the co-existence of different cell types after 4 days into the 

culture. Simmons and co-workers, 2007, have verified the existence of several 

trophoblast giant cell types in cultures of differentiated TS cells. Data obtained from 

immunofluorescence on histological sections have revealed that the several giant cell 

types differ not only in their transcriptional profile but also in their nuclear size and their 

chromatin content, with P-TGCs having the larger nuclei with the most chromatin 

content (Simmons et al, 2007). In addition, the commonly reported expression of TpbpA 

in differentiated cultures of TS cells strongly suggests the co-existence of SpT and/or 

GlyT cells (Tanaka et al, 1998, Donnison et al, 2015) which are diploid and proliferating 

(Mould et al, 2012). By day 4 of differentiation, we could identify three different 

morphologically distinguishable cell types: (i) granular cells with small nuclei and halo 

demarcating their cellular periphery, (ii) cells with big nuclei but reduced perinuclear 

granularity and (iii) cells with big nuclei and increased perinuclear granularity (Fig. 

4.3.3: A - C). In all cases, their nuclear size was increased relative to the control stem 

cells (Fig. 4.3.3: D), however the chromatin content of the granular cells with halo 

appeared to be essentially the same as in control stem cells (Fig. 4.3.3: F). Because 

the other two groups of cells display enlarged nuclei and increased chromatin content, 

they must represent different types of giant cells. This is in agreement to the finding 

that cells with reduced granularity and big nuclei have less chromatin content than the 

cells with increased perinuclear granules (Fig. 4.3.3: F). Therefore, our findings, 

although preliminary, indicate that during early differentiation (one day in differentiation 

conditions) the nuclear area increases without concomitant increase in chromatin 

amount. Additionally, after 4 days in differentiation conditions, TS cells can be 

differentiated in at least 3 different cell types, based on live morphology and chromatin 

content.  
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5. Discussion 
The data of this work are expected to make a significant contribution to the 

understanding of early trophoblast patterning, the ill-defined, but clinically significant 

initial phase of placenta formation using the mouse as a model. Specifically, we 

identified for the first time the boundary between ExE and EPC, the first two trophoblast 

compartments from which the entire trophoblast population of the mature placenta 

arises. This is an important prerequisite to the elucidation of the mechanisms of early 

trophoblast patterning, mainly because it allows the use of validated gene expression 

markers that define either the entire ExE or the core EPC. This study also shed new 

light on the patterning within ExE trophoblast with our discovery of at least three ExE 

regions at E6.5 (distal, intermediate and proximal), as opposed to the only two, as 

previously thought. Importantly, the data presented here support the notion that the 

first-formed ExE (E5.0) has a distal ExE character, which displays active FGF and 

Nodal/Activin signalling, and upon the removal of both of these signalings, this ExE 

region forms the EPC. In contrast, distal ExE forms proximal ExE (region with only 

Nodal/Activin signalling) through the transient formation of intermediate ExE, when only 

Nodal/Activin signalling is present. 

 

Our findings allowed us to locate the boundary between ExE and EPC at the most 

proximal point of exVE cells, which coincides with the point where the RM inserts into 

the egg cylinder. This region was arbitrarily considered by some researchers to be the 

boundary between ExE and EPC (Rossant and Ofer, 1977), while some others used 

an ill-defined and untested morphological ‘constriction’ reported to exist between ExE 

and EPC as this boundary (Donnison et al, 2015).  

 

The origin of the opaque nature characterizing the exVE after the E5.5 is not clear. It 

could be due to morphological alterations occurring in the exVE. The exVE cells are tall 

columnar epithelial cells containing several microvilli, in contrast to emVE cells 

(Kawamura et al, 2012). In addition to this, exVE, in contrast to emVE cells display 

localization of several molecules like F-actin in an apical shroud (Trichas et al, 2011). 

Unfortunately, it is currently unknown whether exVE already has microvilli and a shroud 

of apical F-actin already from the E5.5 stage or it adopts that at some later point.  
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The presence of a ‘neck’ region in the exVE has been identified by Ninomiya and 

coworkers in the past (Ninomiya et al, 2005). These researchers have found that the 

VE at the neck region is positive for Sparc expression, a gene encoding for a major 

constituent of the RM. However, these authors did not examine the relationship 

between the level of insertion of RM and the proximal edge of this ‘neck’, as we have 

done in this study (Inoue et al, 1983; Miner et al, 2004).  

 

Our explant cultures strongly suggest that we have correctly localized the exact 

boundary between ExE and EPC since in the presence of culture conditions that are 

expected to maintaine ExE, but not EPC, character, the latter differentiates into its 

derivative tissues while the former retains its initial character (Rossant and Ofer, 1977). 

Known EPC derivative tissues are the trophoblast giant cells (TGCs), demarcated by 

PlI expression. The absence of PlI in our explant after 24h, but not after 4 days, culture 

is likely to be due to the insufficient time of culture under these conditions. This is 

because when the explants were cultured for longer time, morphologically giant cells 

had appeared. This finding is in agreement with the behavior of TS cells during 

differentiation where the PlI induction is a late event (Tanaka et al, 1998). In addition to 

PlI we show for a first time that Secretin, a gene previously reported to be a marker of 

the entire EPC (Pearton et al, 2014), is actually a central EPC derivative. This is 

because its expression appears in the E6.5, but not the E5.5 EPC and only in a 

subregion (central area) of the latter. Importantly, although this is the first time ExE 

explants are used in the presence of matrigel in chemically defined conditions, these 

conditions were sufficient to maintain ExE character as verified by the presence of Erf 

and absence of Snail. This was expected, since the same conditions were used for the 

maintenance of TS cells (Kubaczka et al, 2014). Erf and Snail gene expression is a 

valid marker of ExE and EPC respectively, since their expression domains were shown 

here to respect the point of RM insertion. 

 

In addition to marker gene expression studies, we verified that apico-basally polarized 

trophoblast cells (an ExE characteristic) exist up to the RM insertion point. Proximally 

to this point, trophoblast cells appear to be non-polar (an EPC characteristic). Although 

our functional studies were focused on the E6.5 stage, our data are also applicable to 
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the E5.5 stage, as the point of RM insertion was found here to also coincide with the 

proximal limit of polarized ExE cells at E5.5.  

 
Patterning in the ExE has been studied in the past by other workers which concluded 

that ExE is composed of only two regions, proximal and distal halves (Donnison et al, 

2015). These authors used the distance of the embryonic-extraembryonic junction as 

a measure of the PD extent of ExE expression domains of several genes. However, 

this approach may not be reliable because the overall PD length of ExE varies between 

littermate embryos or between embryos of different developmental stage. Our data 

extend their findings in that we have identified a third region between the two previously 

known distal and proximal ExE halves. There were several indications for the existence 

of that region coming from in vivo and in vitro data: In embryos, the expression domain 

of either Eomes or Cdx2 was longer than the domain of Sox2 (Adachi et al, 2013; 

Donnison et al, 2015) while in differentiating TS cells, Cdx2 and Eomes present a milder 

drop of their expression levels than Errb and Sox2 (Donnison et al, 2015; Latos et al, 

2015). Specifically, within 12 hours of differentiation induction in TS cells, the 

expression levels of Cdx2 and Eomes appear to drop at ~50% of their initial levels while 

the expression of Sox2 is diminished. Importantly, at the same time, the expression of 

Mash2 appears to be at ~50% of its maximum. Our in vivo data strongly agree with 

these because Errb, Sox2 and Bmp4 present an abrupt expression domain while Cdx2 

and Eomes show a region of weak expression proximally to a region of strong 

expression. In addition, this region is also positive for weak Mash2 staining. 

 

The appearance of these regions during embryogenesis appears to follow a stepwise 

model with the distal region being the first to appear, followed by the intermediate and 

lastly by the proximal region. Furthermore, the distal region is the source of the early 

EPC tissue. Evidence coming from in vitro data supports this finding: when TS cells 

(whose transcriptional profile appears to mimic that of distal ExE) are induced to 

differentiate, they are preferentially differentiating towards the EPC pathway (Latos and 

Hemberger, 2016).  

 

In order to investigate the Nodal/Activin and FGF signaling pathways regulating early 

trophoblast patterning along its PD axis, we first had to associate the responsiveness 
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to these pathways in relation to the three ExE regions. Although the Fgf responsiveness 

has been investigated in the past and found to be at the region of ExE close to the 

epiblast, whether both distal and intermediate or only distal ExE responding to it was 

unknown before this work (Donnison et al, 2015; Shimokawa et al, 2011). In addition 

to this, information regarding the Nodal/Activin responsiveness was largely unexplored. 

Our use of Smad7 expression as a marker for this signaling pathway was useful since 

it was previously used in trophoblast stem (TS) cells to indicate Nodal/Activin signaling 

(Erlebacher et al, 2002). Our findings show that the distal ExE is strongly responsive to 

both Fgf and Nodal/Activin pathways, intermediate and proximal ExE respond to Activin 

but not to Fgf and EPC does not respond to any of the two pathways. In addition to this, 

we found that Fgf responsiveness was positively regulated by Nodal/Activin signaling. 

Whether this is via regulating ligand or receptor expression/availability or both, is 

currently unknown but data from others indicate that both scenarios might be true. For 

example, Guzman-Ayala and coworkers, 2004, had found that Nodal induces the 

expression of Fgf4 in the epiblast while at the same period Erlebacher and coworkers 

suggested that Activin induces the expression of Fgfr2 in trophoblast stem cells 

(Guzman-Ayala et al, 2004; Erlebacher et al, 2004). However, our findings show that 

at least for a period of 8 hours post Nodal/Activin inhibition, Spry4 is still expressed in 

the ExE, albeit at low levels; in order to totally eliminate both pathways is required to 

inhibit both of them simultaneously.  

 

The effect of Fgf signaling on the maintenance of ExE patterning has never been tested 

mainly because Fgf4 knockout embryos die around postimplantation (Feldman et al, 

1995). In contrast, Nodal knockout embryos examined at E6.5 lack Bmp4 expression 

and have their entire ExE being Mash2 positive (Brennan et al, 2001; Guzman-Ayala 

et al, 2004). Based on that, these authors had concluded that in the absence of Nodal, 

ExE differentiates into EPC; this however might not be true because (i) since Mash2 

positivity marks intermediate (weakly) and proximal ExE in addition to EPC, they didn’t 

use a sufficient number of marker genes to better investigate this defect, (ii) although 

unlikely, it is possible that traces of Fgf responsiveness might had remained in the ExE 

due to incomplete silencing of Fgf4 in the epiblast and (iii) it is possible that maternally 

derived Activin had masked the Nodal knockout phenotype. The use of the chemically 

defined in vitro culture system recently described by Drakou and Georgiades, allowed 
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us to overcome these limitations (Drakou and Georgiades, 2015). Hence, we concluded 

that both Fgf and Nodal/Activin signalling pathways are required for the maintenance 

of ExE’s pattern, as in the absence of one of the two, the distal ExE becomes 

intermediate ExE while proximal ExE remained unaffected. The differentiation of ExE 

towards EPC required the simultaneous absence of both pathways. 

 

Having verified the necessity of both signaling pathways for the maintenance of ExE 

pattern, we sought to investigate their effect on the behaviour od distal ExE iteslf. Other 

researchers had addressed this question in the past by using ExE explants cultured in 

the presence or absence of Fgf and Nodal/Activin (Guzman-Ayala et al, 2004). 

However, their explants were not purely composed of ExE cells since they were not 

denuded from their surrounding exVE layer. Furthermore, they were cultured in serum 

containing medium, thus making the masking of their results by unknown serum factors 

a possible scenario. In order to avoid these limitations, we used distal ExE explants 

denuded from their surrounding exVE layer and cultured under chemically defined 

conditions in the presence of matrigel (Kubaczka et al, 2014), as we did for proximal 

ExE explants. Our findings suggest that distal ExE cells differentiate into EPC cells 

quickly in the absence both Fgf2 and Activin proteins, while in the presence of Activin 

and absence of Fgf2, they differentiate towards proximal ExE via intermediate ExE. In 

the presence of Fgf2 and absence of Activin, unexpectectly, our explants seem to 

behave like in the absence of both factors and they differentiate towards EPC. Although 

this unexpected phenotype needs more investigation, one possible scenario could be 

that in the absence of Activin, distal ExE explants fail to respond to Fgf signaling thus 

behaving as in the absence of both. Our findings are in contrast to the findings of 

Guzman-Ayala and coworkers. For example, these authors had found that the 

presence of Fgf4 alone, was sufficient to prevent the expression of Mash2 while in our 

hands this was never true. Furthermore, they found that in the presence of Activin 

alone, explants were behaving like in the absence of both factors (Guzman-Ayala et al, 

2004). These discrepancies might stem from the incomplete set of marker genes they 

had used (for example in the case of Activin, they should also investigate the 

expression of Snail and Cldn4) and the presence of exVE and serum in the culture 

medium. Our data are in agreement to data obtained from in vitro studies because in 

the absence of both pathways TS cells differentiate into EPC derivatives while in the 
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presence of Activin, they differentiate into chorion, the derivative of proximal ExE (Latos 

and Hemberger, 2016). Taken together our data, we were able to derive a new model 

for trophoblast development during early embryogenesis and a model of the molecular 

mechanisms regulating this (Fig. 5.1) 

 
Figure 5.1: Novel model of early trophoblast development and the signaling pathways 

regulating it. A) Soon after implantation (E5.0), the trophoblast is entirely composed of a 

transcriptionally uniform epithelial tissue, the distal ExE. A few hours later (E5.25), distal ExE 

gives rise to the core EPC while at the same time it maintains itself. By E5.5, the distal ExE 
gives rise to intermediate ExE while at the same time it maintains itself. The core EPC has 

grown in size. At the gastrulation stage (E6.5), intermediate ExE gives rise to the proximal ExE 

and the core EPC gave rise to EPC derivative tissues. The boundary of ExE – EPC is at the 

RM initiation point. B) Pattern induction and maintenance is regulated by Fgf4 and Activin. 

Distal ExE identity is maintained by the simultaneous responsiveness to both Fgf4 and 

Nodal/Activin. In the absence of both pathways, distal ExE differentiates into EPC. In the 

presence of Activin, distal ExE differentiates into proximal ExE through intermediate ExE.  
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Our partial success in creating double transgenic TS cells by means of double lentivirus 

transduction might be due to epigenetic silencing occurring after long term culture, 

although this condition is unlikely since it was not observed in TS cells when using a 

different lentiviral backbone (Golding et al, 2010). However, the successful derivation 

of TS cells capable of expressing a histone H2B-linked GFP allows as to use this 

system for studies involving alterations of TS cells live morphology during differentiation 

and/or other experimental treatments. For example, by using our system not only we 

managed to recapitulate the published behavior of TS cells during differentiation 

(Tanaka et al, 1998) but we also observed for a first time a small but statistically 

significant increase in nuclear size one day after induction of differentiation which was 

not associated with concomitant increase in the chromatin content. In addition, using 

live microscopy and GFP exposure at day 4 of differentiation, we were able to link three 

morphologically different trophoblast cell types with differences in their nuclear sizes 

and chromatin content, identifying two different giant cell types with increased 

chromatin content and one smaller cell type which although had a bigger nucleus 

relative to control stem cells, its chromatin content appeared to be unaltered. In 

agreement to our findings, Simmons and coworkers have reported the existence of 

several different types of TGCs during differentiation (Simmons et al, 2007). In addition, 

TpbpA a marker of the diploid population of SpT and GlyT cells appears during culture 

of TS under differentiation conditions (Donnison et al, 2015). A weakness of our 

methodology can be seen when there is a difference in the proliferation rate between 

the control stem cells and the examined cell type. For example, faster proliferating cells 

are expected to have a higher number of cells passing through the G2 phase of the 

cycle per time, leading to a bias in the estimation of their chromatin content. This 

scenario should therefore be taken into account when examining different cell 

populations.     
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6. Future experiments 
The work done during the completion of this thesis has opened new interesting 

questions in trophoblast development. For example, it is still unknown whether the 

intermediate ExE can be identified by the expression of a specific gene. This is 

important to be done, not only to better describe ExE patterning but also in order to 

understand TS differentiation in vitro. One possible way to initiate this investigation is 

by culturing distal ExE explants in medium containing Activin for given times followed 

by RNA extraction for whole transcriptome RNA sequencing and comparison with 

control explants cultured in the presence of both Fgf2 and Activin as well as explants 

cultured in the absence of both growth factors.  

 

A second question is to investigate the possible role of other signaling pathways in the 

ExE whose role is still poorly understood. These pathways could be the Notch and the 

wnt pathway. For example, by using live microscopy and a transgenic Notch detector, 

Nowotschin and coworkers were able to observe that the Notch pathway is transiently 

activated at the ExE around the E6.0 stage (Nowotschin et al, 2013). A role for wnt 

signaling is suggested by the necessity to include the small molecule inhibitor of wnt 

signaling XAV939 in order to successfully derive and maintain TS cells under defined 

culture conditions on fibronectin (Ohinata and Tsukiyama, 2014). In addition, Wnt7b 

expression has already been identified in the ExE at E6.5 (Yoon et al, 2012).  

 

In addition to the above said experiments, the transgenic TS cells described here, could 

be employed for the detailed morphological and gene expression study of the different 

cell types of trophoblast cells appearing during in vitro differentiation as well as their 

precursors. Since our knowledge regarding the live morphology of differentiated 

trophoblast cell types is currently reduced, especially for precursors’ morphology, this 

study should be of great interest. For this, the cellular morphologies appearing during 

the course of differentiation, should be identified and documented while in culture, in 

phase contrast and under the GFP filter, followed by fixation and then stained for the 

expression of markers of specific cell types. Time lapse microscopy should also 

contribute towards this aim. 
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8. Appendix 
 
 

Table 8.1: List of Real Time PCR primers used in this study 

 
 
 
 

Table 8.2: List of primer pairs used for template derivation 

 
 

Gen
e Forward primer Reverse primer Source 

Spry
4 

5’-
CATGACTGAGCTGG

GATTCA-3’ 

5’-
TTTACACAGACGTG

GAGCGA-3’ 

https://mouseprimerdepot.
nci.nih.gov 

Sma
d7 

5’- 
CTTCTCCTCCCAGT

ATGCCA-3’ 

5’- 
GAACGAATTATCTG

GCCCCT-3’ 

https://mouseprimerdepot.
nci.nih.gov 

Gap
dh 

5’-
TTGATGGCAACAAT

CTCCAC-3’ 

5’-
CGTCCCGTAGACAA

AATGGT-3’ 

https://mouseprimerdepot.
nci.nih.gov 

Gene Forward primer (restriction enzyme 
added) 

Reverse primer (restriction 
enzyme added) 

Annealing 
temperature 

Sprouty4 
5’-TTATA-CTCGAG-

GGGAACACAGGCTCTCACAAACAG-
3’ (XhoI) 

5’-TTATA-GAATTC-
ATGTGTGCTGCCCACACGCCTC-

3’ (EcoRI) 
65oc 

Smad7 
5’-TATTA-CTCGAG-

GTCAGCACTGCCAAGCATGG-3’ 
(XhoI) 

5’-TATAT-GAATTC-
CTCGCTGGTCTACAGAGCTC-3’ 

(EcoRI) 
60oc 

Secretin 5’-TATTA-gaattc-
TGTTGCTGCTGCTGCTCT-3’ (EcoRI) 

5’-TATTA-ctcgag-
GGTGGCCTGGTTGTTTCA-3’ 

(XhoI) 
55oc 

Cldn4 
5’-TATAT-ctcgag-

TGCTGCAGTTGCCCACCTC-3’ 
(XhoI) 

5’-TATTA-gaattc-
CCATGGCAGAGCCCACCG-3’ 

(EcoRI) 
60oc STAVROS N
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Materials used in this study 
- Growth factors 

Human Fgf2 protein NBP2-34921, Novus 
Activin A, human A4941-5UG, Sigma 
 

- Small molecule inhibitors 
SU5402 (potent FGFR and VEGFR inhibitor), 3300, TOCRIS  
PD161570 (selective FGFR inhibitor), 3724, TOCRIS 
A83-01 (selective inhibitor of TGF-bRI, ALK4 and ALK7), 2939, TOCRIS 
SB431542 (potent and selective inhibitor of ALK5, ALK4 and ALK7), 1614, TOCRIS 
 

- Cell culture reagents (including embryo and explants) 
Fetal Bovine Serum, 10500, Gibco 
4-well cell culture plate, 30004, SPL 
35mm plate, 20035, SPL 
NeurobasalÒ-A medium (1x) 12349-015 Gibco 
DMEM (1x) 31053-028 Gibco 
DMEM (1x) 41965-039 Gibco 
F-12 Nut Mix (1x) + GlutaMAXTM-I, 31765-027, Gibco 
Sodium Pyruvate, 11360, Gibco 
RPMI Medium 1640 (1x) + GlutaMAXTM-I, 61870-010, Gibco 
T-75 Corning™ Falcon™ Tissue Culture Treated Flasks, Catalogue Number: 353136 
Trypsin-EDTA (0,05%), Cat number: 25-300-062, Gibco 
MatrigelÒ matrix, REF 356230, CORNING 
Mitomycin C from Streptomyces caespitosus, catalogue number: M4287, Sigma-
Aldrich 
 

- Lentivirus 
Filter Flask, 150 ml, PES, 0.45µm, sc-200310 UltraCruz®  
Filters (for virus filtration): 150ml, 0.45um, PES, filter unit, sc-200310, Santa Cruz 
Corning 0.45um Cellulose Acetate filters (low protein binding), Catalogue number: 
431155 
Ultracentrifuge Sorvall WX, Ultra 80 (@25000rpm, 4c, 1:35min) 
Sorvall ultracentrifuge tubes, 36ml (filled with 31-32 ml), Catalogue number 03141 
PolybreneÒ, sc-134220, Santa Cruz 
 

- Immunochemistry - Antibodies – Lectins - Secondaries 
pErk: Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody #9101, Cell 
Signaling technology 
Collagen IV alpha 1, Biotin labeled: Novus (NB120-6581) 
Par6B: santa cruz (sc-67393) 
Cdx2: BioGenex (AM392-10M) 
Lectin, Biotin labeled, From Bandeiraea simplicifolia BS-I, L3759-1MG, Sigma 
Lectin, Biotin labeled, From Dolichos biflorus, L6533-5MG, Sigma 
Streptavidin-peroxidase from Jackson ImmunoResearch, Cat nr: 016-030-084 
Streptavidin-cy3 from Jackson ImmunoResearch, Cat nr: 016-160-084 
Anti-Rabbit-Alexa 488 from Jackson ImmunoResearch Cat nr: 111-545-003 
Anti-Rat-Alexa-488 from Jackson ImmunoResearch, Cat nr: 112-545-003 
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Goat serum, G9023-5ML, Sigma 
DAB substrate kit, ab94665, Abcam 
TOPROTM-3 Iodide (642/661), Catalog number T3605, Thermo Fisher 
Hoechst 33342, trihydrochloride trihydrate, H3570, Invitrogen 
TritonÒ X-100, T8787-250ML, Sigma 
 

- In situ hybridization 
UltraPureTM Formamide, Redistilled, 15516-026, Invitrogen 
Glutaraldehyde solution, Grade II, 25% G6257-10ML, Sigma 
BM Purple AP Substrate precipitating, 11442074001, Roche 
INT/BCIP Stock Solution, 11 681 460 001, Roche 
tRNA, 10109495001, Roche 
T7 RNA Polymerase, 10881767001, Roche 
DIG RNA labeling Mix, 10x conc, 11277073910, Roche 
Proteinase K, recombinant PCR Grade, 03115879001, Roche 
T3 RNA Polymerase, 11 031 163 001, Roche 
RNase A, REF 10109169001, Roche 
DEPC-treated water, 46-2224, Invitrogen 
 
 

- Subcloning and general molecular biology procedures 
TAE 50x, UltraPure DNA typing grade, 24710-030, Invitrogen 
Agarose Calbiochem, 2125 
1kb Plus DNA Ladder TrackItTM, 10488-085, Invitrogen 
Ampicillin sodium salt, A9518-5G, Sigma-Aldrich 
Phenol:ChCl3:IAA (25:24:1) pH 6.6/7.9, AM9730, Ambion 
Distilled water DNase/RNase free, 11977-035, Gibco 
Subcloning Efficiency™ DH5α™ Competent Cells, Catalogue number: 18265017 
Invitrogen 
NucleoBond Xtra Midi Ref. 740410.50 Mackerey Nagel 
DEPC, D5758-50ML, Sigma 
 

- Microscopes 
Zeiss stereoscope, Stemi 2000-C 
Zeiss Axiovert 200M inverted microscope 
 

- General histology 
Glass coverslipes 12 mm round (100), CS-12R, Cat: 64-0702, Warner Instruments 
SUPERFROSTÒ PLUS, Thermo Scientific 
wax (histoplast) 6774006, Thermo Scientific 
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