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ABSTRACT 
 
A direct interaction between the extraembryonic and the uterine tissues during embryo 

implantation generates a unique biomechanical context for the blastocyst. However, 

our mechanistic understanding of the regulation of blastocyst morphogenesis during 

implantation is limited by the inaccessibility in vivo and remaining challenges to model 

feto-maternal interaction ex vivo. To overcome these limitations, I applied 

microfabrication and biomaterial engineering to model biomechanical cues of the 

murine intrauterine environment ex vivo with high precision and tunability. I identify that 

embryo-uterine adhesion and tissue geometry are critical for successful peri-

implantation development. In a specific parameter range, closely resembling in utero 

conditions, the 3D geometrically patterned hydrogel supports mouse blastocysts 

through implantation and enables robust peri-implantation morphogenesis; promotes 

the development of the Reichert’s membrane and all extraembryonic tissues, including 

giant trophoblast, which directly interacts with the uterus. 

To monitor in toto peri-implantation embryo dynamics, the culture method was 

integrated with inverted view InVi-SPIM and multiview MuVi-SPIM light-sheet 

microscopes. I show that integrin-mediated adhesion by the mural trophectoderm 

provides the mechanism of trophectoderm tension release, driving the morphogenesis 

of the extraembryonic ectoderm and egg cylinder patterning. Moreover, the embryo-

uterine adhesion enables collective trophoblast migration, dependent on Rac1. Finally, 

I demonstrate that the uterine tissue geometry spatially coordinates collective 

trophoblast migration to delineate space for egg cylinder growth. Together, this study 

reveals essential mechanisms of dynamic embryo-uterus interactions during peri-

implantation development. 
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ZUZAMMENFASSUNG 

 

Eine direkte Wechselwirkung zwischen dem extraembryonalen und dem 

Uterusgewebe während der Embryoimplantation erzeugt einen einzigartigen 

biomechanischen Kontext für die Blastozyste. Unser mechanistisches Verständnis der 

Regulierung der Blastozysten-Morphogenese während der Implantation ist jedoch 

durch die Unzugänglichkeit in vivo sowie durch die verbleibenden Herausforderungen 

bei der ex vivo Modellierung der feto-maternalen Interaktion begrenzt. Um diese 

Einschränkungen zu überwinden, habe ich Mikrofabrikation und Biomaterialtechnik 

verwendet, um biomechanische Signale der intra-uterinen Umgebung der Maus ex 

vivo mit beispielloser Präzision und Einstellbarkeit zu modellieren. Ich zeige, dass die 

Embryo-Uterus-Adhäsion und die Gewebegeometrie entscheidend für eine 

erfolgreiche Periimplantationsentwicklung sind. In einem bestimmten 

Parameterbereich, der den Uterusbedingungen sehr ähnlich ist, unterstützt das 

geometrisch geformte 3D-Hydrogel Maus-Blastozysten bei der Implantation und 

ermöglicht eine robuste Periimplantationsmorphogenese. Weiter erlaubt das geformte 

Gel die Entwicklung der Reichert-Membran sowie aller extraembryonalen Gewebe, 

einschließlich der Trophoblast-Riesenzellen, die direkt mit der Gebärmutter 

interagieren. 

Um die Dynamik des Embryos während der gesamten Periimplantation zu 

studieren, haben wir außerdem die Kultivierungsmethode für Lichtblattmikroskope mit 

invertierter Ansicht (InVi-SPIM) und mit mehreren Ansichten (MuVi-SPIM) angepasst,  

als auch in diesen realisiert. Ich zeige, dass die Integrin-vermittelte Adhäsion des 

muralen Trophektoderms den Mechanismus zur Entspannung des Trophektoderms 

bildet, der die Morphogenese des extraembryonalen Ektoderms vorantreibt. Darüber 

hinaus ermöglicht die Embryo-Uterus-Adhäsion eine kollektive 

Trophoblastenmigration, die von Rac1 abhängig ist. Abschließend zeige ich, dass die 

Geometrie des Uterusgewebes die kollektive Trophoblastenmigration räumlich 

koordiniert, um Raum für das Wachstum des Eizylinders abzugrenzen. 

Zusammenfassend zeigt diese Studie Mechanismen auf, durch welche die 

dynamischen Interaktionen zwischen Embryo und Uterus eine wesentliche Rolle bei 

der periimplantären Entwicklung spielen. 
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1 INTRODUCTION 
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1.1 Historical retrospective 
 

Reproduction, pregnancy, and origin have always been of interest and 

fascination to the human mind. The medieval knowledge of female reproductive 

anatomy was derived mainly from the vivisection of pregnant animals, such as cows 

and pigs, and was believed to be similar to humans, e.g., in the Anathomia of Mondino 

de Luzzi (1270 – 1326). The first detailed drawings of the human fetus and the maternal 

tissues were made by Leonardo Da Vinci in his private notebook between 1510 and 

1512 (Royal Collection Trust). In these drawings, the fetal positioning and the parts of 

the female reproductive system’s vasculature were correctly depicted for the first time 

and with unprecedented detail. It is astonishing how his observations allowed 

Leonardo to conclude on the side of his notebook that “the fetus is vivified and 

nourished by the life and food of the mother” (Royal Collection Trust), implicating 

physiological feto-maternal interaction. Interestingly, his depiction of the placenta is 

likely also derived from another animal (probably a cow) as it resembles a cotyledonary 

and not a discoidal placenta in humans. 

Late 19th – beginning of 20th century marks a golden age of natural history and 

comparative embryology. At the end of the 19th century, William Turner, in a series of 

comparative anatomy studies, distinguished the major placental types across the 

mammals and argued for both fetal and maternal origin of the placenta (Turner W., 

1876). In 1889, Ambrosius Hubrecht introduced the term “trophoblast” for the tissue of 

fetal origin, which invades and directly interacts with the maternal environment for 

nutritional supply (Hubrecht AAW., 1889). Between 1889 and 1909, he expanded the 

comparative study with insectivores and lower primates and related the early 

ontogenesis of mammals to the vertebrate phylogeny (Hubrecht AAW., 1908; 

Pijneborg et al., 2013), which, however, is debated. In 1887, Franklin P. Mall started 

his collection of human embryo samples. While working at the Department of 

Embryology of the Carnegie Institution of Washington, he began establishing a 

standard staging system for human embryogenesis. Almost a hundred years of work 

by the successor scientists were required to establish a comprehensive atlas, known 

as "Carnegie Staging," which is the most detailed reference of the fetal anatomy 

available to date (O'Rahilly R. Müller F., 2010). 
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1.2 Philosophical perspective 
 

Although addressing philosophical and ethical problems goes far beyond my 

thesis, long ago, they used to constitute an important incentive and precede the actual 

science. Here, I briefly mention some. 

 

The phenomenon of pregnancy across the animal kingdom, including humans, 

leads to or is related to some interesting philosophical questions: 

 

- What is birth? 

- Is birth the act of consciousness? 

- When and how does a separate physical being form? 

- What does it mean to form and become an organism? 

- How does the ‘multiple’ become the ‘one’ and the ‘one’ becomes the ‘multiple’? 

- Why and how do we define boundaries in nature? (e.g., organism vs. 

environment) Do they and how do they emerge in biological systems? 

- How does the communication evolve from scratch? How deterministic is it? 

… 

 

Importantly, pregnancy and birth are inherently personal and individual 

experiences. They might always need to be viewed as such when asking questions 

and seeking answers. General questions may be the wrong questions to ask, and the 

general answers may not exist or may never be found. This becomes puzzling and 

interesting from the perspective of those who cannot experience pregnancy, e.g., 

males and females that are unable to conceive a biological child. To what extent can 

the unique physiological phenomena be emulated, and should they ever be emulated? 

For which purpose? How will this affect their value and meaning, and would not that 

be more harmful than the initial purpose? 
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1.3 General concepts of development 

 
Below I introduce some general intuitive concepts and terms proposed for 

biological systems, including development. 

Organismal development is a general term encompassing multiple processes 

which result in emergence of an independently functional structure. The system 

exhibits emergence when a novel type of behavior is established from interaction of 

its components as they cannot exhibit the same behavior individually. Along with 

hierarchy and interactivity, emergent behavior is an essential property of biological 

systems. However, emergence is not the same as self-organization, and those 

processes can happen independently (De Wolf & Holvoet, 2005). 

Self-organization can be defined as ‘a dynamical and adaptive process where 

systems acquire and maintain structure themselves without external control’ (De Wolf 

& Holvoet, 2005). ‘No external control’ refers to the ‘absence of direction, manipulation, 

interference, pressures, or involvement from outside the system’ (De Wolf & Holvoet, 

2005). Therefore, when considering any process from the self-organization 

perspective, the explicit definitions of the ‘inside,’ ‘outside,’ and the input controls are 

essential (De Wolf & Holvoet, 2005). For a naive example, with regard to permissive 

but not controlling external environmental factors such as temperature, humidity, and 

atmospheric pressure, the development of some oviparous (egg laying) animals can 

be considered self-organizing. On the contrary, with regard to maternally-deposited 

factors, such as yolk, the self-organization of the above-mentioned system is 

debatable, as the maternal factors can control symmetry breaking, patterning, and 

morphogenesis. To resolve some confusion, self-organization can be attributed solely 

to the process (e.g., embryo patterning, cell fate specification) rather than the system 

itself. 

How did the feto-maternal co-evolution lead to a mechanochemical coupling 

between the mother and the fetus? Can it be explained solely from a self-organization 

perspective? Implantation into maternal tissues challenges the universality of the self-

organization properties of the mammalian embryo system and potentially restricts it to 

the behavior of specific tissues at a specific time in specific species. In general, 

understanding the relationship between self-organization and the system’s boundary 

in viviparity will require future research and a more advanced discussion. 



  
 

15 

In relation to stimuli and the responses, self-organization is closely linked to 

robustness and adaptability. Robustness means the maintenance of the system’s 

organization (trait) in response to a change or perturbation (e.g., stochastic noise, 

environmental change, and genetic variation) (Félix & Wagner, 2008). Different 

mechanisms were proposed to enable robust responses of developmental systems to 

perturbations, such as distributed robustness (Wagner, 2005), feedback loops in 

regulatory networks (Shinar & Feinberg, 2010), functional redundancy (Edelman & 

Gally, 2001), buffering (Whitacre & Bender, 2010), and modularity (reviewed by Kitano, 

2004). Systems which are robust to some types of perturbations can be fragile to others 

(Edwards & Palsson, 2000; Fu et al., 2009). The stress and perturbation can also result 

in adaptation or plasticity, producing a different response type. Robustness and 

adaptability are conceptually interrelated and often co-occur. 

Evolvability is an organism's capacity to generate heritable phenotypic 

variation (Kirschner M. & Gerhart J., 1998). In a more general sense, it can be 

attributed to variable systems with some sort of information transmission (e.g., dividing 

cells, communities, societies, etc.). Several mechanisms were proposed to 

deconstraint the biological systems: weak linkage, exploratory behavior, and 

modularity (Kirschner M. & Gerhart J., 1998). Weak linkage is very common for 

chains of reactions observed in signaling pathways, gene regulatory networks, and 

neural circuits, which means that a process's activity depends minimally on other 

components or processes (Kirschner M. & Gerhart J., 1998). Weak interdependence 

between multiple interacting components produces high tolerance and flexibility to 

changes, e.g., addition, removal, or modification of individual components and 

adjustment of interactions. It is not difficult to imagine it can also lead to robustness. 

Exploratory behavior occurs, for example, by neural crest cells migrating throughout 

the embryo or neurons searching for new connections. With lowered environmental 

constraints (requirements) for functionality, the exploratory behavior can explain the 

emergence of novel behaviors at little cost to the rest of the system (Kirschner M. & 

Gerhart J., 1998). In modular systems, compartments are weakly linked to other 

spatially or temporally distant compartments (Kirschner M. & Gerhart J., 1998). Such 

independence can function as a buffer against deleterious changes and, similarly, lead 

to more robustness and novelty. 

When applied to biological systems, symmetry-breaking often refers to a shift 

in distribution of some factor or change in geometry that has implications for the 
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system. For example, cell motility requires breaking of uniformity in cytoskeletal 

network protein distributions to form front and rear, and the non-uniform spatial 

distribution of plasma membrane-bound proteins and organelles defines cell polarity 

(Mullins, 2009; Vladar et al., 2009). Similarly, spatial symmetries are present within 

higher-order systems, such as tissues, and embryos, and when those symmetries are 

broken, it can result in patterning (emergence of regularity) and morphogenesis 
(emergence of shape) (Rodriguez et al., 2005; Nakamura et al., 2006). Mechanistically, 

patterns emerge from positional information (Wolpert L., 1969; Driever and Nüsslein-

Volhard, 1988), reaction-diffusion processes (Kondo & Miura 2010; Müller et al., 

2012), mechanical self-organization (Harris et al., 1984; Palmquist et al., 2022), and 

biomechanical coupling (reviewed in Hannezo & Heisenberg, 2019; Lenne et al., 

2021). 

In a “French Flag Model,” cells acquire a positional value which they interpret 

according to their distance from a boundary and a current dynamic state (Wolpert, 

1969; reviewed by Kerszberg & Wolpert, 2007). The boundary produces morphogens 

(e.g., FGF, SHH, Wingless, BMP) – diffusible signaling molecules that can form 

concentration gradients and affect cell fate. The positional value can be encoded by 

the spatial gradient of morphogen concentrations and cell-cell interactions (Kerszberg 

& Wolpert, 2007). In spatial gradient models, one or more morphogens typically do not 

interact. 

Reaction-diffusion (RD) model, introduced by A. Turing, explains how the 

mutual interaction of morphogens results in spontaneous pattern formation (reviewed 

by Kondo & Miura, 2010). According to the RD models, biological pattern formation 

can be explained by a combination of interacting morphogens diffused in a continuous 

field (Kondo & Miura, 2010). It predicts so-called “Turing patterns,” nonlinear waves 

that are maintained by the dynamic equilibrium of the system and, depending on the 

interactions between molecules and their diffusion rates, can arise independently of 

any preexisting positional information (Kondo & Miura, 2010). Short-range positive and 

long-range negative feedback is frequent in the networks that form Turing patterns, 

e.g., in the skin patterning of fish (Nakamasu et al., 2009). RD models have helped 

explain the patterning of feather buds in chickens (Jung et al., 1998), hair follicles, and 

digits in mice (Sick et al., 2006) (see reviewed by Kondo & Miura, 2010 and Landge et 

al., 2020). 



  
 

17 

In the last decades, more attention has been drawn to the mechanical inputs in 

morphogenesis. The spatial context can determine stem-cell fate (Rompolas et al., 

2013), and the spatially coordinated mechanics and cell proliferation control tissue 

growth and morphogenesis (Wang & Riechmann, 2007; Lecuit and le Goff, 2007). 

Morphogenesis can be spatially coordinated by physical interaction with the 

maternally-provided vitelline envelope during gastrulation movements in insects 

(Bailles et al., 2019; Münster et al., 2019). It has been proposed that tissue geometry 

can induce local curvatures that can feedback on the cellular signaling and symmetry-

breaking (Shyer et al., 2015; Gjorevski; Nikolaev et al., 2022) and that the cells can 

‘sense’ curvature by modifying the thickness of the tissue and the nuclear shape 

(Luciano et al., 2021). 

YAP/TAZ, Wnt, Notch, and EGF signaling pathways can (either directly or 

indirectly) transmit extracellular mechanical inputs into a biochemical cascade of 

reactions and cell fate decisions (Iwasaki et al., 2000; Dupont et al., 2011; Brunet et 

al., 2013; Przybyla et al., 2016; Stassen et al., 2020). A specialized mechanosensitive 

ion channel, Piezzo, can directly sense local shear stress, confinement, and stiffness 

and crosstalk with the signaling pathways to initiate mechanotransduction via the influx 

of extracellular Ca2+ (Wu et al., 2017). The feedback mechanisms between 

mechanical and biochemical signals are reviewed in Hannezo & Heisenberg, 2019; 

Lenne et al., 2021. 

When thinking of the two-component mammalian feto-maternal system, it is 

interesting to ask how the intimate mechanochemical coupling between the two 

genetically distant organisms is established during pregnancy? Which constraints 

(e.g., mechanical or genetic) originate first and shape the system’s behavior? How do 

these constraints act at different levels of the organization? How plastic are they? 

Which mechanisms provide evolvability and robustness of such systems? To address 

those questions, it is essential to develop or apply quantitative theories and concepts 

that could combine evolutionary and biomechanical variables and be testable in 

experimental settings with genetic and environmental engineering. 
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1.4 Viviparity: an engine of evolutionary innovations 
 

In viviparity or a live-bearing reproduction, females retain developing eggs 

inside their reproductive tracts and give birth to their fully developed juveniles or pre-

metamorphic larvae (reviewed by D. Blackburn, 2015). Viviparity evolved 

independently multiple times across multiple vertebrate lineages: at least 115 times 

among reptiles, 13 in bony fishes, 8 in cartilaginous fishes, 8 in amphibians, and in 

mammals (D. Blackburn, 2015). The oldest fossil records of amniotic embryos suggest 

that aquatic mesosaurs and plesiosaurs were also viviparous (O’Keefe & Chiappe, 

2011; Pineiro et al., 2012). By comparison, other vertebrate innovations have arisen 

only once or a few times, such as lactation, the amniote egg, full endothermy, and 

powered flight (D. Blackburn, 2015). Interestingly, in lizards viviparous and oviparous 

populations can be found within the same species, indicating a possibility of 

intraspecific bimodality in reproductive modes (Fairbairn et al., 1998).  

Generally speaking, patterns of maternal-fetal nutrient exchange, such as 

nutritional modes and their degrees, are substantially variable for all taxonomic levels. 

Maternal nutritional supply (matrotrophy) evolved at a different time in relation to 

viviparity, indicating that historical trajectories and selective pressures through which 

matrotrophy and viviparity have evolved vary broadly (D. Blackburn, 2015). It remains 

to be determined whether the over-arching evolutionary explanations (e.g., selective 

advantage and environmental pressure) apply broadly across viviparous vertebrate 

taxa (D. Blackburn, 2015). 

The common patterns of viviparity include modification of the embryonic 

respiratory structures and the maternal reproductive tract. The pre-existing embryonic 

respiratory structures have been recruited and modified during evolution for nutrient 

uptake in at least 21 of the 33 matrotrophic vertebrate lineages (63.6%) (D. Blackburn, 

2015). In 90% of the 146 extant origins of viviparity, embryos develop within the oviduct 

or its uterine derivative (D. Blackburn, 2015). The frequent re-usage of the maternal 

oviduct or uterus by viviparous mammals indicates that some intrinsic constraints on 

design or pre-adaptations can be compartmentalized to these organs. 
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1.5 Placentation in mammals 
 

The placenta is formed by an intimate apposition or fusion of the fetal organs to 

the maternal (or paternal) tissues for physiological exchange (Mossman, 1937). 

Placentation arose in the ancestral therian mammal approximately 130 million years 

ago and is one of the youngest and the most variable structures in mammals (reviewed 

by Griffith & Wagner, 2017). Even between closely related species, significant 

differences in placental patterning can be seen (Griffith & Wagner, 2017). Below, I 

describe three classifications of placental types based on the composition of interacting 

tissues, shape, and degree of invasiveness. 

Choriovitelline placenta is formed by a vascularized trilaminar yolk sac, apposed 

to the uterine tissue (reviewed by Furukawa et al., 2014). The chorioallantoic placenta 

is formed from the endometrium and the trophectoderm of the embryo and is the 

principal placenta in mammals during the middle to late gestation (Furukawa et al., 

2014). 

Based on gross shape, there are four types of chorioallantoic placenta: diffuse, 

multicotyledonary, zonary, and discoid (Figure 1.1). The discoid placenta of primates, 

rodents, and lagomorphs (rabbit) is characterized by a single or double-disc, and 

embryo-uterine interaction is confined to a roughly circular area (Furukawa et al., 

2014). The zonary placenta of carnivores shows an intimate interdigitating contact 

zone that forms a belt around the chorionic sac (Furukawa et al., 2014). 

Multicotyledonary placenta is found in ruminants (cattle, sheep) and is characterized 

by many spot-like placental regions of the endometrium known as caruncles whereas 

the intervening areas of the chorion are relatively avascular (Furukawa et al., 2014). 

Diffuse placenta of horses and pigs forms around the entire surface of the uterine 

luminal epithelium with folds and villi (Furukawa et al., 2014). 
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Based on the histological structure and the degree of invasion, three main types 

of the chorioallantoic eutherian placenta can be distinguished: epitheliochorial, 

endotheliochorial, and haemochorial. The epitheliochorial placenta of horses, pigs, and 

ruminants is the most superficial placenta without significant invasion of the uterine 

lining and destruction of the maternal tissues (Furukawa et al., 2014). In the 

endotheliochorial placental type of carnivores, the maternal uterine epithelium and the 

connective tissue disappear after implantation, and the trophoblast comes into direct 

contact with the maternal endometrium (Furukawa et al., 2014). The haemochorial 

placenta of humans, rabbits, rats, and mice is the most invasive, where all maternal 

tissue layers disappear, leading to direct contact between the trophoblast and the 

maternal blood. Within haemochorial placentation, three types are distinguished based 

on the number of trophoblast cell layers: haemomonochorial (single layer of 

trophoblast in human and guinea pig), haemodichorial (two layers in rabbit), 

haemotrichorial (three layers in rat and mouse) (Figure 1.2). 

Figure 1.1 Schematic of the placental types by shape. Red, placenta; grey, uterus. 
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Notably, for those placental types classified from the gross tissue morphologies, 

the molecular and biomechanical differences between them and the mechanisms of 

their formation are very poorly understood, if at all. 

 

 

Figure 1.2 Schematic of the types of haemochorial placenta by the number of trophoblast cell layers. 

 

The functional innovations during placental evolution could be provided by 

repurposing proteins already expressed in the tissue (co-option), recruiting the 

expression of genes normally expressed elsewhere in the organism (recruitment), and 

introducing novel genes to the genome of the organism, either by gene duplication, 

horizontal transfer, or de novo gene evolution (Chen et al., 2013; Griffith & Wagner, 

2017). For amniotes, organs of gas, nutrient exchange, as well as endocrine organs 

evolved into the extraembryonic placental tissues, suggesting that the origin of a 
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placenta was a co-option of the already expressed genes and functions (reviewed by 

Griffith & Wagner, 2017). Besides, gene expression recruitment from the ancestry 

Müllerian canal to the uterus via transposable elements was suggested to be a major 

mode of functional specialization to facilitate pregnancy in therian mammals and 

reptiles (Lynch et al., 2015; Griffith & Wagner, 2017). Similarly, structural novelties in 

placental evolution have been proposed to arise from the rearrangement of existing 

cell types, the emergence of novel cell types (e.g., decidual stromal cells), and tissue-

tissue interactions such as signaling (Griffith & Wagner, 2017). 

 

 

1.6 Mammalian uterine structure 
 

Mammalian oviduct and uterus derive from a pair of Müllerian ducts and form 

specialized organs to nourish embryos before birth. Estrogen and progesterone, 

released from the ovary, regulate biochemical changes in the oviduct, facilitating 

fertilization (Coy et al., 2012). Fertilization happens in the ampulla, a specialized region 

of the oviduct. After the egg is fertilized, it begins its journey through the rest of the 

oviduct toward the uterus, where its implantation and formation of the placenta occurs. 

The degree of Müllerian duct fusion, complete, partial, or incomplete, is species-

specific and defines three types of adult uteri based on the gross morphological 

characteristics: simplex, bicornuate, or duplex (reviewed by Spencer et al., 2005; 

Figure 1.3). Müllerian fusion is absent or limited in rodents, leading to the formation of 

two or ‘‘duplex’’ uteri (Spencer et al., 2005). In domestic animals, the Müllerian ducts 

fuse more posteriorly, which results in a long (pig) to medium-length (sheep and cow) 

bicornuate uterus with a short common corpus, single cervix, and vagina (Spencer et 

al., 2005). The Müllerian ducts of higher primates (including humans) fuse more 

anteriorly and form a single (‘‘simplex’’) uterus with a single cervix and vagina (Spencer 

et al., 2005). Anatomical variations of the female reproductive tract can even be 

observed within the species (Mossman, 1987; Spencer et al., 2005). 



  
 

23 

 

 
Uterine tissue is comprised of a luminal epithelium, glandular epithelium, 

stroma, and multilayered smooth muscle tissue (Figure 1.4). The organization of 

glandular epithelium substantially varies among the morphological uteri types and 

individual species. The uterine glands of rodents do not tightly coil and branch, as is 

characteristic of endometria in humans and domestic cattle, and the glands are more 

abundant in the uteri of pigs, sheep, cattle, rabbits, and humans (Spencer et al., 2005; 

Figure 1.4). Interestingly, patterning of rodent glandular epithelial glands from LE 

occurs after birth, between P5 and P10 (Brody & Cunha, 1989). In contrast, in pigs, 

domestic cattle, and humans, the budding of GE is visible already upon birth (Spencer 

et al., 2005). 

The endometrium in adult sheep and cattle is patterned into aglandular 

caruncles, formed by the dense stromal protuberances, covered by a LE, and glandular 

intercaruncular areas (Atkinson et al., 1984; Spencer et al., 2005). The intercaruncular 

areas of the endometrium contain many hundreds of glands in the uterine wall cross-

section (Spencer et al., 2005). Interestingly, the superficial implantation of domestic 

cattle happens only inside the caruncular areas (Spencer et al., 2005). The 

mechanisms of endometrial patterning and morphogenesis, which spatiotemporally 

determine embryo implantation, remain largely unknown. 

 

 

 

 

 

Figure 1.3 Schematic of the uteri types by the gross morphological characteristics. 
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Transcriptomic studies suggest that decidual stroma emerged in therian 

mammals and formed a distinct cell type from endometrial stroma (reviewed by 

Wagner et al., 2014). The ‘decidualization’ of uterine stroma is essential for successful 

pregnancy. In a decidual reaction, spontaneously, or in response to fetal or artificial 

stimuli, the fibroblast-like mesenchymal stromal cells differentiate into epithelioid-like 

decidual cells (reviewed by Okada et al., 2018). Tissue thickening, proliferation, 

glycogen and fluid accumulation characterize differentiated decidua (Wagner et al., 

2014). In humans, progesterone and protein kinase A (PKA) – mediated signaling are 

important to initiate decidual reaction (Wagner et al., 2014). Biochemical signals, 

produced by the decidual stroma, have been also described. The major secretory 

Figure 1.4 Immunofluorescence image of the representative E4.5 mouse uterus cross-section, stained 
for F-actin (yellow), Collagen IV (COLIV, cyan), and nuclei (DNA, blue). DS, decidual stroma; GE, 

glandular epithelium; LE, luminal epithelium; M, muscle tissue. Scale bar, 100 µm.  
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products of decidual stromal cells include PRL and IGFBP-1, two proteins that have 

been used as markers of decidualization (Okada et al., 2018). In the decidual–

placental interface, those proteins have been suggested to stimulate trophoblast 

growth and invasion, to prevent immune rejection, and to promote angiogenesis 

(Okada et al., 2018). 

Uterine smooth muscles generate contractions autonomously as well as during 

pregnancy and birth. In duplex uteri of rodents, uterine contractility has been implicated 

in embryos positioning along the uterus (Flores et al., 2020). 

 

 

1.7 Mammalian embryo development 
 

Mammalian development begins with a fertilized zygote surrounded by a glycoprotein-

rich Zona Pellucida (ZP). Totipotent blastomeres are formed by subsequent rounds of 

cleavages (cell divisions without significant cell growth). The emergence of the cavity 

between blastomeres marks a hollow spherical blastocyst stage. 

The modes of blastocyst formation, its size, and morphology are strikingly 

variable across mammals. The blastocyst is unilaminar in studied marsupials (dunnart, 

opossum, and wallaby). It is formed by the adhesion of the blastomeres to the inner 

surface of ZP and subsequent proliferation and spreading along the ZP (Selwood et 

al., 1992). Marsupial blastocysts form pluriblast (pluripotent lineage analogous to 

eutherian inner cell mass), hypoblast (extraembryonic lineage analogous to eutherian 

primitive endoderm), and trophoblast (extraembryonic lineage which interacts with the 

maternal environment). Variation among the studied species can be noticed in the 

degree of embryo polarity and patterning dynamics (reviewed by Frankenberg et al., 

2016).  

 The blastomeres of eutherians adhere to each other rather than to ZP, and a 

cavity is formed by pumping fluid in the intercellular space. Cavitation can begin as 

early as at the four and 16-cell stages, resulting in unilaminar blastocyst as in elephant 

shrew and tenrec (Frankenberg et al., 2016), reminiscent of marsupial blastocyst 

morphology. In most other eutherian species, a compact morula is formed prior to 

cavitation. 
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 Inner Cell Mass (ICM) forms in eutherian mammals and becomes enveloped by 

the trophoblast. The timing and molecular mechanisms of lineage commitment within 

morula and ICM are substantially variable between the species; see review by (Niakan 

et al., 2012; Frankenberg et al., 2016; Rossant & Tam, 2022). Moreover, gestational 

time and the time of implantation also exhibit significant variation (Stern, 2004; pp 280-

281). 

Correlations between cavity formation, blastocyst size, and implantation mode 

in mammals are particularly intriguing. Rodents and primates undergo slight blastocyst 

expansion, whereas lagomorphs expand their blastocysts approximately 40-fold 

before implantation by day 6 (Alliston & Pardee, 1973; Warner et al., 2003). Strikingly, 

the bovine conceptus grows more than 1000-fold during 10-day elongation (Maddox-

Hyttel, 2003; Frankenberg et al., 2016). In pigs, elongation is even more dramatic as 

the conceptus can reach more than 1.5 m in length during a short gestational window 

(Geisert et al., 1982; Frankenberg et al., 2016). Understanding the exact role of such 

blastocyst expansion will require experimental proof, but it seems to correlate with the 

rate of trophoblast invasiveness. As was introduced in the previous chapter, the rodent 

and human trophoblast are highly invasive. Such invasion leads to the formation of the 

haemochorial placenta, devoid of the maternal interface and with direct contact 

between blood and trophoblast. Placentation of pigs and cows is superficial 

(endotheliochorial), where maternal tissues are left almost intact. In that perspective, 

lagomorphs could be seen as ‘intermediate’ with haemochorial placentation but a less 

invasive phenotype than humans and rodents. Interesting questions are, how do the 

implantation timing and the mode of feto-maternal interaction relate to the embryo 

growth and morphogenesis? What are the constraints imposed by the maternal tissue 

on the embryo and vice versa, and how do they cross-talk? 

 

 

1.8 Mouse embryo development before implantation 
 

In mice, fertilization of the zygote and subsequent cleavages produce eight 

totipotent blastomeres. Subsequently, the mouse embryo undergoes compaction and 

forms a morula. Concurrent with compaction, cell polarization takes place. The first 

lineage segregation between the extra-embryonic trophectoderm (TE) and the Inner 

Cell Mass (ICM) is determined by the neighboring cell-cell contacts and the cell polarity 
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(Korotkevich et al., 2017). The acquisition of polarity results in nuclear Yap localization 

and CDX2 expression, which is required for TE lineage specification (Strumpf et al., 

2005; Nishioka et al., 2009). The TE specification and commitment become irreversible 

by the late 32-cell stage. In contrast, ICM can still form TE up until the 64-cell stage by 

moving outside the rest of ICM or by Hippo signaling inactivation (Posfai et al., 2017). 

CDX2 (TE marker), OCT3/4, and Nanog (ICM markers) mutually inhibit each other 

during ICM/TE patterning (Niwa et al., 2005). 

Between embryonic day (E) 3.25 and E4.5, ICM patterns and then segregates 

into primitive endoderm (PrE) and epiblast (EPI). At E3.5, PrE and EPI markers 

(GATA6 and Nanog, respectively) are expressed in a random “salt and pepper” pattern 

(Chazaud et al., 2006). EPI/PrE specification depends on a differential response to 

FGF (Yamanaka et al., 2010; Ohnishi et al., 2014; Kang et al., 2017). Mechanical cell 

surface fluctuations have been shown to regulate the sorting of EPI and PrE up until 

E4.5 (Yanagida et al., 2022). PrE, along with the TE, forms an inverted yolk sac 

placenta. PrE can also contribute to the endodermal gut (Nowotschin et al., 2019). 

At E4.5, TE differentiates into EPI-attaching polar TE (pTE) and EPI-distant 

mural TE (mTE), which adheres to the uterine wall and initiates implantation. 

Compared to pTE, mTE decreases CDX2 expression, which might be regulated by the 

YAP-TEAD pathway and the uterine factors secreted in response to estrogen (Suzuki 

et al., 2022). It has been shown that Fgfr1-/- embryos fail to downregulate CDX2 in 

mTE, and that the differentiation of Fgfr1-/- trophoblast stem cells is impaired, indicating 

that FGF signaling is also involved in mTE differentiation from pTE (Kurowski et al., 

2019). 

 

 

1.9 Mouse embryo development during implantation 
 

Implantation, by establishing a physical interaction between the extraembryonic 

tissues and the maternal uterine tissues, marks a critical developmental stage. In mice, 

TE tension release enables pTE cells to invaginate by apical constriction 

(Christodoulou et al., 2019; Ichikawa et al., 2022). Invaginated pTE forms the 

extraembryonic ectoderm (ExE) tissue. mTE differentiates into giant trophoblast (GT), 

while EPI and ExE proliferate and elongate to form an “egg cylinder.” The 

extraembryonic lineages neighboring the EPI, ExE, and visceral endoderm (VE) 
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derived from PrE play a key role in embryonic growth, patterning, and body-axis 

formation via mechanochemical signaling (Brennan J. et al., 2001; Rodriguez et al., 

2005). Successful ExE/EPI patterning has been shown to facilitate the growth and 

morphogenesis of the neighboring epiblast by establishing BMP and FGF signaling 

landscapes (Di-Gregorio et al., 2007). Basal Reichert’s membrane (RM) outlines the 

residual blastocyst cavity between the egg cylinder and the GT and continues into the 

basal membrane between EPI and PrE (Figure 1.5). 

 

 

 
 
 
 

Figure 1.5 Mouse embryo development between E3.5 and E5.5. EPI (magenta), epiblast; PrE (green), 

primitive endoderm; TE (blue), Trophectoderm; pTE, polar TE; mTE, mural TE; ExE, extraembryonic 

ectoderm; BM, basal membrane; RM, Reichert’s membrane; VE, visceral endoderm; PE, parietal 
endoderm; GT, giant trophoblast. 
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1.10 Embryo-uterine interaction during implantation in mice 
 
Physical attachment between mTE and luminal epithelium starts at approximately E4.5 

when the embryo is out of ZP. Several membrane-bound molecules that could mediate 

the initial phase of attachment have been found. Integrin alpha 7 subunit is considered 

to mediate embryo attachment to laminin in vitro and in vivo (Klaffky et al., 2001, 2005), 

lectins (Poirier et al., 1992), trophinin and tastin (Fukuda et al., 1995), perlecan (Carson 

et al., 1993) are present in TE. Other factors suggested to be involved in embryo-

uterine interaction are Cripto (Gershon et al., 2018), osteoponin (Johnson et al., 2003), 

and EGF (Raab et al., 1996).  

Uterine response to implantation is governed by female hormones estrogen and 

progesterone, acting on stroma and epithelium. Progesterone directly induces uterine 

Ihh expression in LE, and deletion of Ihh results in implantation failure (Lee et al., 

2006). Another important factor, LIF, is expressed at the implantation sites and its 

uterine deletion also leads to implantation failure (Stewart et al., 1992; Song et al., 

2000). In vitro, TB cells exhibit extensive phagocytotic activity (Rassoulzadegan et al., 

2000). Upon recognition of LE, they extensively protrude between epithelial cells and 

eliminate them by entosis (engulfment) (Li et al., 2015). 

The expression of BMP2 becomes upregulated in the proliferative and 

hypertrophic decidual stroma around the implanted embryo (Ying et al., 2000). Ablation 

of BMP2 leads to infertility due to a complete lack of decidual reaction (Lee et al., 

2007). Hand2, Hoxa10, and Hoxa11 are other TF essential for decidual reaction in the 

stroma (see reviewed by Cha et al., 2012). 

Uterine tissue geometry changes upon implantation. In particular, it is known 

that the mouse uterine tissues acquire elongated crypt geometry around the implanting 

embryo (Enders et al., 1980; Wewer et al., 1986; Yuan et al., 2016), suggesting embryo 

confinement. 

 
 

1.11 Bottom-up approaches for studying implantation 
 

Biomaterial engineering and microfabrication provide powerful tools for ex vivo 

modeling of the native 3D environment (Lutolf and Hubbell, 2005; Vianello and Lutolf, 

2019; Bondarenko et al., 2022). Chemically-defined matrices, such as those based on 
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poly(ethylene glycol) (PEG), provide tunability, robustness, and reproducibility for 

state-of-the-art mechanobiological studies (Seliktar, 2012; Caliari and Burdick, 2016; 

Gjorevski et al., 2016; Qazi et al., 2022; Bondarenko et al., 2022).  

Ex vivo culture of peri-implantation mouse embryos has been developed in 2D 

(Bedzhov et al., 2014) as well as in 3D (Govindasamy et al., 2021; Ichikawa et al., 

2022). However, the 2D culture does not support in utero-like morphogenesis as the 

embryos adhere to the 2D surface, disrupting RM integrity. Similarly, the 3D culture so 

far has required artificial removal of the mTE to enable invagination and formation of 

the ExE (Ichikawa et al., 2022). Our previous study suggested the role of embryo-

uterus interaction in tension release in utero. However, testing for the exact mechanism 

required an ex vivo system that recapitulates embryo-uterus interaction. 

The 3D biomimetic system of the blastocyst co-culture with bEnd5 cell line has 

been introduced, which identified the PDGF signaling involvement in the trophoblast-

epithelial attachment (Govindasamy et al., 2021). However, the same study did not 

address the functional role of embryo-uterine interaction in early embryo patterning 

and morphogenesis. 

Therefore, development of the whole mouse embryo with embryonic and 

extraembryonic tissues through peri-implantation remains to be understood and 

achieved ex vivo. 

 
 

1.12 Live imaging approaches 
 

Studying tissue-scale and single-cell dynamics requires live imaging. Selective 

Plane Illumination Microscopy (SPIM) provides high image acquisition speed and low 

light doses suitable for long-term live imaging of light-sensitive samples, such as 

mouse embryos (Strnad et al., 2016; Power & Huisken, 2017). Previously, we and 

others successfully combined SPIM with pre-implantation (Strnad et al., 2016) and 

post-implantation (Ichikawa et al., 2014; McDole et al., 2018) mouse embryo culture 

for long-term live imaging. This allowed us to address tissue interaction mechanisms 

during peri-implantation EPI patterning (Ichikawa et al., 2022). However, the 

combination of SPIM imaging and microenvironmental engineering has not been 

implemented yet to study embryo-uterine interaction. 



  
 

31 

2 AIMS AND STRATEGY 
 

The central goal of my Ph.D. study is to understand tissue coordination 

mechanisms during embryo implantation. Studying such processes requires 

experimental access, dynamic recording, and quantitative theoretical analysis. In my 

Ph.D., I aimed to establish such methods and, by using them, derive mechanistic 

knowledge of embryogenesis. 

Implantation of the embryo leads to key changes in embryo morphology and 

environmental context. First, I established a new peri-implantation embryo culture 

method, where I applied bottom-up engineering to recapitulate uterine tissue 

properties. Ex vivo engineered uterine environment (3E-uterus) with geometrically 

patterned hydrogels supported mouse blastocysts through implantation and robust 

peri-implantation morphogenesis; promoted the development of the Reichert’s 

membrane and all extraembryonic tissues, including giant trophoblast, which directly 

interacts with the uterus. Preservation of the giant trophoblast is a unique aspect of 

this method, which allowed me to find that the adhesion and geometry of the uterine 

environment are the most critical factors for peri-implantation embryogenesis in mice. 

To further understand how adhesion and geometry control development, I 

aimed to access peri-implantation embryo dynamics. Thus, we complemented 3E-

uterus with in toto live embryo imaging using the inverted and multi-view light-sheet 

microscopy techniques, as well as the computational image analysis. This allowed 

detection of changes in trophectoderm cell shape and tissue dynamics, embryo 

growth, and migration of the trophoblast. Live imaging and theoretical modeling 

showed that the trophoblast adhesion releases tension exerted upon the 

trophectoderm, resulting in invagination of the extra-embryonic ectoderm and the 

formation of the egg cylinder. Next, I show that to accommodate egg cylinder formation, 

trophoblast cells undergo Rac1-dependent collective migration upon implantation, 

displacing Reichert’s membrane and generating space. I prove the coordination 

between trophoblast migration and embryo growth by experimentally manipulating the 

geometry of the engineered uterus and the trophoblast migration. In summary, this 

work provides new tools for studying embryo implantation and a new comprehensive 

tissue coordination model of peri-implantation development. 
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3 METHODS AND MATERIALS 
 

Methods details were adapted from Bondarenko et al. 2022. 
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3.1 Molecular biology 
 

 

3.1.1 Genomic DNA extraction 
 

Genomic DNA was extracted from mouse tail or ear clip biopsies. The tissues pieces 

were digested in 400 µL by 0.5 mg/ml proteinase K (Merck, Cat No. P2308) in a buffer 

containing 1% SDS (sodium dodecyl sulphate, Serva, Cat No. 20767), 50mM Tris-HCl 

pH 8.0 (Thermo Fisher Scientific, Cat No. AM9855G), 100 mM NaCl, 100 mM EDTA 

pH 8.0 (Invitrogen, Cat No. 15575020). Enzymatic digestion was performed overnight 

at 56oC with 450 rpm agitation using a thermo mixer (Thermomixer comfort, 

Eppendorf). Equal volume of 2-propanol was added and samples were centrifuged for 

10 min at 14,000 rpm (Eppendorf, 5417R). After a wash with 70% ethanol, the DNA 

pellet was air-dried under the hood at room temperature, and dissolved in 125 µL of 

water. 

For ddPCR, genomic DNA was extracted using standard 

phenol:chloroform:isoamyl alcohol (25:24:1) (Carl Roth, Cat No. A156.1) extraction 

method. Briefly, one volume of phenol:chloroform:isoamyl alcohol was added to the 

sample, centrifuged, and the aqueous phase was aspirated. gDNA was precipitated 

with one volume of 2-propanol and 1/10 volume 3M Sodium Acetate (pH5.2). DNA 

pellet was washed twice with 70% ethanol, air-dried under the hood at room 

temperature, and dissolved in ddH20. 

 

 

3.1.2 Genomic DNA amplification 
 

Polymerase Chain Reaction (PCR) was used to amplify DNA (Thermo Fisher 

Scientific, EP0401, F-530; Takara, RR01). Primers were designed using primer3 and 

primer-BLAST (Ye et al.,  2012) software (https://bioinfo.ut.ee/primer3-

0.4.0/primer3/). For mouse genotyping procedures see Appendix 1, primers and PCR 

product sizes. 
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3.1.3 Single embryo genotyping 
 

Individual embryos were mouth pipetted into 200 µl PCR tubes containing 10 µl of lysis 

solution of 200 µg/ml Proteinase K in Taq polymerase buffer (Thermo Fischer 

Scientific, B38). The lysis reaction was carried out for 1 h at 55°C, followed by 10 min 

at 96°C. The resulting genomic DNA was mixed with relevant primers (Appendix 1) for 

determination of genotype via PCR. 

 
 

3.1.4 Droplet digital PCR 
 

Droplet digital PCR was used to estimate copy numbers of Brainbow constructs after 

the targeted genome integration. Primers and fluorescent probes against Brainbow 

constructs were designed with primer3 and primer-BLAST (Ye et al.,  2012) 

software (https://bioinfo.ut.ee/primer3-0.4.0/primer3/) (see Appendix 2). Annealing 

temperature was estimated with OligoCalc 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) using 300 nM primer 

concentration and 50 nM salt concentration. gDNA concentration was measured using 

Qubit dsDNA HS assay (Thermo Fisher Cat No. Q33231). gDNA was digested with 

Mse-I (NEB) overnight at 37 oC. The ddPCR reactions were prepared according to the 

manufacturer’s instructions (Biorad, 10031906) using digital PCR supermix for probes 

(Biorad, Cat No. 186-3023) and consumables (Biorad, #1863005, #1864008, 

#1863009) for QX200 Droplet Digital PCR System. Results were processed using 

QuantaSoft software (Biorad), copy number was estimated by normalization to the 

control probe signal in Rpp30 and Col1a1 loci. 

 

 

3.1.5 Molecular cloning 
 

Plasmids were cloned using standard cloning procedures or Gibson assembly.  

Oligonucleotides in concentration of 2 pmol/µl were annealed in a buffer containing 10 

mM Tris-HCl, pH 8.0 (Thermo Fisher Scientific, Cat No. AM9855G), 50 mM NaCl, 1 

mM EDTA (Invitrogen, Cat No. 15575020) under slow cooling from 95 oC to the room 
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temperature. DNA ligation was set up following manufacturer’s instructions (NEB, 

M0202). Plasmids were transformed using standard heat-shock method into 

chemically-competent DH5 alpha E.Coli cells. BACs were transformed using standard 

heat-shock method into 10b E.Coli cells. Colony screening was performed using One 

Taq polymerase kit (M0480, NEB). 

Brainbow constructs, Nucbow, Mitbow, and Palmbow, were obtained from J. 

Livet (Loulier et al., 2014). Nucleus-tagged iRFP was introduced under the CAG 

promoter of Mitbow, Palmbow, and Nucbow constructs. FRT-flanked Neomycin gene 

was inserted after the fluorophores in the Palmbow construct. To prevent cross-

reactivity with other recombination sites, the alternative Lox1-M2, 5171, 66 sites were 

introduced into Mitbow (Figure 3.1). 

To insert Brainbow construct cassette into the Col1a1 locus (Beard et al., 2006), 

homologous arms were amplified from mouse gDNA using Phusion high-fidelity 

polymerase (F-530) and cloned into a modified pBeloBAC11 vector (pBeloBACnMCS-

DTA). Sph-I restriction site was replaced with Mlu-I restriction site. Nucbow, Mitbow, 

and Palmbow constructs were assembled as an array into pBeloBACnMCS-DTA-

Col1a1-MluI construct. The resulting plasmid (pBB08_pBeloBACnMCS-DTA-Col1a1-

MluI(Nucbow-Mitbow-Palmbow, Appendix 3) was isolated using QIAGEN Large-

Construct Kit (Cat No. 12462). 

Tamoxifen-inducible Cre (ERT2-CRE) was inserted into pR26 plasmid 

(#127372) for expression under endogenous R26 promoter. Puromicin gene was 

provided under PGK promoter (pR26_CRE_ERT2_Puro, Appendix 4). 
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3.1.6 Targeted genome integration 
 

sgRNA to target Col1a1 (5’-GAGCCAGCATGCTATCGTCC-3’) and ROSA26 (5’-

GACTCCAGTCTTTCTAGAAGA-3’) loci were designed using chop-chop 

(https://chopchop.cbu.uib.no) and cloned separately into px330A-1x6 vectors 

(#58770), expressing Cas9 and sgRNAs under U6 promoter. First round of 

electroporation provided transient expression of Cas9 and anti-Col1a1 sgRNA to 

incorporate pBB08_pBeloBACnMCS-DTA-Col1a1-MluI(Nucbow-Mitbow-Palmbow) 

plasmid into mouse Col1a1 locus. The second round of electroporation provided 

transient expression of Cas9 and anti-R26 sgRNA to incorporate ERT2-CRE into 

mouse ROSA26 locus. Genome integration was validated by Ramona Bloehs using 

Southern blot assay. 

 

 

 

 

Figure 3.1. A. Scheme of the original Brainbow construct (Loulier et al., 2014). Potential Cre-
recombination events between identical lox sites (rectangles) are marked with connecting black lines. 

Emission maxima of the corresponding fluorophores are indicated in numbers. B. Transgenic constructs 

with FPs, targeted to the plasma membrane (Palmbow), mitochondria (Mitbow), and nucleus (Nucbow). 

C. Corresponding cell labelling patterns in case of single-copy hemizygous genomic insertion of each 

construct (left) and examples of additional hues available for multi-copy heterozygous insertions (right). 
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3.2  Cell biology 
 

 

3.2.1 Embryonic stem cell culture, electroporation 
 

Mouse embryonic stem cell (ESCs) line R1 was used for transgenesis. Prior to ESC 

culture, inactivated mouse embryonic fibroblasts (MEFs) were unfrozen and plated. 

MEFs were cultured in the medium, based on DMEM (Gibco, Cat No. 41965), 

supplemented with 10% heat-inactivated Fetal Bovine Serum (PAA, A15-080), 2mM 

glutamine (Gibco, Cat No. 25030), and 50 U/ml PenStrep (Gibco, Cat No. 15070).  

For ESC culture, MEF medium was exchanged to a freshy prepared ESC medium, 

based on DMEM (Gibco, Cat No. 41965), supplemented with 20% heat-inactivated 

Fetal Bovine Serum (PAA, A15-080), 1X non-essential amino acids (Gibco, Cat No. 

11140), 1X nucleosides (Millipore, Cat No. ES-008-D), 2 mM glutamine (Millipore, 

K0282-BC), 100 µM beta-mecaptoethanol (), 50 U/ml PenStrep (Gibco, Cat No. 

15070), 10U/L LIF (Gibco, Cat No. 3275SB), 25 mM HEPES pH 7.3 (Sigma, Cat No. 

H-0887). ESCs were plated at the density 1-3x106 cells per 60 mm dish. ESC medium 

was exchanged daily, upon confluence, cells were split and replated to the initial 

density. 

ESC electroporation of a total 4 µg circular plasmid DNA was performed by 

Ramona Bloehs with Human Stem Cell Nucleofector Kit 2 (Lonza, Cat No. VPH-5022), 

program A-023. Selection with Geneticin (G418 Sulfate, Cat No. 10131035) started 

36-48 hours after electroporation. Positive clones were expanded and evaluated for 

fluorescence by live imaging. 

 

 

3.2.2 Endometrial organoid derivation and culture 
 

The protocol was adapted from (Boretto et al., 2017). Female mouse estrous cycle 

staging was determined as described (Caligioni et al., 2009). 2-3 B6C3F1 female mice 

in estrus stage were used per experiment. Dissected uterine horns were cut 

longitudinally to expose endometrium and washed tree times in ice-cold DPBS (Gibco, 

Cat No. 14190144). Endometrium was cut out from the muscle tissue with surgical 
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scalpel (Harvard Apparatus, Cat No. 72-8374) and minced into small pieces using 

surgical scissors (Science Tools, Cat No. 15006-09). Endometrium pieces were 

washed three times with ice-cold DPBS in a 50 ml tube on ice by allowing tissue pieces 

to settle by gravity. Tissue dissociation was performed in 30mM EDTA supplemented 

with Y-27632 (Stemcell, Cat No. 72304) on ice. Tissue pieces was centrifuged at 85g 

for 2 min at +4oC, washed and resuspended in DPBS supplemented with 0.1% BSA 

using a pre-wet serological pipette. Suspension was shaken by hand to facilitate 

release of uterine epithelial crypts. The supernatant was gently aspirated and filtered 

through a 70 µm cell strainer (pluriSelect, Cat No. 43-50070) on ice. The procedure 

was repeated, eluate fractions were collected, examined under the microscope for 

enrichment with uterine crypt fragments. The fractions were centrifuged at 110g for 5 

min at +4oC and the pellets were resuspended in 70% Matrigel (Corning, 356230, lot. 

7345012) (thawed on ice) and gently resuspended multiple times for homogeneity. 30 

µl domes were made on the pre-warmed 48-well plates and left to solidify for 10 min, 

after which the dish was flipped to facilitate even distribution of the organoids. Upon 

Matrigel solidification, organoids were cultured in a WRN conditional organoid culture 

medium (supplied by M. Lutolf lab, EPFL), supplemented with B27 (Life Technologies, 

Cat No. 17504044), N2 (Life Technologies, Cat No. 17502048), ITS-X (Gibco, Cat No. 

51500-056), 100 µM Nicotinamide (Sigma Aldrich, Cat No. N0636), 500 µg Primocin 

(InvivoGen, Cat No. ant-pm-05), 200 ng/µl EGF (R&D Systems Cat No. 2028-EG-200), 

50 ng/µl FGF10 (Peprotech Cat No. 100-26), A83-01 (Merck, Cat No. SML0788), and, 

during the first few days, 10 µM Y-27632 (Stemcell, Cat No. 72304). Organoids were 

dissociated with TrypLE, supplemented with 10 µM Y-27632 and 1mM N-

acetylcysteine (Merch, Cat No. A7250). 
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3.3  Mouse embryology 
 

 

3.3.1 Recovery, manipulation, and culture of pre-implantation stage embryos 
 

Female estrous cycle synchronization was used to increase the natural mating 

efficiency (Whitten M. K., 1957). The embryonic day 0.5 (E0.5) was defined as noon 

on the day when a vaginal plug was detected. Pre-implantation mouse embryos were 

flushed from the uteri of the plugged females with 37 °C KSOMaa with HEPES (Zenith 

Biotech, ZEHP-050, 50 ml) using a syringe equipped with a cannula (Acufirm, 1400 LL 

23). Embryos were handled using an aspirator tube (Sigma, A5177), connected to a 

glass pipette pulled from a glass microliter pipette (Blaubrand intraMark, 708744). 

Procedures were performed under a stereomicroscope (Zeiss, StreREO Discovery.V8) 

equipped with a thermal plate (Tokai Hit) at 37°C (Behringer et al., 2014).  

 

 

3.3.2 Recovery and manipulation of peri-implantation stage embryos 
 

Peri-implantation embryos were dissected from uteri using no 5. Dumont fine forceps 

(Dumont, 11254-20) in DMEM (Gibco, Cat No. 11880028) supplemented with 15% 

heat-inactivated FBS (PAA, Cat No. A15-080), 2 mM GlutaMAX (Gibco, Cat No. 

35050061), and 10 mM HEPES (Sigma, Cat No. H0887), as described (Nagy et al., 

2003). 

 

 

3.3.3 Peri-implantation embryo culture 
 

In vitro culture medium 1 and 2 (IVC1 and IVC2, respectively) (Bedzhov et al., 2014) 

were prepared from Advanced DMEM/F12 (Gibco, Cat No. 12634010), supplemented 

with 20% heat-inactivated FBS (Biosera, Cat No. FB1001S) and 30% KSR (Gibco, Cat 

No. 10828010), respectively. 1X Glutamax (gibco, Cat No. 02595), 1X ITS-X (gibco, 

Cat No. 51500-056), penicillin (25 units/ml)/streptomycin (25 μg/ml) (gibco Cat No. 

15070-063), 8 nM beta-estradiol (Sigma, E8875-250MG), 200 ng/ml Progesterone 
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(Sigma P0130-25MG), 25 µM N-acetylcysteine were added. The mix was filtered 

through 0.22 µm filter (Merck, Cat No. SLGVV255F), aliquoted, stored at +4oC, and 

used within two weeks. 

After recovery at noon on embryonic day 3.5 (E3.5), embryos were serially 

transferred to IVC1 microdrops in a culture dish covered with mineral oil (Sigma, Cat 

No. M8410-1L). The time of embryo culture was counted from the time of embryo 

recovery (D0 = E3.5). In approximately one hour after recovery, embryos were shortly 

treated in Tyrode’s solution (Sigma, Cat No. T1788) to remove Zona pellucida, washed 

repeatedly (Behringer et al., 2014), and left in a culture dish with IVC1 medium for at 

least an hour inside the incubator. Embryos were routinely cultured inside the incubator 

with a humidified atmosphere with 5% CO2 at 37oC (Thermo Scientific, Heracell 240i). 

 

 

3.3.3.1 2D embryo culture 
 

On day 0 (E3.5 recovery), zona-free embryos were placed inside inner wells of a pre-

warmed glass-bottom µ-Slide Angiogenesis dish (ibidi, Cat No. 81506), filled with 45 

µl IVC1 medium. Upon embryo attachment, the medium was gently aspirated and 

exchanged to IVC1, and to IVC2 in 48 h (day 2). 

 

 

3.3.3.2 3D hydrogel-embedded embryo culture 
 

LDTM PEG hydrogel components were mixed on ice. 15 µl of the mix was added to an 

inner well of a pre-warmed µ-Slide Angiogenesis dish, and embryos were carefully 

transferred and mixed inside the hydrogel (2-3 embryos per drop). To prevent embryos 

from adhering to glass or reaching gel surface, the dish was flipped regularly during 

gel solidification inside the incubator. 35 µL of pre-warmed IVC1 medium were then 

added to each well. The medium was exchanged shortly to IVC1 and then again to 

IVC1 in 24 h (Day 1) and to IVC2 in 48h (Day 2). 

 
 
3.3.3.3 Peri-implantation embryo culture in 3E-uterus 
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Hydrogels with microfabricated crypts (see “Fabrication of topographically patterned 

hydrogels”) were equilibrated in 3 ml of IVC1 medium in the incubator for at least 12 h 

prior to 3E-uterus embryo culture. ZP-free embryos were carefully positioned inside 

microfabricated hydrogel crypts in a downward mTE orientation with a fused tip of a 

thin glass pipette. The medium was exchanged to IVC1 in 24 h (Day 1) and to IVC2 in 

48h (Day 2). 

 

 

3.3.4 Pharmacological treatments 
 

Embryos were recovered at E3.5 (D0) and manipulated according to the 3E-uterus 

protocol. Embryos from the same litter were split into two isolated TruLive3D dish 

compartments for parallel treatment and control live imaging. Live imaging started at 

30 h counted from the time of embryo recovery. A single mTomato channel was 

illuminated with a 561 nm laser every 20 min during all live imaging intervals. At 36 h, 

IVC1 medium in one compartment was exchanged to IVC1 medium supplemented with 

100 µM NSC23766 and in another compartment to IVC1 medium supplemented with 

an equal amount of H2O (control). At least three rounds of medium exchange were 

performed with a several-minute incubation time in between to equilibrate the hydrogel 

in both treatment and control conditions. Imaging restarted at 37 h until 48 h. Between 

48 and 49 h, the medium was similarly exchanged to IVC2 for both the treatment and 

the control conditions. Live imaging restarted at 49 h and continued until 72 h, after 

which embryos were fixed and immunostained. Image voxel size: 0.208×0.208×1.000 

µm3 along the X, Y, and Z axes, respectively. 

 

 

3.3.5 Uterine tissue sectioning 
 

Pregnant mouse uteri were dissected and handled in KSOM with HEPES. To reduce 

non-physiological uterine contraction due to the release from connecting tissues, uteri 

were transferred to pre-warmed 0.5 M MgCl2 solution. Uteri were cut into pieces 

corresponding to the embryo implantation sites, as visually judged by their swollen and 

opaque appearance under the stereomicroscope. Tissue pieces were immediately 
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fixed in 4% PFA in PBS overnight at 4°C, followed by an overnight wash in PBS at 4°C, 

and subsequent overnight washes in 12% Sucrose, 15% Sucrose, and 18% Sucrose 

at 4°C until further use within two weeks. The tissue pieces were dried with KIMTECH 

paper (Kimberly-Clark) and mixed with M-1 Embedding Matrix for cryosectioning 

(ThermoScientific, Cat No. 1310TS). Tissue pieces were mounted and orientated in M-

1 Embedding Matrix in Tissue-Tek cryomold (Sakura) and frozen at -80°C. 

Cryosectioning was performed with Leica CM3050S cryotome at -16°C, to 

produce sections of 15-20 µm thickness using low profile microtome blades (Accu-

Edge, Sakura). Tissue sections were dried at room temperature, washed in PBST, and 

permeabilized for 15 min using 0.5% Triton X-100 in PBS. Immunostaining was 

performed as described below. 
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3.4 Mouse animal work 
 

 

3.4.1 Husbandry 
 

All animal work was performed in the Laboratory Animal Resources (LAR) at the 

European Molecular Biology Laboratory (EMBL) with permission from the Institutional 

Animal Care and Use Committee (IACUC) overseeing the operation (IACUC number 

TH11 00 11). LAR is operated according to the Federation of European Laboratory 

Animal Science Associations (FELASA) guidelines and recommendations. All mice 

were housed in IVC cages in pathogen-free conditions with 12-12 hours light-dark 

cycle and used for experiments at the age of 8 to 35 weeks. 

 

 

3.4.2. Strains 
 

The following mouse lines were used in this study: a F1 hybrid strain between C57BL/6 

and C3H (B6C3F1) as wild-type (WT), Cdx2-GFP (Mcdole and Zheng, 2012), mTmG 

(Muzumdar et al., 2007), H2B-GFP (Hadjantonakis and Papaioannou, 2004), Lifeact-

GFP (Riedl et al., 2010), GFP-Myh9 (Zhang et al., 2012), ZO1-GFP (Foote et al., 

2013). Rac1flox/flox conditional allele (Walmsley et al., 2003) was crossed with ZP3-Cre 

line (Lewandoski et al., 1997) to generate Rac1+/− animals. To obtain zygotic Rac1−/− 

embryos, Rac1+/− females were crossed with Rac1+/− males. 
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3.5 Engineering and microfabrication 
 

Hydrogel components were synthesized by Saba Rezakhani from M. Lutolf's lab at 

EPFL. Fabrication of stamps for topographical patterning of the hydrogels was 

performed by Mikhail Nikolaev from M. Lutolf's lab at EPFL. Fabrication of 

topographical patterned hydrogels was performed in collaboration with Mikhail 

Nikolaev from M. Lutolf's lab at EPFL. Design and fabrication of MuVi-SPIM sample 

mounting components were performed in collaboration with Dimitri Kromm from J. 

Ellenberg's lab at EMBL. This section is adapted from (Bondarenko et al., 2022), where 

co-authors contributed to writing some of the method descriptions. 

 

 

3.5.1 Hydrogel preparation 
 

LDTM hydrogels were formed by Michael type addition of PEG-PEP precursors onto 

8-arm PEG-VS. To make hydrogel networks of desired final PEG content, proper 

volumes of 10% (w/v) 8-arm PEG-VS in TEA and 10% (w/v) PEG-PEP in water were 

mixed in molar stoichiometric ratio of VS/SH=0.8. For conditions containing RGD 

adhesion peptide (Ac-GRCGRGDSPG-NH2, mol wt 1002.04 g/mol), different volumes 

of RGD were added to the mix before addition of the PEG-PEP precursor, and the 

molar ratio of VS/TH was adjusted as VS/(TH-RGD)=0.8. For example, to make 100 

µL of LDTM hydrogels of 2.25% (w/v), taking into account RGD concentration, 8.8 µL 

of 8-arm PEG-VS, 10 µL of TEA buffer, 65 µL of distilled water and 16.20 µL of PEG-

PEP were mixed on ice. 
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3.5.2 Fabrication of stamps for topographical patterning of the hydrogels 
 

The models designed in Autodesk Inventor were printed using conventional soft-

lithography methods established at the Center of Micronanotechnology (CMi, EPFL) 

(Nikolaev et al., 2020). 

 

 

3.5.3 Fabrication of sample mounting components for MuVi-SPIM  
 

The master molds featuring an inverted design of a tube holder and a cup were 

produced in teflon using custom microfabrication methods established at EMBL 

Mechanical Workshop. For a tube holder and a cup preparation out of PDMS, 

elastomer and a curing agent (Sylgard 184, Dow Corning) were mixed at a 10:1 ratio 

(w/w). After degassing in a vacuum chamber, the mixtures were baked at 60 °C in the 

oven overnight. 

 

 

3.5.4 Fabrication of topographically patterned hydrogels 
 

To prevent hydrogel adhesion, elastomeric stamps containing the desired geometries 

were coated with bovine serum albumin in PBS (1% w/v in PBS; Thermo Fisher 

Scientific) for overnight. Before use stamps were washed once with distilled water and 

dried under the hood. For hydrogel casting, PDMS ring holders were placed on the 

bottom of the 3.5 cm dish and UV sterilized prior use. A drop of liquid hydrogel 

precursor (see Hydrogel Preparation) was made in the center of the ring spacer and a 

stamp with microtopography was placed atop. After 30-40 min polymerization in the 

incubator (37 C) stamps were removed and hydrogels covered with PBS. Hydrogels 

were used either the same day or stored for about one week. 
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3.5.5 Evaluation of 3E-uterus efficiency 
 

Efficiency was quantified as a percentage of successfully developed embryos among 

all embryos at day 3 of 3E-uterus. 3E-uterus embryo were classified as successfully 

developed if three criteria were met (Figure 4.4. A): 

I. Egg cylinder formation, defined as EPI tissue located within a VE layer with the basal 

membrane in between. 

II. Alignment of the egg cylinder axis with the crypt axis. The embryos with an evident 

upward egg cylinder orientation were excluded from quantifications due to an 

experimental error of embryo positioning (corresponding to less than 5% of samples). 

III. Formation of the Reichert’s membrane, determined as a basal membrane 

underneath TB which, at the top of the egg cylinder, was required to continue into the 

basal membrane between EPI and VE.  

To directly assess the criteria I-III, the simultaneous immunostaining against OCT3/4, 

GATA4, Collagen IV, or pan-Laminin, and nuclei (DAPI), was performed each time. 

For evaluation of 3E-uterus efficiency, three independent experiments were performed, 

among which 46% of embryos (12 of 26) met all the above-mentioned criteria. 

 

Efficiencies for crypt diameter evaluation (Figure 4.4B) were calculated as follows: 

 

80 µm crypt diameter: 0/4, 0/5, and 1/8 (the number of successfully developed embryos 

divided by the total number of embryos); three independent experiments. 

100 µm: 0/3, 2/9, and 2/8; three independent experiments. 

120 µm: 1/3, 1/5, and 2/5; three independent experiments. 

140 µm: 3/8, 2/5, 1/3, 2/7, 1/4; five independent experiments. 

160 µm: 2/4, 0/5, 1/5; two independent experiments. 

 

Efficiencies for the hydrogel stiffness evaluation (Figure 4.5B, C) were calculated as 

follows: 

 

1.5% PEG-PEP content: 3/8, 3/8, and 2/8 (the number of successfully developed 

embryos divided by the total number of embryos); three independent experiments. 

1.75%: 3/9, 5/8, 2/7, and 4/8; four independent experiments. 

2%: 2/7, 3/6, and 4/6; three independent experiments. 
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2.25%: 0/6, 6/13, and 1/5; three independent experiments. 

2.5%: 1/6, 2/7, and 4/17; three independent experiments. 

2.75%: 1/9, 5/15, and 1/9; three independent experiments. 

6%: 1/6, 0/7; two independent experiments. 

7%: 1/11, 0/5; two independent experiments. 
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3.6 Microscopy 
 

 

3.6.1 Immunofluorescence preparation and staining 
 

Recovered embryos were fixed with 4% paraformaldehyde (Electron microscopy 

sciences, 19208) in PBS for 15 minutes at room temperature. For ex vivo cultured 

embryos, the hydrogel with embryos was gently dissected and fixed with 4% 

paraformaldehyde for 30 minutes at room temperature with gentle agitation. For 

immunostaining of active integrin and di-phosphorylated myosin regulatory light chain 

(ppMRLC), fixation was performed in 1% PFA in PBS supplemented with MgCl2. The 

samples were subsequently washed in PBST buffer (0.1% Tween-20 in PBS; Sigma, 

85113), ex vivo cultured embryos were carefully dissected from the hydrogel at this 

step. Permeabilization was performed with 0.5% Triton X-100 (Sigma, Cat No. T8787) 

in PBS for 30 minutes at room temperature with gentle agitation. After several washes 

in the wash buffer (2.5% BSA (Sigma, Cat No. A9647) in PBST), embryos were 

incubated in the blocking buffer (5% BSA in PBST) overnight at 4°C. Embryos were 

stained with primary antibodies diluted in the blocking buffer overnight at 4°C. After 

washes, embryos were incubated with secondary antibodies diluted in the wash buffer 

for 2 hours at room temperature with gentle agitation. Staining with Rhodamine 

Phalloidin (Invitrogen, Cat No. R415) diluted at 1:500 was performed together with 

secondary antibodies. Subsequently, embryos were washed in PBST with DAPI 

(Invitrogen, D3571) at 5 µg/mL and mounted in PBST. 

Primary antibodies against Gata4 biotinylated (R&D systems, Cat No. AF2606), 

Sox2 (Cell Signaling, Cat No. 23064), TFAP2C (Cell Signaling, Cat No. 2320), CDX2 

(Biogenex Laboratories, Cat No. MU392AUC), PARD6B (Santa Cruz Biotechnology, 

Cat No. sc-67393), pan-Laminin (Novus Biologicals, Cat No. NB300-144SS), Collagen 

IV (Millipore, Cat No. AB756P), Fibronectin (Proteintech, Cat No. 15613-1-AP), ITGB1 

(Millipore, Cat No. MAB1997), GFP (chromotek, Cat No. gb2AF488) were diluted at 

1:200. Primary antibodies against active ITGB1 (12G10) (Santa Cruz Biotechnology, 

Cat No. sc-59827), ZO1 (Invitrogen, Cat No. 33-9100), di-phosphorylated myosin 

regulatory light chain (ppMRLC) (Cell Signaling, Cat No. 3674), phosphorylated ERM 

(pERM) (Cell Signaling, Cat No. 3726) were diluted at 1:100. Primary antibodies 
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against Oct3/4 (Santa Cruz Biotechnology, Cat No. sc-5279) and KRT8 (Troma-1-C, 

Cat No. AB531826) were diluted at 1:50. 

The following secondary antibodies were used at 1:400: donkey anti-goat IgG 

Alexa Fluor 488 (ThermoFisher, Cat No. A11055), donkey anti-rat IgG Alexa Fluor 488 

(ThermoFisher, Cat No. A21208), donkey anti-mouse IgG Alexa Fluor 488 

(ThermoFisher, Cat No. A21202), donkey anti-rabbit IgG Alexa Fluor Plus 546 

(Invitrogen, Cat No. A10040), donkey anti-goat IgG Alexa Fluor Plus 555 (Invitrogen, 

Cat No. A21432), donkey anti-mouse IgG Cy5 AffiniPure (Jackson ImmunoResearch, 

Cat No. 715-175-150), donkey anti-rabbit IgG 647 (ThermoFisher, Cat No. A31573). 

 

 

3.6.2 Confocal microscopy 
 

Confocal imaging was performed on Zeiss LSM 780 Confocal Inverted Microscope with 

LD C-Apochromat 40×/1.1 W Corr objective, using Zen 2012 LSM Black software and 

LSM 880 Airyscan Confocal Inverted Microscope with a C-Apochromat 40x/1.2 NA 

water immersion objective, using Zen 2.3 SP1 Black software v14.0.0.0. Nuclear 

immunostaining of OCT3/4, GATA4, and TFAP2C were imaged by LSM780 or 

LSM880 confocal mode with 1 µm Z spacing. Alternatively, immunostainings of 

embryos and tissue sections were imaged with Airyscan Optimal or Superresolution 

modes with optimal Z spacing, calculated based on the used imaging settings. The 

following lasers were used: diode 405 nm, argon multi-line 458/488/514 nm, HeNe 561 

nm and 633 nm. Raw Airyscan images were processed by ZEN 2.3 SP1 Black software 

v14.0.0.0 or v14.0.12.201. 

 

 

3.6.3 Inverted Selective Plane Illumination Microcopy (InVi-SPIM) 
 

Array of micro-cavities was fabricated inside the PEG hydrogel-filled TruLive3D dishes 

using custom PDMS stamp, containing a single row of micro-cavities (see “Fabrication 

of stamps for topographical patterning of the hydrogels”). The dish bottom was covered 

with 35 µL of the LDTM PEG hydrogel mix; the PDMS stamp was carefully placed 

parallel to the side of the future detection objective. After hydrogel solidification for 30-
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40 min in the incubator, 200-300 µL of PBS was added atop and the stamp was pulled 

out with forceps. For equilibration, several washes with IVC1 medium were performed 

before embryo culture. Embryos were carefully implanted into crypts in a downward 

mTE orientation, IVC1 medium was added up to 115 µL, and covered with 250 µL 

mineral oil to prevent evaporation during live imaging. IVC medium was exchanged as 

described (see "Peri-implantation embryo culture"). Live imaging was performed under 

5% CO2 and 19.5% O2 atmospheric conditions at 37 °C inside the environmentally-

controlled imaging chamber (Strnad et al., 2016). InVi-SPIM was equipped with Nikon 

25x/1.1NA water immersion detective objective, Nikon 10x/0.3 NA water immersion 

illumination objective, and CMOS camera (Hamamatsu, ORCA Flash4.0 V2). Voxel 

size: 0.104×0.104×1.000 µm3 along the X, Y and Z axes, respectively. The following 

lasers and filters were used: 488 nm and BP525/50, 561 nm and LP561. Exposure 

time was set to 50 ms. Imaging was performed with line-scan mode in LuxControl 

(Luxendo). 

 

 

3.6.4 Multi-View Selective Plane Illumination Microcopy (MuVi-SPIM) 
 

3.6.4.1 Custom sample holder assembly and embryo mounting 
 

We developed a new engineering approach to precisely position the embryo within the 

hydrogel microenvironment. Our design prevented the embryo from exchanging liquid 

with the rest of the imaging chamber, providing sterility and efficient usage of the 

culture medium. 

The sample holder encompasses two transparent and gas permeable FEP 

tubes. The outer tube (Æinner  = 1.7 mm, Æouter = 1.8 mm) contains the medium and is 

held and sealed by PDMS-filled capillary from the bottom and by the cup from the top. 

The inner tube (Æinner = 1.05 mm, Æouter = 1.15 mm) is supported by the tube holder 

made of PDMS. Molds for the tube holder and the cup were made in teflon using 

custom microfabrication. For PDMS preparation, elastomer and a curing agent 

(Sylgard 184, Dow Corning) were mixed at a 10:1 ratio (w/w). After degassing in a 

vacuum chamber, molds were baked in the 60 °C oven overnight. 
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A single-embryo cavity was cast inside the PEG hydrogel-precursor filled inner 

FEP tube using a custom single-embryo shaped PDMS stamp. IVC medium was 

exchanged several times inside the outer tube to equilibrate the hydrogel. The embryo 

was carefully mounted with a glass pipette from the opening of the outer tube, closed 

with a cup, and immediately placed in the incubator. IVC medium was exchanged twice 

per day. 

 

 

3.6.4.2. Microscope and imaging settings 
 

The microscope was equipped with Olympus 2 mm WD 20x/1.0 NA water immersion 

detective objectives, Nikon 3.5 mm WD 10x/0.3 NA water immersion illumination 

objectives, and CMOS camera (Hamamatsu, ORCA flash4 V2), Nikon TI-E 1× tube 

lens. Voxel size: 0.295×0.295×1.000 µm3 along the X, Y, and Z axes, respectively; 

image size: 302.08×604.15×150-250 µm. The following lasers and filters were used: 

488 nm and BP525/50, 561 nm and LP561. Dual light-sheet was used in line-scan 

mode with a slit width of 40 px. Exposure was set to 30 msec. To support long-term 

embryo viability, we implemented atmospheric and temperature regulation of the MuVi-

SPIM imaging chamber. Live imaging was performed under 5% CO2 and 19.5% O2 

atmospheric conditions at 37 °C inside the environmentally-controlled imaging 

chamber.  
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3.7  Data processing and analysis 
 

Cell membrane and nuclei segmentation were performed in collaboration with A. 

Wolny, A. Kreshuk’s group at EMBL. The 3D volumes of the cell nuclei data acquired 

with the confocal microscope, and the cell plasma membrane data acquired with the 

light-sheet microscope were segmented using PlantSeg, a generic pipeline for 

volumetric segmentation (Wolny et al., 2020). The pipeline consists of two steps. In the 

first step, a convolutional neural network (CNN) predicts the boundaries of the objects 

(either cells or nuclei). In the second step, a region adjacency graph is constructed 

based on the CNN output, and the final segmentation is provided by partitioning of the 

graph (Beier et al., 2017; Funke et al., 2019; Wolf et al., 2019). The network training 

and the used segmentation algorithms are described below.  

 
 

3.7.1 SPIM image processing 
 

The volumes acquired with the left and right cameras were fused using Luxendo Image 

Processor (v2.4.1.). For further quantification and analysis, image drift was corrected 

in Fiji with BigDataProcessor2 plug-in (Tischer et al., 2021). 

 

 

3.7.2 Cell membrane segmentation 
 

The data volumes were acquired with MuVi-SPIM (see “Multi-View Selective Plane 

Illumination Microcopy (MuVi-SPIM)”). A dedicated 3D UNet was trained to predict the 

foreground membrane mask, which was used for the final cell segmentation with 

PlantSeg’s ‘GASP’ agglomeration algorithm. The ground truth for the network training 

was bootstrapped by initially segmenting the stacks with pre-trained PlantSeg models 

(‘confocal_unet_bce_dice_ds2x’), followed by manual correction of the erroneous cells 

with Paintera. In total, four annotated stacks were used for training and one for 

validating the network. Both nuclei and membrane UNets were trained using Adam 

optimizer (Kingma and Ba, 2014) with β1=0.9, β2=0.999, L2 penalty of 0.00001, and 

initial learning rate ϵ=0.0002. Networks were trained until convergence for 100K 
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iterations, using the PyTorch framework (Paszke et al., 2019). The models with the 

best score on the validation set were selected. 

 

 

3.7.3 Nuclei segmentation 
 

The 3D data volumes were acquired with either LSM780 or LSM880 in a confocal mode 

with a voxel size of 0.207×0.207×1 µm3 or 0.23.23×0.23×1 µm3, for X, Y, and Z 

dimensions, respectively. The channels corresponding to anti-OCT3/4, anti-GATA4, 

and anti-CDX2 immunostainings were used. 

A 3D UNet (Çiçek et al., 2016) was trained with a multi-task objective: predicting 

the binary nuclei mask in the first output channel and predicting the nuclei 

boundaries/outlines in the second output channel. The boundary predictions were then 

used to recover the individual nuclei using PlantSeg’s ‘MutexWS’ partitioning 

algorithm. The nuclei foreground prediction is used in post-processing for removing 

spurious instances in the background. 

Model training was performed iteratively with an increasing amount of ground 

truth data. Starting from four initial ground truth data volumes, manually annotated 

using the Paintera software (https://github.com/saalfeldlab/paintera), in each iteration 

we trained the network, performed the segmentation, and manually proofread the 

results in order to increase the training set and accuracy.  In total, 22 training and 13 

validation data volumes were used for the final model training. The size of the training 

volumes ranged from [117, 703, 377] to [162, 1052, 1840] voxels in X, Y, and Z 

dimensions. 

 

 

3.7.4 Basal membrane segmentation 
 

Segmentation of the basal membrane (BM) between EPI and PrE from the RM was 

performed with the segmentation editor (https://imagej.net/plugins/segmentation-

editor) in Fiji based on anti-Collagen IV or anti-pan-Laminin immunostaining data. 2D 

Rois with the BM data signal were converted into continuous contours using a custom 

Python script. 
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3.7.5 Evaluation of embryo development by cell numbers 
 

Cell counts for E4.5-E6.0 in utero embryos were obtained from the previous study 

(Ichikawa et al., 2022). Cells for E3.5 in utero embryos were counted based on GATA4 

and SOX2 immunostaining. Linear regression analysis for embryo staging was 

performed as described (Ichikawa et al., 2022). For successfully developed 3E-uterus 

embryos, epiblast (EPI) cells were defined based on the nuclear OCT3/4 expression. 

Cells with nuclear GATA4 expression overlying epiblast cells were defined as visceral 

endoderm (VE); cells overlying ExE were not included in this analysis. OCT3/4 and 

GATA4 channels were individually used for automatic EPI and VE nuclei segmentation 

(see “Nuclei segmentation”). To provide maximal quantification accuracy, nuclei 

segmentation results were used either for automated cell counting after manual 

correction or for manual cell counting in Imaris. 

 

 

3.7.6 Cell tracking 
 

ICY (de Chaumont et al., 2012) was used for cell tracking. In brief, individual cells on 

the mural TE side of the H2B-GFP expressing embryos were tracked in 3D over 18-24 

hours of imaging, starting from 30 hours post E3.5 recovery. 

 

 

3.7.7 Image quantification 
 

Dimension measurements and cell counting were performed with Imaris v9.2.1 

(Bitplane). Fiji (Berg et al., 2019; Schindelin et al., 2012) was used for kymograph 

analysis, basal membrane segmentation, contact angle quantification, volume 

measurements, and fluorescence intensity quantification for plasma membrane 

proteins. Ilastik (Berg et al., 2019) was used for CDX2-GFP nuclear signal 

segmentation. In the figure legends, “N” corresponds to a number of replicates, “n” to 

number of samples within a replicate, unless otherwise stated. 
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3.7.7.1 Fluorescence intensity quantification for plasma membrane proteins 
 

Identical imaging settings were applied for the samples in Figure 4.16 to enable 

comparison. The fluorescence signal of ZO1, PARD6B, and pERM was measured in 

Fiji using a line tool, 5 pixels in width, drawn along the cell's perimeter. Signal intensity 

values along the cell perimeter were exported for analysis and visualization in R. The 

signal was normalized to the average nuclear DAPI signal within the same Z plane. 

 

 

3.7.7.2. Quantification of the contact angle at the embryo-hydrogel Interface 
 

Image volumes were manually transformed with BigDataProcessor2 Fiji plugin for 

vertical crypt alignment along the y-axis. Images were XZ-resliced followed by 180o 

radial reslice about the center of the line of symmetry. Microwell surface was identified 

based on the background hydrogel fluorescence. Fiji’s Ange tool with a handle length 

of 15-20 µm was used to quantify the angle (q) between the crypt surface and the cell 

membrane on the mural and polar TE sides. q values were quantified on the left and 

right sides of the image every 30o. The q values were averaged value across the crypt 

circumference. 

 

 

3.7.7.3 Polar TE cell shape quantification 
 

Polar TE cell length and the width were manually measured with Imaris based on the 

overlay of the cell membrane segmentation output and the raw signal. The dimensions 

were measured for 15-20 polar TE cells per embryo every hour of live imaging. 

 

 

3.7.7.4 Quantification of ExE internalization 
 

The image volumes were drift-corrected and down-sampled 2x in all dimensions. 

CDX2-GFP nuclear signal was segmented with Ilastik. The displacement of the center 

of mass was tracked along the crypt axis (y-axis). 
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3.7.7.5 Embryo length quantification 
 

Embryo length was quantified in 3D as a distance between the outermost giant 

trophoblast nucleus and the outermost nucleus of the polar TE/ExE along the crypt 

axis (Figure 3H). 

 

 

3.7.7.6 Kymograph analysis 
 

To quantify mural TE and EPI displacements, a kymograph was drawn parallel to the 

crypt axis and the edge of the membrane signal was tracked. Per each embryo, the 

values were averaged across three lines per Z-slice in three different Z locations. 

 

 

3.7.7.7 Middle axis estimation and length computation 
 

Was performed by J. Hugger from V. Ullman’s group. Briefly, the binary 3D 

segmentation of the basal membrane (BM) between EPI and PrE was used for 

analysis. First, the Euclidean Distance Transform (DT) was applied to the 3D 

segmentation to construct a directed graph in which the nodes are the non-zero valued 

pixels of the DT. The edges of the graph were assigned with weights that represent 

the difference between the global maximum of the DT values and the DT value of the 

target node. The shortest path in the weighted graph was then computed between two 

nodes that correspond to manually annotated points on the specimen’s surface that 

mark its extreme poles (Dijkstra, 1959). The nodes on the shortest path were used to 

fit an open cubic B-spline (Schoenberg, 1969) curve that approximates the middle axis. 

Finally, the integration over the spline was performed in order to obtain the arc-length 

of the egg cylinder. 
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4 RESULTS 
 

Some results descriptions, figures, and figure legends were adapted from 

Bondarenko et al., 2022. 
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4.1 Establishing a new system for peri-implantation mouse embryo culture by 
uterine engineering and live imaging 
 

Here, I tested several ex vivo approaches for supporting peri-implantation mouse 

embryo development. 

 

4.1.1 2D and 3D embryo culture 
 

First, I cultured intact mouse blastocysts in a 2D environment (Bedzhov et al., 2014). 

When grown on a glass surface, E.3.5 embryos underwent collapse of the blastocoel 

cavity and TB expansion during the second day of ex vivo culture (Figure 4.1A). 

Notably, RM integrity was not maintained after 58 h (Figure 4.1B), and EPI and PrE 

appeared on the embryo's surface (Figure 4.1B, yellow arrow). As a result, the egg 

cylinder did not form inside RM, in contradiction to how it occurs in utero. 
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Since the 2D environment disrupted development, I hypothesized that the 3D 

environment provided by the uterine ECM could improve embryo culture. To mimic 

ECM and provide isotropic physicochemical properties, I used chemically-synthesized 

biocompatible LDTM PEG (Rezakhani et al., 2020). LDTM PEG was functionalized 

with adhesion cues, RGD (Arg-Gly-Asp), and cross-linked via matrix metalloprotease 

(MMP)-cleavable peptides. This composition is further referred to as ‘hydrogel’. 

I used a similar approach to culture intact ZP-free E3.5 blastocysts but instead 

embedded them into the hydrogel drops. I then compared embryo morphology and the 

numbers of EPI cells per embryo between hydrogel-embedded ex vivo culture for up 

to three days and in utero development during the stages when the egg cylinder is 

formed (E5.0 – E5.25) (Figure 4.2A). The cultured embryos grew smaller and had 

impaired morphology (Figure 4.2B). After three days, embryos did not form elongated 

egg cylinders and had significantly fewer EPI cells (Figure 4.2C). These results indicate 

that the isotropic 3D environment blocks or significantly delays embryo growth, 

following previous findings in the laboratory using Matrigel/Collagen-embedded culture 

of the intact E4.0 – 4.5 embryos (Ichikawa et al., 2022). 

Figure 4.1. Representative time-lapse images of the H2B-GFP;mTmG embryo growing on a 2D glass 
surface. A, projection images along Z (top) and Y (bottom) axes. B, single-plane images. GFP (green), 

mTomato (red). White and yellow arrows mark blastocoel collapse and EPI outgrowth, respectively. n = 

4. Scale bars, 50 µm (E, right). t =00:00, hours: minutes after recovery at E3.5. 
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I interpreted these results as questioning our initial assumption that the 

implantation occurs in the isotropic environment. Thus, I further characterized ECM 

deposition at the embryo implantation sites of the pregnant uteri between E4.75 and 

E5.25. Enrichment of all main ECM components, including fibronectin, collagen IV, and 

laminin, was detected around the implanted embryos (Figure 4.3A). However, the 

Figure 4.2. A, schematic of the experiment (see “3D hydrogel-embedded embryo culture”). The hydrogel 

is comprised of 8-arm Poly(ethylene glycol) (PEG, gray) molecules, connected via the metalloprotease-

cleavable peptides (Peptide, green) and cross-linked with RGD (Arg-Gly-Asp, red). IVC1 and ICV2 stand 
for “In Vitro Culture” medium 1 and 2, respectively. Inner cell mass (ICM), red; trophectoderm (TE), blue. 

B, representative immunofluorescence images of the embryos embedded and cultured 3D inside 

hydrogel drops until day 2 (D2) and day 3 (D3), stained for OCT3/4 (magenta), GATA4 (green), and 

nuclei (DNA, blue). n = 7 (D2) and n = 10 (D3). C, comparison of the epiblast (EPI) cell numbers between 

the embryos developed in utero until E3.5 – E5.5 (Ichikawa et al., 2022) and the hydrogel-embedded 

embryos. Scale bars, 50 µm 
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basal membrane between the endometrium and the uterine stroma formed a crypt 

shape around the implanting embryo, elongated along the mesometrial/anti-

mesometrial (M/AM) axis (n = 34 embryos in total) (Figure 4.3B-C). This observation 

was highly reproducible and also noticed in many previous studies (Burckhard, 1901; 

Farrar & Carson, 1992; Enders et al., 1980; Yuan et al., 2016). However, such tissue 

geometry's role and functional relevance have not been tested directly in the 

experimental setting. To address the mechanism and functional relevance of ECM 

tissue geometry and other biomechanical uterine tissue properties in peri-implantation 

development, I aimed to reconstitute them ex vivo. 
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4.1.2 Engineering Ex vivo uterine Environment with biomimetic hydrogel 
topography (3E-uterus) 
 

In collaboration with M. Nikolaev from the Lutolf lab at EPFL, we used high-

precision microfabrication strategies for a topographical 3D modification of the 

hydrogel surface (Gjorevsky, Nikolaev, Brown, et al., 2022). Ex vivo E3.5 blastocyst 

culture efficiency depended on the crypt dimensions, as judged by the embryo 

morphology criteria (Figure 4.4A, B). Embryos developed with an average of 30% 

efficiency in 120 – 140 µm diameter range of cylindrical crypts. (Figure 4.4B). The crypt 

diameter gradient was introduced to account for the blastocyst size variability (Figure 

4.5A). Compared to Collagen I and conventional PEG matrices, embryo development 

was most efficient using the Low-Defect Thiol-Michael Addition (LDTM) PEG, in line 

with its high efficiency for organoid development (Rezakhani et al., 2020). 

The synthetic LDTM PEG matrix allowed testing of other parameters, such as 

stiffness, which is linearly proportional to the PEG precursor content (Figure 4.5B, 

inset). I applied PEG precursor content between 1.5% and 7%, corresponding to a 

nearly 10-fold range of the shear moduli (Figure 4.5B). The highest efficiency of 

embryo culture was for 1.5-2 % PEG, corresponding to 100-300 Pa shear modulus 

(Figure 4.5B, C). Interestingly, this stiffness range is comparable to the stiffness of the 

E5.5 mouse decidua (Govindasamy et al., 2021). 

 

 

Figure 4.3. A, Immunofluorescence images of the representative E4.75 (top) and E5.25 (bottom) uteri 
cross-sections, stained for Fibronectin (FN1, white), Collagen IV (COLIV, white), and Laminin (LAM, 

white) (from left to right), GATA4 (green), and nuclei (DNA, blue). n = 20, N = 7 and n = 14, N = 5 for in 

utero E4.75 and E5.25, respectively. B, immunofluorescence image of E4.75 uterine cross-section from 

F1 female mated with Lifeact-GFP male; C, transverse uterine tissue section. Simultaneous staining for 

GFP (green), F-actin (red), GATA4 (white), nuclei (DNA, blue). White asterisks mark implanted embryos; 
red and yellow arrowheads point at the uterine basal membrane and the embryo perimeter within the 

crypt, respectively. Sectioning thickness, 20 µm. Scale bars, 50 µm. 
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Figure 4.4. A, schematic of the embryo morphology criteria (I-III), based on which efficiency of the ex 

vivo culture is evaluated. A’, representative immunofluorescence images of the embryos after 3E-uterus 
culture for 3 days. Immunostaining for OCT3/4 (magenta), GATA4 (green), Laminin (LAM, white), and 

nuclei (DNA, blue). The embryos that form egg cylinder (I), show the egg cylinder axis in line with the 

crypt axis (II), and form Reichert’s membrane (III), are considered to be successfully developed (outlined 

in green). B, barplots, showing average 3E-uterus efficiency for culture inside cylindrical crypts with 

different diameters. n = 1/17, N = 3 (80 µm); n = 4/20, N = 3 (100 µm); n = 4/13, N = 3 (120 µm); n = 

9/27), N = 3 (140 µm); n = 3/14, N = 3 (160 µm). Dots correspond to efficiency values in experimental 

replicates (N), whiskers indicate standard deviations. See Methods “Evaluation of 3E-uterus efficiency”. 
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Figure 4.5 A, schematic for peri-implantation embryo culture using biomimetic hydrogel topography. B, 
Barplots showing 3E-uterus efficiency at day 3 at various PEG precursor contents. n = 25, N = 3 (1.5%); 

n = 33, N = 4 (1.75%); n = 19, N = 3 (2%); n = 24, N = 3 (2.25%); n = 33, N = 3 (2.5%); n = 32, N = 3 

(2.75%); n = 21, N = 3 (6%); n = 17, N = 2 (7%). Dots correspond to efficiency values for experimental 

replicates (N), whiskers indicate standard deviations. Inset, rheological measurement showing linear 

relationship between the PEG precursor content (%, w/v) and the Shear modulus (kPa). C, 
representative immunofluorescence images of the 3E-uterus embryos from day 3 (D3) grown in 1.5%, 

2%, 2.5%, and 7% PEG precursor concentrations (from left to right), stained for OCT3/4 (magenta), 

GATA4 (green), Collagen IV (COLIV, white), and nuclei (DNA, blue). 

 

To quantitatively evaluate egg cylinder growth, I compared the numbers of EPI 

and VE cells, based on automatic nuclei segmentation, during three days of 3E-uterus 

embryo culture and E3.5 – E5.5 in utero embryo development. Cell proliferation 

progressed during ex vivo embryo culture (Figure 4.6A), showing no significant 
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difference in the number of EPI cells between 3E-uterus embryos successfully 

developed until day 3 and the embryos developed in utero until E5.25 (Figure 4.6B). 

Morphology of the 3E-uterus embryos at day 3 closely resembled morphology of the 

in utero embryos at E5.25, confirming that 3E-uterus supports egg cylinder formation 

(Figure 4.6C, D). 

I also introduced additional measurements to evaluate egg cylinder size. Based 

on the 3D segmentation of the basal membrane underneath PrE spanning EPI and 

ExE, with the help of J. Hugger from V. Ullman group, I computed the length, diameter, 

and length-to-diameter ratio of the egg cylinder (Figure 4.6E). Although 3E-uterus 

embryos are significantly shorter than their counterparts developed in utero, the 

difference in the diameter and the length-to-diameter ratio was insignificant, indicating 

that, on average, in utero egg cylinder proportions are maintained ex vivo. I then 

matched the developmental timescales of 3E-uterus and in utero embryo development 

(Figure 4.6F). Collectively, this quantitative analysis shows that 3E-uterus reproduces 

in utero E5.25 egg cylinder morphology with an average of 46% efficiency by day 3. 

Laminin-rich Reichert’s membrane, continuously connected to the basal 

membrane of the egg cylinder, formed in 77% of the 3E-uterus embryos (n = 20 of 26 

embryos, three independent replicates pooled) (Figure 4.7A). In these embryos, the 

inner side of the RM contained GATA4-positive cells, corresponding to PE. On the 

outer side of the RM, TB cells, marked by the expression of TFAP2C and KRT8 

(Jaquemar et al., 2003; Latos et al., 2015), surrounded the egg cylinder structure. Giant 

trophoblast (GT) cells with exceptionally large – sometimes multiple – nuclei were 

predominantly located at the embryo apex, both in utero and ex vivo (Figure 4.7A). 

Altogether, these results indicate that 3E-uterus supports early morphogenesis of 

embryonic and extraembryonic tissues, closely recapitulating in utero peri-implantation 

embryo development. 
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Figure 4.6 A, scatterplot showing numbers of epiblast (EPI) cells (x-axis) vs numbers of visceral 
endoderm (VE) cells (y-axis) that cover EPI in the embryos developed in utero until E5.5 (E3.5 – E5.5) 

and the embryos developed by 3E-uterus until day 3 (D1 – 3). n = 5 (E3.5), n = 21 (E4.5), 28 (E4.75), 

20 (E5.0), 20 (E5.25), 21 (E5.5), data from (Ichikawa et al., 2022); n = 20, 2 replicates pooled (D1), n = 

13 out of 28, 3 replicates pooled (D2), n = 12 out of 26, 3 replicates pooled (D3). X/Y scale, log 10. 

Bottom right, the scheme of the quantified embryo region, EPI (magenta), VE (green). B, boxplots 
showing the numbers of epiblast cells in 3E-uterus embryos from day 3 (D3) and embryos developed in 

utero until E5.25 (n = 12 and 17, respectively). P-value was calculated using Mann-Whitney U test. C, 

representative immunofluorescence images of the embryos developed in utero until E4.5 and E5.25, 

simultaneously stained for OCT3/4 (magenta), GATA4 (green), and nuclei (DAPI, blue). n = 6 (E4.5), 17 

(E.5.25).  D, representative immunofluorescence images of the 3E-uterus embryos from day 2 and 3, 

simultaneously stained for OCT3/4 (magenta), GATA4 (green), and nuclei (DAPI, blue).  E, from left to 

right, boxplots showing egg cylinder’s length, diameter, and the length-to-diameter ratio between 
embryos developed in utero until E5.25 and 3E-uterus embryos from day 3 (D3). n = 14, N = 3; n = 12, 

N = 3, respectively. Data points, shown as black dots, correspond to individual embryos, midline marks 

the median, boxes indicate interquartile range. P-values were calculated using Student’s t-test and the 

Mann-Whitney U test. F, cell number-based correspondence between in utero and 3E-uterus embryo 

development. 
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4.1.3 Uterine matrix geometry and adhesion to it are necessary for 
embryogenesis 
 

The advantage of synthetic matrices is that they allow decoupling of different 

parameters and testing them independently. My experimental results and in utero 

observations indicate that uterine ECM geometry is necessary for development. 

However, it remains possible that the geometry alone is sufficient, and the ECM does 

not have a mechanistic relevance. To decouple geometry and adhesion, I cultured 

embryos side-by-side in the crypts made of hydrogel with RGD, without RGD, and with 

Figure 4.7 A, left, representative immunofluorescence image of the E4.75 uterus cross-section from the 
pregnant F1 female mated with the H2B-GFP male. Simultaneous immunostaining for TFAP2C (yellow), 

GFP (green), and nuclei (DNA, blue). n = 4, N = 2. Right, immunostaining of the 3E-uterus embryo from 

day 2 (D2). n = 15, N = 2. A’, left, representative immunofluorescence image of the E5.25 uterus cross-

section from the F1 female mated with the H2B-GFP male. Simultaneous immunostaining for TFAP2C 

(yellow), GFP (green), and nuclei (DNA, blue). n = 8, N = 2. Right, immunostaining of the 3E-uterus 

embryo from day 3 (D3). n = 10, N = 2. 
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the same geometry. Interestingly, the developmental efficiency significantly dropped 

without RGD (Figure 4.8A, B): the embryos did not develop an egg cylinder, except for 

one experiment in which a single outlier embryo formed an egg-cylinder-like structure 

inside RM (Figure 4.8B). These results suggest that integrin-mediated adhesion and 

uterine geometry are both necessary for peri-implantation mouse development. 

Indeed, the integrin beta 1 (ITGB1) subunit and its active form are enriched at the basal 

as well as the apical sides of the mTE/TB cells that directly interact with the uterine 

wall in utero (Figure 4.8C; Sutherland, 1993; Govindasamy et al., 2021), whereas in 

E3.5 blastocysts ITGB1 is still located basally (Figure 4.8D; Kim et al., 2022). 
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4.1.4 Live imaging in toto peri-implantation embryo morphogenesis 
 

To monitor in toto dynamics of the developing peri-implantation embryo at the single-

cell resolution, we integrated 3E-uterus with the multi-view light-sheet microscopy 

(MuVi-SPIM) (Krzic et al., 2012) (Figure 4.9A). MuVi-SPIM addresses the imaging 

depth limitation and anisotropic sampling by recording the specimen from several 

angles (Krzic et al., 2012). The second opposing illumination and detection lens pair 

and simultaneous recording increase the acquisition time by four and reduce the 

illumination light dosage by two compared to single-view light-sheet systems (Power 

& Huisken, 2017; Kromm et al., 2016), making it ideal for volumetric live imaging of the 

samples such as gastrulating mouse embryos (McDole et al., 2018). To support long-

term embryo viability, together with D. Kromm, we implemented atmospheric and 

temperature regulation of the MuVi-SPIM imaging chamber (Figure 4.9A). We also 

developed a new engineering approach to precisely position the embryo within the 

hydrogel microenvironment (Figure 4.9B). Our design prevented the embryo from 

exchanging liquid with the rest of the imaging chamber, providing sterility and efficient 

usage of the culture medium. 

According to the in utero-matched 3E-uterus time scale, the morphological 

transition of E4.25 blastocyst to E4.75 peri-implantation embryo is predicted between 

day 1 and mid-day 2 (Figure 4.6F). I performed live imaging of H2B-GFP;mTmG 

Figure 4.8. A, representative immunofluorescence image of the embryo cultured in the crypts made of 
PEG with RGD for 3 days and stained for pan-Laminin (pan-LAM, white), GATA4 (green), and nuclei 

(DNA, blue); n = 12, N = 2. A’, representative immunofluorescence image of the embryo cultured in the 

crypts made of PEG without RGD for 3 days and stained for pan-Laminin (pan-LAM, white), GATA4 

(green), and nuclei (DNA, blue); n = 10, N = 2. B, barplots showing 3E-uterus developmental efficiency 

with and without RGD; n = 34 from N = 5 in total; n = 25 from N = 3 in total, respectively. Dots correspond 
to efficiency values in experimental replicates (N), whiskers indicate standard deviations. P-values were 

calculated using Student’s t-test. C, representative immunofluorescence image of the embryos cultured 

in the crypts made of PEG with RGD for 2 days, simultaneously stained for total integrin beta 1 (ITGB1, 

green), active ITGB1 (12G10, red), and nuclei (DNA, blue). n = 7. From left to right, total ITGB1, active 

ITGB1, composite image channels. Bottom, 2x zoom. D, representative immunofluorescence image of 

the blastocyst-stage embryo (E3.5), simultaneously stained for integrin beta 1 (ITGB1, red), and nuclei 

(DAPI, blue). n = 5. Bottom, 4x zoom. Arrowheads point to the basal integrin localization in TE. 
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(Hadjantonakis & Papaioannou, 2004; Muzumdar et al., 2007) transgenic embryos with 

GFP and mTomato channels every 15 min for 24 h starting from 32 h (Figure 4.9C) 

and with an overlapping time interval of 6 h, between day 2 and day 3 of 3E-uterus 

every 20 min (Figure 4.9D). Proamniotic lumen rosettes formed in the proliferating EPI 

(Figure 4.9D, yellow arrows), indicating early EPI/ExE egg cylinder patterning 

(Christodoulou et al., 2018; Ichikawa et al., 2022). The egg cylinder elongated along 

the M/AM axis at the rate of 5.52 µm/h, and the tip of the egg cylinder moved 4.62 µm 

/h (Figure 4.9D, 4.10A). EPI cell lineage tracks gave an estimated cell-cycle length of 

8:38 hh: min (Figure 4.10B), and on average, EPI tissue volume increased 1.78x over 

8 hours (Figure 4.10C). The imaging conditions did not significantly affect the embryo 

morphology, as judged by the quantitative evaluation of the numbers of EPI and VE 

cells in embryos after the live imaging (Figure 4.11A, B). 

Altogether, the combined approach of hydrogel microengineering and multi-

view light-sheet imaging enables studying the dynamics of embryonic and 

extraembryonic tissues of the whole embryo at the single-cell resolution. With these 

tools established, I next aimed to address the mechanisms of peri-implantation embryo 

development. 

 



 74 

 
 



  
 

75 

 

 

 

Figure 4.9. A, schematic of the MuVi-SPIM set-up with two low-NA illumination objective lenses (IL), two 
high-NA imaging objective lenses (IM), and the environmentally-controlled imaging chamber with the 

sample holder (yellow arrow). B, Schematic of the sample holder. The outer FEP tube (Æ1.8 mm, l=25 

mm) is mounted on top of the sealed glass capillary and filled with IVC medium. The inner FEP tube 

(Æ1mm, l=3mm) contains the crypt and is supported by the PDMS holder at the bottom. The embryo is 

mounted from the top. The outer FEP tube is closed with the PDMS cup with Æ0.6 mm opening for the 

gas exchange. C, representative time-lapse images of the H2B-GFP;mTmG developing embryo. N = 2. 

D, Representative single-plane time-lapse images of the H2B-GFP;mTmG developing embryo. N = 3. 

Bottom, 2x zoom into the epiblast region. Right, YZ and XZ image sections, showing 3D resolution. GFP 

(green), mTomato (magenta). The crypt surface is outlined. Yellow arrow marks the proamniotic rosette.  

Figure 4.10 A, egg cylinder length dynamics between 50 h and 68 h after recovery at E3.5. Colors 

correspond to independent experiments. N = 3. B, epiblast cell lineage dendrograms. Right, 
corresponding cells marked as dots with different colors overlaying the dendrograms and the image 

slices; cell lineage tracks are depicted as a 2D overlay. C, epiblast volume increase between 56 h and 

64 h post-E3.5. Colors correspond to different embryos. Right, 3D image of the developing embryo with 

segmented EPI volume; mTomato (magenta), EPI segmentation (white). N = 3. Scale bars, 50 µm, 25 

µm (C, bottom), 20 µm (E, right). t =00:00, hours: minutes after recovery at E3.5. 
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Figure 4.11 A, scatterplot showing the numbers of epiblast (EPI) cells (x-axis) vs the numbers of visceral 
endoderm (VE) cells (y-axis) that cover EPI in the 3E-uterus embryos developed in the incubator for 

three days (D1-D3, no imaging), and 3E-uterus embryos developed in the incubator, but then live 

imaged with MuVi-SPIM for 20 – 24 hours up to day 3 (D3, after imaging). n = 12, pooled from N = 3 

(D3, no imaging), n = 5, pooled from N = 5 (D3, after imaging). The groups of imaged and not imaged 

D3 embryos did not significantly differ in terms of EPI (P = 0.69) and VE (P=0.37) cell numbers. P-values 
were calculated using t-test. XY scale, log 10. B, representative immunofluorescence image of the day 

3 embryo after live imaging with MuVi-SPIM. Staining for OCT3/4 (magenta), GATA4 (green), pan-

Laminin (pan-LAM, white), and nuclei (DNA, blue). Scale bars, 50 µm. 
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4.2 The mechanism of coordination between embryonic, extraembryonic, and 
uterine tissues upon implantation 
 

 

4.2.1 Adhesion-mediated embryo-uterine reaction triggers extraembryonic 
ectoderm formation and embryo patterning 
 

Using established live imaging, I then analyzed TE cell dynamics during egg 

cylinder formation. Live imaging CDX2-GFP;mTmG (McDole & Zheng, 2012) 

transgenic embryos between day 2 and day 3 marked an invagination of the pTE cells 

with nuclear GPF (Figure 4.12A, B), accompanied by a linear increase of their cell 

number over time (Figure 4.12C). The quantification of the pTE width-to-height cell 

aspect ratio indicated that pTE cells undergo apical constriction (Figure 4.12D).  

Apical constriction requires the release of tension acting on TE, which can be 

achieved ex vivo via ablation of mTE (Ichikawa et al., 2022; Bedzhov et al., 2014). 

However, it remains unclear how the TE tension can be released in utero with intact 

mTE. 
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Figure 4.12. A, representative single-plane time-lapse images of the CDX2-GFP;mTmG developing 
embryo; GFP (green), mTomato (magenta). Yellow asterisk and an arrow mark the center of mass of 

the ExE and its displacement, respectively. B, displacement of the ExE center of mass along the Y-axis 

during live imaging. C, Quantification of the ExE cell numbers during live imaging. Colors correspond to 

different embryos. D, top, representative single-plane time-lapse images of the pTE of mTmG 

developing embryo; mTomato (magenta). Bottom, corresponding images of the 3D cell membrane 
segmentation. Exemplar pTE cells are marked with arrowheads, cell perimeter is outlined. E, dynamics 

of the width-to-height aspect ratio of the pTE cells. Colors correspond to independent experiments. 

Average values across 15-20 cells per time point (solid line) and standard deviations (shaded area) are 

shown; N = 3 for all panels. 



  
 

79 

Observing mTE dynamics, we noted distinct changes in the position and contact 

angle of the embryo in relation to the 3E-uterus surface (Figure 4.13A). In addition to 

my findings on the enrichment of apical integrins in TB cells (Figure 4.8C) this 

prompted to hypothesize that an active adaptation of embryo-uterus adhesion may 

explain the observed evolution of the embryo and cell shape as described by the 

physics of a droplet wetting process. 

In collaboration with R. Belousov in A. Erzberger’s group at EMBL, we 

developed a model a fluid droplet, which represents the whole embryo, in a confined 

conical frustum shape (Figure 4.13B). The droplet has different interfacial tensions with 

the substrate γD and the medium γME, and is subject to a Laplace pressure ∆P that acts 

as a Lagrange multiplier to the droplet volume V (Bondarenko et al., 2022). This model 

predicts a relationship between the interfacial tensions, contact points, and contact 

angles between the droplet (embryo) and the substrate (uterus), given the volume of a 

droplet (embryo) measured from live imaging (Figure 4.13C) (Bondarenko et al., 2022). 

Experimental measurement of the contact angle between the embryo and the 

3E-uterus surface showed a remarkable agreement with the predicted values for 

increasing adhesion (Figure 4.13D-F) (Bondarenko et al., 2022). This suggests that 

the tissue-level shape dynamics resulting from embryo implantation can be 

biophysically understood as an active wetting process (Bondarenko et al., 2022). This 

model further predicts that failure to adhere to the uterus should lead to a near-

spherical embryo shapes (Figure 4.13D), which does not contradict embryo failure 

phenotype in the hydrogel without RGD modification (see Figure 4.8A) (Bondarenko 

et al., 2022). 

Collectively, these findings show that the embryo-uterus tissue-level interaction 

upon implantation can be biophysically described as a droplet-wetting process and that 

this embryo-uterus interaction releases tension acting on the TE, enabling ExE 

formation (Bondarenko et al., 2022). 
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4.2.2 Trophoblast cells adhesion to the uterine matrix triggers their collective 
migration 

 
To further quantitatively assess mTE/TB dynamics at the cellular level, I focused 

on the early stages of development, when the embryo-uterine reactions establish. To 

this end, I integrated 3E-uterus with the Inverted View Selective Plane Illumination 

Microscope (InVi-SPIM) (Figure 4.14A) (Strnad et al., 2016) and monitored multiple 

embryos simultaneously. Tracking mTE/TB nuclei labeled with H2B-GFP 

(Hadjantonakis & Papaioannou, 2004) revealed cell migration (Figure 4.14B). mTE/TB 

cell trajectories were aligned, suggesting that their migration is collective and 

directional (Figure 4.14C). Notably, an average nuclei division ratio of 0.134 

divisions/initial nuclei number/24 hours suggests a minor contribution of cell divisions 

to the observed displacement of the TB. 

To address the in utero relevance of the finding that the TB undergoes collective 

migration ex vivo, I systematically examined TB cells in their native uterine tissue 

context throughout implantation. To distinguish embryos in the pregnant uterus, I 

crossed lifeact-GFP (Riedl et al., 2010) transgenic males with F1 females. Starting 

from E4.75, actin-rich cell membrane protrusions into the uterine tissue formed at the 

abembryonic pole of the embryo (Figure 4.15A). The data suggest that TB migration 

Figure 4.13. A, representative time-lapse images of the mural TE of the mTmG developing embryo; 
mTomato (magenta). Fitted droplet model (embryo) and the frustum shape (crypt) shown in green; 

contact angle (θ) between mural TE/culture medium and mural TE/crypt interfaces is shown. B, the 

schematic of the model of active droplet wetting in the frustum shape. Interfacial tension with the 

substrate γD and the medium γME are show as green arrows, θa and θb indicate top and bottom contact 

angles, respectively; white arrows mark the top and bottom radii. C, volume dynamics in the developing 

embryos between 36 h and 56 h after E3.5. Colors correspond to different embryos. N = 3. D, prediction 

of contact angle dynamics for a constant Young tension (dashed line) and active wetting (solid line), and 

experimental validation (green and red data points for θa and θb, respectively) for the embryo developing 

between 36 h and 56 h from recovery at E3.5. E, contact angle (θb) dynamics in developing embryos. 

Colors correspond to different embryos imaged in time intervals between 20 h and 72 h after E3.5. N = 
10. F, dynamics of the normalized embryo-substrate interfacial tension difference. Colors correspond to 

different embryos. N = 3. Panels A, B, D, F made by R. Belousov and A. Erzberger. 
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progressed along the M/AM axis by E5.0, and TB established lateral cell protrusions 

(Figure 15A). At E5.25, the TB protrusions formed, both along the M/AM axis (26.9±8.6 

µm) and laterally into the decidua (17.9±5.9 µm) (Figure 15A, right). Altogether, these 

results indicate that integrin-mediated adhesion leads to collective TB migration. 
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Figure 4.14. A, schematic for the inverted light-sheet microscopy, with illumination objective (IL) and 
imaging objective (IM). B, representative 3D projections of time-lapse images of the H2B-GFP embryo 

developing in the crypts made of PEG with RGD. n = 4, N = 3. Trajectories of individual mural TE cells 

are marked with red lines. The crypt surface is outlined. t =00:00, hours: minutes after recovery at E3.5. 

C, top, mural TE cell trajectories for four different embryos; coordinates in XY plane are normalized to 

the starting coordinates. End coordinates are marked with red dots. Bottom, displacement of mural TE 
cells along the Y-axis vs imaging time post-E3.5. From left to the right, n of cells = 29, 61, 58, 51, 

respectively. The linear regression fit is shown as a black line. D, Distribution density of the average TB 

velocities (µm/h). 255 cells in total, n = 6, N = 4. 

Figure 4.15. Left to right, representative immunofluorescence images of the E4.75, E5.0, and E5.25 

uterus cross-sections from F1 females mated with Lifeact-GFP males; simultaneous staining for GFP 

(green) and nuclei (DNA, blue). n = 3, N = 1 (E4.75); n = 7, N = 3 (E5.0); n = 6, N = 3 (E5.25). Bottom, 

4x zoom. Scale bars, 50 µm, 12.5 µm (4x zoom). White arrowheads point at the membrane protrusions. 
White asterisks mark epiblast of the implanted embryos. 
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4.2.3 Trophoblast cells undergo epithelial-mesenchymal transition 
 

I further characterized mTE/TB dynamics at the sub-cellular level. I examined 

how the apical side of mTE cells, which initially lacks integrin beta 1 (Figure 4.8D), 

could mediate migration in the uterine ECM. Immunofluorescence staining of 3E-uterus 

embryos at D2 showed basolateral localization of the apical polarity marker, pERM, 

and apical localization of the basal marker, integrin beta 1, in contrast to the in utero 

E4.5 embryos (Figure 4.16A-D, Kim et al., 2022). Localization of the tight-junction 

marker, ZO-1, is also rearranged and becomes disorganized during 3E-uterus culture 

(Figure 4.17A-C). These data, supported by the loss of E-cadherin (Damjanov et al., 

1986), suggest that mTE cells undergo epithelial-mesenchymal transition (EMT; 

Campbell & Casanova, 2016; Larue & Bellacosa, 2005) during their differentiation into 

TB. 

Upon adhesion to the uterine matrix, EMT leads to mesenchymal migration of 

the TB. In line with this, light-sheet microscopy of lifeact-GFP;mTmG and Myh9-

GFP;mTmG (Zhang et al., 2012) embryos (Figure 4.18A-D) showed apical actomyosin 

enrichment at the adhesion side of mTE, followed by dynamic lamellipodia and 

filopodia formation in the TB migration front along the crypt axis and laterally (Figure 

4.18A-B). 
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Figure 4.16. A, representative immunofluorescence image of the E4.5 embryo developed in utero, 

simultaneously stained for ZO-1 (green), phospho-Ezrin/Radixin/Moesin (pERM, red), and nuclei (DNA, 

blue). From left to right, ZO1, pERM, composite image channels. n = 5. Right, 4x zoom into a mTE cell. 

B, intensity profile for ZO1 and pERM signals along the cell surface outlined in A (right), including apical 
and basolateral regions. C, representative immunofluorescence image of the 3E-uterus embryo from 

day 2, simultaneously stained for ZO-1 (green), phospho-Ezrin/Radixin/Moesin (pERM, red), and nuclei 

(DNA, blue). From left to right, ZO1, pERM, composite image channels. n = 5. Right, 4x zoom into a TB 

cell. D, intensity profile of ZO1 and pERM signals along the cell surface outlined in C (right), including 

apical and basolateral regions. Scale bars, 50 µm, 15 µm (A, C, right). 
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Figure 4.17 A, representative 3D projections of time-lapse images of ZO1-GFP;mTmG developing 
embryo; ZO1-GFP (green), mTomato (magenta). Bottom, 2.5x zoom into a TE cell; white arrowheads 

mark cell-cell interface. n = 7. B, representative immunofluorescence images of the 3E-uterus embryo 

after live imaging, simultaneously stained for ZO1-GFP (green) PARD6B (red), and nuclei (DNA, blue). 

From left to right, ZO1-GFP, PARD6B, composite image channels. n = 7. Bottom, 4x zoom of the TB 
cell. C, intensity profile of ZO1 and PARD6B signals along the cell surface outlined in B (bottom), 

including apical and basolateral regions. Scale bars, 50 µm, 20 µm (2.5x zoom, A), 12.5 µm (B, 4x 

zoom). 
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Figure 4.18. A, representative time-lapse images of the developing Lifeact-GFP;mTmG embryo; Lifeact-

GFP (green), mTomato (magenta). n = 5, N = 3. The crypt surface is outlined. White arrowheads point 

at the trophoblast membrane protrusions. t=00:00, hours: minutes after recovery at E3.5. B, 3D 
projections of the time-lapse images of mural TE in the developing Lifeact-GFP embryo; Lifeact-GFP 

(spectral). White arrowheads point at lamellipodium. t=00:00, minutes: seconds during the arbitrary time 

interval of the embryo culture. C, representative single-plane time-lapse images of the Myh9-

GFP;mTmG developing embryo; Myh9-GFP (green), mTomato (magenta). n = 9. The crypt surface is 

outlined. t=00:00, hours: minutes after recovery at E3.5. D, representative immunofluorescence images 

of the 3E-uterus embryo after live imaging, simultaneously stained for Myh9-GFP (green) phospho-MLC 

(T18/S19) (red), and nuclei (DNA, blue). From left to right, Myh9-GFP, phospho-MLC (T18/S19), 
composite image channels. n = 9. Bottom, 2x zoom. White arrowheads point at the apical TB cell 

surface. Scale bars, 50 µm, 25 µm (B; D 2x zoom). 
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4.2.4 Collective trophoblast migration delineates uterine space for embryo 
morphogenesis 
 

These findings indicate that adhesion of the embryo to the uterine matrix 

induces a wetting process at the tissue level, enabling TE tension release, EMT, and 

collective migration of TB cells at the cellular and tissue levels. However, it remains 

missing how the observed growth of the egg cylinder (Figure 4.9, 4.10) is 

accommodated. I hypothesized that the functional relevance of collective TB migration 

could be to provide space extension via displacement of the Reichert’s membrane, 

thus enabling egg cylinder formation within. An advantage of the 3E-uterus ex vivo 

system is that it allows perturbation with spatio-temporal control. Provided with this 

unique experimental flexibility, I perturbed the key parameters for testing this 

hypothesis, the TB migration velocity, and the geometry of the uterus. 

I first asked whether TB migration is dependent on Rac1 (Rac Family Small 

GTPase 1), a mediator of cytoskeletal reorganization, essential for collective cell 

migration during mouse AP-axis specification (Migeotte et al., 2010) and gastrulation 

(Migeotte et al., 2011; Saykali et al., 2019). Pharmacological inhibition of Rac1 by 

NSC23766 revealed retention of the TB migration front relative to the control embryos 

from the same litter imaged side-by-side (Figure 4.19A, B). The effect was reversible 

as wash-out after 48h restored the migration, although delayed to the control embryo 

(Figure 4.19A). I then analyzed the development of the Rac1 mutant embryos 

(Walmsley et al., 2003). It was shown that Rac1-/- embryos undergo growth retardation 

starting from E5.75 and arrest during gastrulation (Sugihara et al., 1998; Migeotte et 

al., 2010), but not before implantation. To discern the contribution of TB migration as 

one of the earliest migration processes in the blastocyst, I cultured E3.5 embryos 

during the peri-implantation time window in 3E-uterus until the third day (Figure 4.19C). 

Interestingly, the embryo length, reflecting the extent of TB migration, was significantly 

lower in Rac1-/- embryos (Figure 4.19D). Moreover, Rac1-/- embryos had fewer EPI 

cells, suggesting delayed growth (Figure 4.19E). Collectively, my results indicate that 

TB migration is dependent on Rac1 and possibly feedbacks to the embryo growth 

during peri-implantation mouse development. 
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The displacement velocity of Reichert’s membrane depends on the geometry of 

the 3E-uterus, too. To test this, I interfered with embryo orientation within the crypt. 

When I placed the embryo upside-down with an abembryonic pole directed upward, it 

restricted available space for collective migration in identical crypts (Figure 4.20, C). 

Quantification of the embryonic pole and RM displacements revealed coordination of 

the egg cylinder elongation with the TB migration (Figure 4.20 B’). Strikingly, in the 

upward orientation, TB migration was blocked, and the egg cylinder could not elongate 

further (Figure 4.20C, C’), indicating that spatial coordination by geometry is disrupted 

in restricted migration space. In contrast, egg cylinder growth progressed in the 

downward orientation, although the rate of embryonic pole displacement slowed down 

by the end of the experiment (Figure 4.20B). These data indicate that the spatial 

coordination is disrupted by a change in the 3E-uterus geometry, leading to the 

impairment of the EPI morphogenesis. 

 

 

 

 

Figure 4.19. A, kymographs showing mural TE leading-edge displacement along the Y-axis, indicated 
with the solid line on the left-most panel. Embryos from the same litter were incubated with 100 µM 

NSC23766 (top) and water (bottom) in IVC1 between 37 h and 48 h after recovery at E3.5; mTomato 

(grey). C, mural TE leading-edge displacement along the Y-axis in embryos, incubated with 100 µM 

NSC23766 (blue) and water (pink) in IVC1 between 37 h and 48 h. n = 4, 4, respectively. Average values 

(solid lines) and standard deviations (shaded area) are shown. C, left to right, representative 
immunofluorescence images of WT, Rac1+/-, and Rac1-/- embryos, cultured up to day 3 (D3) with 3E-

uterus. Simultaneous staining for OCT3/4 (magenta), pan-Laminin (pan-LAM, white), F-actin (yellow), 

and nuclei (DNA, blue). n = 10 (WT), 19 (Rac1+/-), 8 (Rac1-/-), N = 3. The crypt surface is outlined. D, 

boxplots showing embryo length in WT, Rac1+/-, and Rac1-/- embryos. n = 10 (WT), 19 (Rac1+/-), 8 

(Rac1-/-), N = 3. Data points correspond to embryos, midline marks the median, boxes indicate 

interquartile range. P-values were calculated using Mann-Whitney U test. E, boxplots showing epiblast 

cell number between WT, Rac1+/-, and Rac1-/- embryos. n = 10 (WT), 19 (Rac1+/-), 8 (Rac1-/-), N = 3. 
Data points correspond to embryos, midline marks the median, boxes indicate interquartile range. P-

values were calculated using Mann-Whitney U test. Scale bars, 50 µm.   
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Figure 4.20. A, schematic of the quantified parameters, embryonic pole displacement (pink), RM 
displacement (blue) along the crypt axis (green). Coordinates are scaled to the starting coordinate of 

the embryonic pole. B, representative time-lapse images of H2B-GFP;mTmG developing embryo in a 

downward orientation; GFP (green), mTomato (magenta). N = 2. B’, average displacement of the 

embryonic pole (pink line) and RM (blue line) along the crypt axis in the downward developing embryo. 

Shaded regions indicate standard deviation. C, representative time-lapse images of H2B-GFP;mTmG 

developing embryo in an upward orientation; GFP (green), mTomato (magenta). N = 2. C’, average 

displacement of the embryonic pole (pink line) and RM (blue line) along the crypt axis in the upward 

developing embryo. Shaded regions indicate standard deviation. D, representative immunofluorescence 
images of 3E-uterus embryos from day 3 in the downward (left) and upward (right) orientations, 

simultaneously stained for OCT3/4 (magenta), GATA4 (green), and nuclei (DAPI, blue). n = 10 and n = 

8, respectively. Scale bars, 50 µm. 
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4.2.5 Coordination model of embryo morphogenesis during implantation 
 

My findings can be summarized into a new peri-implantation mouse embryo 

development model based on tissue-tissue interaction and interdependent tissue 

coordination (Figure 4.21). Integrin-mediated adhesion between the mTE and the 

uterus provides TE tension release and enables collective Rac1-dependent TB 

migration. TE tension release and TB migration promote egg cylinder formation and 

growth by ExE/EPI patterning and space extension, respectively. The coordination of 

the dynamics of the embryonic and extraembryonic tissues strictly relies on uterine 

adhesiveness and geometry, and abrogation of these properties disrupts tissue 

coordination. The spatiotemporal coordination by the uterine tissue therefore provides 

an essential mechanism for robust peri-implantation embryo development. 

 

 

 

 

 

Figure 4.21. Schematic of the proposed model of peri-implantation mouse embryo morphogenesis. 

Mural TE (mTE) integrin-mediated adhesion to the uterine tissue triggers ExE formation via TE tension 

release and enables collective Rac1-dependent trophoblast (TB) migration which delineates uterine 

space for embryo morphogenesis and growth.  
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4.3 Spatiotemporal multicolor live cell labelling using Brainbow system 
 

Multidimensional analysis of cell fate dynamics is invaluable for understanding 

complex intra- and intercellular processes such as morphogenesis. The established 

peri-implantation embryo culture and live imaging allow asking how the intercellular 

communication and signaling are spatiotemporally controlled in the developing 

embryo. However, although transcriptome sequencing provides comprehensive 

profiling of the cellular transcription and inference of signaling activities, cell identities, 

and developmental trajectories, it does not provide direct dynamic and spatial 

information. 

To combine the spatial cell fate resolution and lineage dynamics in one assay, 

I developed fluorescent imaging through the genetic system, initially applied in 

neuroscience, 'Brainbow' (Loulier et al., 2014). This Cre-lox-based fluorescent cell 

labeling technique allows rapid, inducible, and heritable cell labeling by multiplexing 

fluorophores (Loulier et al., 2014). I increased the multiplexity of the Brainbow labels 

and established a targeted integration into the mouse genome. I then performed live 

imaging to confirm the expression of the fluorescent markers. In collaboration with M. 

Blottenburg at A. von Oudenaarden's group, I tested the possibility of using single-cell 

RNA sequencing to identify fluorescent labels and reconstruct clonal identities together 

with molecular cell states (Figure 4.22). 
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4.3.1 Characterization of the system in ESC 
 

The results of ddPCR confirmed a single full-length insertion of the transgenic pBBAC 

construct in the ESC. In the second round of transgenesis, I inserted ERT2-Cre under 

the ROSA26 promoter. To test whether Cre activity could result in a change of 

fluorescence in live cells, I exposed double-transgenic ESC to 1 µM Tamoxifen for 6 

hours and, in 24 hours, observed fluorescence under a confocal microscope. As 

expected, the non-treated negative control ESC expressed only nuclear iRFP (Figure 

4.23 A). However, recombination induction with TAM led to mosaic labeling with a 

diversity of cell labels, corresponding to the single full-length insertion (Figure 4.23 B). 

The nuclear signal was abundant for all colors (Cerulean, YFP, mCherry). Plasma 

membrane-bound signal was the most frequent for YFP and mCherry; mitochondrial 

labeling was observed for YFP and mCherry. To further explore whether the 

expression of the fluorescent label could be maintained long-term for studying clonal 

dynamics, I performed time-lapse imaging of the induced ESC colonies. Live imaging 

Figure 4.22. Summary of the experimental strategy. A, embryo isolation at the blastocyst stage and 

induction of cell labelling. B, live imaging. C, dissociation into single cells. D, singe cell sequencing. E, 

reconstruction of the spatial information. F, intrauterine embryo delivery. 
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demonstrates maintenance of the fluorescence during clonal expansion (Figure 4.23 

C), providing proof-of-principle evidence that the system could be used in vivo. 

 

 
 

 

 

4.3.2 Testing in the mouse embryos 
 

The injection of ESC into blastocysts produced chimeric animals, which were bred to 

establish the mouse line, heterozygous for the pBBAC (Brainbow) insertion. The 

established mouse like was called ‘Embryobow’. The transgenic embryos were 

dissected and analyzed for fluorescence at E5.5 and E6.0 using InVi-SPIM. Live 

imaging of non-induced embryos showed that iRFP fluorescence is unexpectedly 

restricted to EPI and is heterogeneous within the tissue (Figure 4.24 A, left; B, left). 

Based on this expression pattern, I then asked whether the change of fluorescence 

can be induced in EPI. 

Figure 4.23. Characterization of the new brainbow system in ESC. A, fluorescence of the ESC colony 
without induction of Cre activity (control). ESC labels in 24 hours after induction with 1 µM Tamoxifen 

(TAM). Arrows point to the different color labels.  C, representative time-lapse images of the ESC colony 

proliferating for 12 hours after induction with 1 µM TAM. 
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To provide Cre expression in EPI, Embryobow animals were mated with a 

Sox2Cre line (Cre under Sox2 promoter; Hayashi et al., 2002). After live imaging, 

embryos were genotyped for Cre to confirm its presence. Notably, cells expressed all 

fluorophores in plasma membrane and nucleus in EPI cells of the embryos where Cre 

was present (Figure 4.24A, B). Heterogeneity of the nuclear and plasma membrane 

labels within and between embryos was evident, but the low fluorescence intensity 

obstructed further quantitative characterization of the clonal diversity. 

 

 
 

 

 

 

 

 

 

Figure 4.24. Testing the transgenic brainbow system in the developing mouse embryos. A, 

Fluorescence of the pBBAC (“Embryobow”) embryos without Cre (left) and with Cre (right) developed in 

utero until E5.5. B, Fluorescence of the pBBAC embryos without Cre (left) and with Cre (right) developed 

in utero until E6.0. 
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5 DISCUSSION 
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5.1 Ex vivo engineering uterine environment 
 

In this study, an engineered uterus, 3E-uterus, was developed, which allowed 

for the first time to recapitulate the development of the whole embryo, including 

embryonic and extraembryonic tissues ex vivo during peri-implantation time window. 

Using topographical hydrogel modification and chemically-defined materials, it 

reconstituted aspects of the embryo-uterus interaction and supported the 

differentiation of TB cells and the Reichert’s membrane. Combined with light-sheet 

microscopy methods, this system makes it possible to live image the cellular dynamics 

and perturb cellular processes by genetic, pharmacological, and biophysical methods 

(Bondarenko et al., 2022). The main advantage is that it allows complete control of the 

experimental parameters, hence providing mechanistic insights. 

A recent study from M. Lutolf's group found that extrinsically provided tissue 

geometry guides patterning and morphogenesis of intestinal organoids via robust 

spatial gradients of the cell density and signaling (Gjorevski & Nikolaev et al., 2022). 

In the mouse embryo system, external confinement was suggested to facilitate robust 

Anterior-Posterior (A-P) axis patterning (Hiramatsu et al., 2013). However, how the 

uterine tissue geometry affects the cell behavior of the extraembryonic tissues and the 

establishment of the peri-implantation morphology remained unknown. Here, a new 

mechanism was revealed, where mammalian blastocyst morphogenesis and growth 

upon implantation rely on spatial coordination of the collective TB migration by the 

uterine tissue geometry. 

In mice, uterine tissue geometry has a crypt shape upon implantation at E4.75, 

and the uterine tissue comprises the luminal epithelium, the ECM, and the underlying 

stroma (Figure 4.3). The epithelium is shed off during implantation, and by E5.0-E5.25, 

the embryo contacts the ECM and the stroma (Figure 4.3; Li et al., 2015). Interestingly, 

dead epithelial cells accumulate at the bottom of the crypt, suggesting that they might 

be physically pushed down by the migratory TB (Figure 4.3). The dynamic removal of 

the epithelial interface suggests that uterine epithelium might not be required for 

morphological change of the embryo once the embryo-uterine interaction is 

established. Indeed, despite the absence of uterine cells in the current culture method, 

embryos formed egg cylinder morphology. 

The controlled synthetic hydrogel-based engineered system allowed evaluation 

of how the tissue parameters, such as geometry, stiffness, and adhesion, 
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independently affect embryo development. The results of stiffness modulation indicate 

that embryonic growth requires a low-stiffness environment (Figure 4.5; Govindasamy 

et al., 2021). This could be due to the disrupted collective migration in a non-optimal 

stiffness range or because our system has to provide both soft (corresponding to 

epithelial cells) and stiff (ECM) properties and thus, the embryos develop best in the 

optimum range. It remains unclear how exactly the ECM stiffness relates to the 

collective TB movement of the TB. This can be addressed with live imaging and 

measurement of the migration speed and directionality in different stiffness conditions. 

 

 

5.2 Current limitations and perspectives of ex vivo peri-implantation embryo 
culture 
 

With new advancements, my study also introduces new challenges. 3E-uterus 

embryos reached the E4.5 stage in approximately two days instead of one day of in 

utero development. The early developmental delay was also observed in the previous 

ex vivo studies (Bedzhov et al., 2014; Govindasamy et al., 2021) and is typical even 

for the pre-implantation embryo culture, suggesting that additional cues might be 

required to enable timely adaptation of the trophectoderm to the ex vivo environment. 

Uterine endometrium provides a complex composition of adhesive molecules and 

secreted growth factors before the embryo reaches the underlying ECM (Dey et al., 

2004). Therefore, although after the establishment of the embryo-uterine interaction, 

epithelium might not be required, it might be required for a timely establishment of the 

embryo-uterine reaction. Most likely, several (yet unknown) regulatory feedback 

mechanisms enable robust temporal coordination of the embryo-uterine interaction. 

Incorporating cellular components (epithelium and stroma) into our platform will 

facilitate understanding the role of cell-cell interactions and signaling between the 

embryo and the uterus. 3E-uterus provides an excellent experimental platform for such 

mechanistic studies. In perspective, it can help understand the functional cross-talk 

between the uterine tissue dynamics, embryo morphology, and size. 

To accommodate late-stage embryo development, the uterus can be 

engineered further. More bio-degradable and dynamic hydrogels may help 

accommodate embryo development through advanced stages (Brassard & Lutolf, 

2019; Chrisnandy et al., 2022; Qazi et al., 2022). The long-term challenges are 
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uncovering the uterine tissue's mechanochemical response to the embryo growth, the 

mechanisms of placental formation, and dynamic nutritional exchange. Addressing 

those problems will require understanding the fundamental mechanisms of the feto-

maternal dynamics, further advancement in technology (microfluidics, cell, and tissue 

engineering), and adaptive live imaging for the mesoscopic multicellular and multi-

tissue samples. 

 

 

5.3 Trophoblast cell adhesion and dynamics 
 

Trophoblast outgrowth was noticed long ago when the mouse embryos were 

first cultured on the dish surface (Gwatkin et al., 1966). Anne Sutherland and 

colleagues further substantiated an understanding of the role of integrins in trophoblast 

cell motility (reviewed by Sutherland, 2003). Using Rcho-1 cells and the ectoplacental 

cone explants with secondary giant trophoblast, her group showed that although TB 

cells are motile initially, their speed decreased during maturation into giant trophoblast 

(Parast et al., 2001). Of note is that mTE-derived primary giant trophoblast cells are 

not the same as the ones used in the (Parast et al., 2001) study. However, although 

live imaging until day 3 of ex vivo culture indicates TB motility, it is possible that the TB 

actively migrates only during early implantation, and after TB maturation during later 

stages, its migration decreases. 

In utero, the space for embryo growth could also be provided by the 

phagocytosis and degradation of the uterine matrix and cells. In line with this, the 

extracellular vesicles of embryonic origin are frequently seen during my live imaging 

and in utero. Moreover, while the TB cells differentiate, they exit the cell cycle and 

undergo endoreduplication; their nuclear size and cell volume also increase (Barlow & 

Sherman, 1972; Ilgren, 1983). Therefore, along with migration, an expansion of TB 

tissue volume can also contribute to space availability for embryo growth, for example, 

during later stages. 

Using glutaraldehyde fixation with tannic acid, Salamat and colleagues found 

that the mural trophoblast cells first deposit a primary membrane, which becomes 

maturated into a multilayer Reichert’s membrane by PE and the TB (Salamat et al., 

1995). The dynamics of RM elongation by synthesis have not been addressed in this 

study. It would be interesting to consider an experimental perturbation of the RM by 
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inhibition of its synthesis or mechanical integrity (e.g., ablation) or to monitor the live 

dynamics of the laminin synthesis. Hypothetically, the RM synthesis by PE could 

provide a positive feedback loop between TB migration and the egg cylinder growth. 

 

 

5.4 The role of embryo-uterine interaction in embryo orientation and shape 
 

Live imaging in 3E-uterus demonstrates that the mouse embryos do not self-correct 

their ICM orientation within the static crypt environment (Chen et al., 2013). This further 

suggests that the stereotypic orientation of the conceptus along the mesometrial/anti-

mesometrial (M/A-M) axis in utero is extrinsically regulated by the dynamic 

environment. However, engineered crypt diameter had an impact on embryo 

orientation and morphology (Figure 4.4B). The funnel-shaped crypts with a diameter 

gradient enabled better control of embryo orientation than cylindrical crypts by 

increasing the chance of lateral mTE attachment, resulting in higher efficiency of 3E-

uterus (Figure 4.5). However, whether a gradient of lateral (or circular) compression 

along the M/A-M exists in utero needs to be addressed experimentally. 

Although uterine geometry plays a key role in peri-implantation development, it 

remains to be understood how the uterine tissue geometry is dynamically established. 

Addressing such a complex problem would require theoretical models and further 

advancements in the ex vivo engineering techniques and in utero monitoring (Huang 

et al., 2020). 

  

 

5.5 Spatiotemporal lineage recording of the mouse embryo 
 

The developed method of spatiotemporal lineage labeling can be applied to 

embryonic cells. The exact reason for low iRFP fluorescence in extraembryonic cells 

remains unclear. This could be, for example, due to tissue-specific activity of CAG 

promoter or lack of co-factor, biliverdin, required for iRFP fluorescence (Shemetov et 

al., 2017), in extraembryonic tissues, such as ExE and TB. Interestingly, when cell-

permeable Cre was administered externally to the TE at E3.5, diverse fluorophores 
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were expressed in TE. Overall, the system's applicability for differentiated tissues 

remains to be further characterized. 

High efficiency and fluorescence in ESC open the possibility of using this 

method for ESC-derived systems, such as gastruloids (van den Brink, 2014). 

Endogenous double transgenesis provides tamoxifen-inducible Cre expression 

alongside the fluorophores, making it tractable for temporal control of cell lineage 

labeling. 

The low occurrence of mCherry and Cerulean in mitochondria decreases 

observed clonal diversity. Co-expression of differentially located fluorophores was also 

rarely seen, potentially indicating that the duration of Cre activity might need to be 

modulated further. 
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5.6 Ensuing questions and perspectives 

How is the mechanochemical coupling between the mother and the embryo 

achieved across different scales? The coordination in time and space requires effective 

communication. From the information theory viewpoint, how does embryo-uterine 

communication emerge and evolve? What are its constituents and minimal rules? On 

the evolutionary time scale, the implantation strategies are remarkably plastic. 

However, within one species (e.g., mouse), it looks like embryos strictly rely on uterine 

geometry for successful implantation at a particular time. How does evolutionary 

plasticity lead to developmental robustness? What is the nature of constraints shaping 

the phenotypic landscape of mammalian implantation? What is the role of mechanical 

properties? To which extend does the genetics determine mechanical inputs, or the 

mechanical inputs determine genetics? Embryo implantation raises many more 

interesting questions. Besides being fascinating on its own, I am certain it can also 

teach us a lot about the general principles of biological systems organization, origin, 

behavior, and evolution. 

 With a better in vivo understanding and theoretical concepts explaining complex 

systems behavior, the synthetic approach of environmental and genetic engineering 

will be complementary for studying general principles of interactive and evolvable 

processes in (real) time. 
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APPENDIX 
 
 
 

Mouse Line Primer ID Primer Sequence PCR Product Size, bp 

mTmG and 
mG 

oIMR7318 CTCTGCTGCCTCCTGGCTTCT WT allele, 330; Knock- in 
allele, 250 

  oIMR7319 CGAGGCGGATCACAAGCAATA 

  oIMR7320 TCAATGGGCGGGGGTCGTT 

H2B-GFP CAG-Fw GGCTTCTGGCGTGTGACCGGC Tg allele, 900 

  EXFP-Rv GTCTTGTAGTTGCCGTCGTC 

Myh9-GFP GFP-Myh9_1  CTGTCACATGGCTCATGTTC WT allele, 400; Knock- in 
allele, 200 

  GFP-Myh9_2 GCCGGACACGCTGAACTTGT 

  GFP-Myh9_3 GCCCTGAGTAGTATCGCTCC 

Cdx2-GFP Cdx2-Fw ATGGTTCCGTTCCCTGGTTC WT allele, 1400; Knock- in 
allele, 750 

  GFP-Rv GCGGACTTGAAGAAGTCGTGC
TGCTT 

  Cdx2-EX3 AGGCTTGTTTGGCTCGTTACAC 

Rac1-
flox/del 

Rac1_1 ATTTTGTGCCAAGGACAGTGAC
AAGCT 

WT allele, 300; Flox, 330; del 
130 

  Rac1_2 GAAGGAGAAGAAGCTGACTCC
CATC 

  Rac1_3 CAGCCACAGGCAATGACAGAT
GTTC 

Lifeact-GFP LifeAct for 2 TCAAGAAATTCGAAAGCATCTC
AAAGG 

Tg allele, 725 

  VenCeru-geno 
rev 

GACCATGTGATCGCGCTTCTC
GTT 

ZO1-GFP ZO1-GFP-for GCTTTCAGATGATTGTAGCC Tg allele, 400 

  ZO1-GFP-rev GAACTTGTGGCCGTTTACGTCG 

  ZO1-WT-for CTTTCAGATGATTGTAGCCAGC WT allele, 420 

  ZO1-WT-rev CCTTCATCAGTTCCAACAAATG
C 

 
Appendix 1. The primers used for genotyping. 
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Probe ID Probe Sequence Primer ID Primer 

Sequence 
PCR 
Product 
Size, bp 

ddPCR 5'6FAM-
ggatccgtcgccaggc
agcct-BHQ1'3 

ddPCR_F gcaacgtgctgg
ttAttgtg 

239 

ddPCR_R gatatggatcgg
ctcatcgt 

Palmbow 5'6FAM-
cgccgcaccaagccc
gtgga-BHQ1'3 

ddPCR_bow_
F 

gggaggattggg
aagacaat 

247 

ddPCR_Palm
bow_R 

aagcgcatgaa
ctccttgat 

Mitbow 5'FAM-
cccgtcgccaccggat
ccgc-BHQ1'3 

ddPCR_Mitbo
w_F 

gccaagatccatt
cgttgag 

104 

ddPCR_Palm
bow_R 

aagcgcatgaa
ctccttgat 

Nucbow 5'FAM-
ccgccaccatgccaga
accagca-BHQ1'3 

ddPCR_bow_
F 

gggaggattggg
aagacaat 

158 

ddPCR_Nucb
ow_R 

tcttctgggctttg
gtaacg 

Rpp30_1 5'HEX-
cggtccagcttcctcctc
tgcacgc-3'BHQ1 

Rpp30_ddPC
R_F 

gtgacgaaagg
agagggcaa 

142 

Rpp30_ddPC
R_R 

aggggaatcac
acaggcatg 

Rpp30_2 5'HEX-
cctcccgctcctccggc
cct-3'BHQ1 

Rpp30_ddPC
R_2F 

tagccatggccgt
cattgtt 

197 

Rpp30_ddPC
R_2R 

gctcacctggtcc
gaagaaa 

Col1a1 5'HEX-
tggagaacccgctgca
cacccct-3'BHQ1 

Col1a1_ddPC
R_F 

agtgcacgtctca
gtcagtg 

142 

Col1a1_ddPC
R_R 

gtttctttgtctggc
cagcg 

 
 
Appendix 2. The probes and primers used for ddPCR. 
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Appendix 3. The schematic of the pBB08_pBeloBACnMCS-DTA-Col1a1-

MluI(Nucbow-Mitbow-Palmbow construct. Col1a1 marks homology arms, flanking the 

array of fluorophores (mYEFP, mCherry, mCerulean, IRFPnucmem), driven by CMV 

enhancer and chicken beta-actin promoter in the following order: Palmbow (Palm), 

Mitbow (tag mito/linker mito), Nucbow. Neomycin (Neo) is driven by the PGK 

promoter. 
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Appendix 4. The schematic of the pR26_CRE_ERT2_Puro construct. Puromycin 

(PuroR) expression is driven by the PGK promoter. 
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