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ABSTRACT OF DISSERTATION 

The function of BMP signaling and dynamic transcription factor gene expression in pre-

implantation mouse development  

by 

Nabora Soledad Reyes de Mochel 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2016 

Professor Ken W. Y. Cho, Chair 

 

Mammals are tasked with the unique process of forming trophectodermal lineages that 

are essential for in utero implantation. During pre-implantation stages the fertilized egg 

becomes the blastocyst by dividing and subsequently segregating cells into two distinct 

lineages, the inner cell mass (ICM) and the trophectoderm (TE). This apparently simple 

developmental process is sophisticated, with transcription factors, signaling networks, 

cell shape and relative position within the embryo each contributing to normal 

development of the pre-implantation embryo. Much of our current understanding of the 

molecular control of blastocyst formation is based on manipulating single genes, such 

as transcription factors and components of signaling networks, to explore their function 

in the process. The focus of the experiments described in this thesis was to investigate 

the function of bone morphogenetic protein (BMP) signaling in development of the 

mouse blastocyst.  
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I demonstrate that BMP signaling is active beginning at the 4-cell stage of mouse 

development and persists until late blastocyst stage. Importantly, functional analysis 

using genetic and pharmacologic approaches identified a novel role for the regulation of 

the cell cycle by BMP signaling during mouse pre-implantation development. A second 

major question addressed in this dissertation is how robustness is generated in the 

developmental process of the pre-implantation mouse embryo. A systems biology 

approach was used to perform computational simulations of pre-implantation stages 

that uncover novel design principles employed by the early mouse embryo. These 

models support the hypothesis that expression noise improves the ability of the cells of 

the early pre-implantation mouse embryo to differentiate in an appropriate manner. 
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Chapter 1: Introduction 

 

For all mammals, pre-implantation development begins with one common and essential 

goal; to form the trophoectodermal (TE) lineage required for the mammalian embryo to 

establish communication with maternal tissues and to attach to and implant within the 

uterus. Subsequently, the lineages derived from the TE will contribute to the placenta, 

which is essential for embryonic development. The inner cell mass (ICM) and TE 

lineages are actively separated around ~32-cell stage. A fluid filled cavity forms inside 

the blastocyst that separates the ICM or the future embryo on one side from the mural 

TE on the extra-embryonic side. All mammalian embryos undergo similar segregation 

processes during pre-implantation stages before gastrulation. A key question concerns 

how cellular process such as cell signaling and transcription factors regulate the 

development of pre-implantation mammalian development. Two main questions are 

addressed by the studies in this dissertation. 1) What is the function of bone 

morphogenetic proteins (BMP) in the embryo during pre-implantation development? 2) 

How does the process of cell lineage formation in the pre-implantation mouse embryo 

remain robust during these developmental stages? 

 

1.1: Beginning of pre-implantation mammalian development  

Within hours after fertilization, the maternally and paternally inherited proteins, mRNA, 

and protein complexes stimulate the zygote to undergo development. Zygotic gene 

activation (ZGA) of the mouse genome is initiated at the late pronuclear stages (Sawicki 

et al., 1981). By the 2-cell stage, activation of the embryonic genomic is complete and 
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the vast majority of the maternal transcripts have been degraded. The mouse embryo 

has a remarkably low aneuploidy rate of 1% as compared to 50-80% in human and 

livestock embryos (Lightfood et al., 2006). One possibility is that low aneuploidy seen in 

mice is a result of commencing ZGA at the 2-cell stage, which could help prevent the 

mouse embryo from making genome replication errors. It is possible that the mouse 

embryo developed a mechanism to activate its genome sooner than other mammals, to 

thereby reduce chromosomal complications and increase litter size. Once the genome 

of the mouse embryo is completely activated it is ready to proceed to the cleavage 

stages. 	

 

1.2: Forming the mouse blastocyst 

A major change that occurs during the cleavage stages is the conversion of totipotent 

blastomeres (cells) into the pluripotent ICM and TE cells. This process has been 

extensively studied in the mouse, and there are several different hypotheses to explain 

how the blastomeres of the mouse embryo begin to differentiate into the ICM or TE. 

After four rounds of cell division, the 16-cell mouse embryo reaches the morula stage, 

consisting of inside and outside cells, which display differential gene expression, cell 

shape, and cell adhesion characteristics (Ziomek et al., 1982; Zernicka-Goetz et al., 

2009; Rossant and Tam, 2009). During this period, the total number of cells increases 

without increasing the overall embryo size. This requires increased membrane 

synthesis to accommodate the large change in the cell surface area. Increased 

expression of adhesion molecules is associated with changes in cell-cell contact leading 

to compaction that begins at the 8-cell stage. (Sutherland et al.,1983). 	
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Compaction 

Adhesion molecules play an important role in the lineage differentiation process during 

the cleavage stages. An essential adhesion component during compaction is epithelial 

(E)-Cadherin, which helps bring the membranes of inside cells closely together. E-

cadherin mediated adhesion is required for formation of tight junction (TJ) complexes 

composed of occludins and ZO-1. The TJ’s form barriers to diffusion within the plasma 

membrane, thereby defining segments of the plasma membrane known as apical (i.e. 

outer) and basolateral (i.e. side and inner surface) domains (Larue et al. 1984). Other 

Figure	1:	Preimplanta1on	mouse	developmental	stages.	Schema'c	representa'on	of	
major	preimplanta'on	stages	(top	panel)	and	the	implanta'on	process	(bo8om	
panel).	The	1	cell	zygote	contains	2	pronuclei	and	is	es'mated	to	be	around	0.5	
embryonic	day	(E),	8-cell	stage	(E2.5),	Morula	(E3.0)	and	blastocysts	(E3.5)	aHer	the	
first	lineage	differen'a'on,	ICM,	inner	cell	mass.		The	E4.5	blastocyst	now	has	two	
new	lineage,	the	epiblast	and	the	primi've	endoderm.	

Zona Pellucida

2nd polar body 8-cell stage Morula

Trophectoderm (TE)

Primitive Endoderm
 (PE)

Epiblast (Epi)

E0.5

Pronuclei

E2.5 E3.0 E3.5 E4.5

Blastocysts

Inner
 ICM

Outer
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junction proteins associated with cellular compaction include desmosomes, and gap 

junctions (Fleming et al., 1989). Outside cells have polarity complexes composed of 

partitioning defective 3 homolog (PAR 3), which line the surface of the apical side of the 

cells and are exposed to the fluid between the zona pellucida (Vinot et al., 2005). The 

purpose of bringing inside cells together to an extremely compacted structure, and thus 

creating cellular pseudo asymmetry in the embryo, is not well understood. Perhaps 

blastomeres of the mouse embryo position themselves so tightly together to facilitate 

communication between each other.  

 

Compaction is needed to mediate cell-to-cell contact, epithelialization, tight junction 

formation, and apico-basal polarity formation. The TJ complexes are functionally 

important during formation of the blastocoel cavity when directional transport of fluid is 

required. Compaction and formation of cell polarity also plays an important role in 

influencing gene expression linked to ICM and TE formation. One possibility is that cells 

come together closely during compaction to communicate or sense molecular signals to 

differentiate blastomeres into ICM or TE. Experimentally it has been shown that some 

regulators of compaction such as calcium, protein kinase C, and E-Cadherin are 

involved in lineage differentiation (Shirayoshi and Takeichi, 1983, Pey at al., 1998; 

Stephenson et al., 2010). Regulation of TEAD4 expression by cell-cell contact is an 

excellent example of how multiple coupled processes, like cell-cell contact and gene 

expression, have a significant role in the first lineage differentiation. The basolateral 

domains provide increased surface contact for blastomeres, which may increase the 

possibility for cells to receive information that may be necessary for proper lineage 
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segregation. The close proximity of cells could potentially facilitate morphogen signaling 

which may contribute to the different physical and physiological characteristics required 

for the blastocyst’s formation.  

 

Signaling pathways during pre-implantation stages 

Under the speculation that the compaction process increases cell-cell contact for the 

purpose of facilitating signaling between blastomeres, it is important to consider what 

signals are present during this time. Many signaling pathways are known to function 

during pre-implantation mouse development (Roelen, 1997; Coucouvanis and Martin, 

1999; Lloyd et al., 2003, Wang et al., 2004, Yamanaka et al., 2010; Natale et al., 2008; 

Nishioka et al., 2009; Hirate et al., 2013; Sozen et al., 2015). Mitogen-activated protein 

kinase (MAPK) signaling, in particular p38α is important for pre-implantation mouse 

embryos to advance from beyond the 8- 16 cell stage (Natale et al., 2008; Sozen et al., 

2015). When 2-cell stage embryos where cultured with a known p38 chemical inhibitor 

(SB220025) the embryos failed to advance beyond the beginning of compaction, i.e at 

8-cell stage (Natale et al., 2008). Hippo signaling also has a functional role around the 

8-cell stage when the embryo begins to compact (Nishioka et al., 2009; Hirate et al., 

2013). In the case of hippo signaling there is direct evidence highlighting that cells with 

active hippo signaling are able to keep TEAD4 deactivated and take on an ICM fate. 

Therefore, it is possible that the pre-implantation mouse embryo is using signaling 

networks for cell-cell communication during the separation of the ICM and TE. Two 

other signaling pathways that are present during pre-implantation stages, but had no 



6 
 

evidence for a functional role when this dissertation was started, are bone 

morphogenetic protein (BMP) and WNT signaling (Roelen, 1997; Coucouvanis and 

Martin, 1999; Lloyd et al., 2003, Wang et al., 2004). More recently, it has been shown 

that porcupine (Porcn) dependent WNT signaling does not have a functional role during 

pre-implantation development (Biechele et al., 2013). However, non-canonical WNT 

dependent pathways, such as signaling through Dishevelled-associated activator of 

morphogenesis 1 (DAAM1) or WNT/calcium pathway, have not been investigated. 

Therefore, it remains possible that BMP and WNT signaling pathways are involved in 

driving cell-cell signaling during pre-implantation stages. I next provide background 

about BMP signaling during pre-implantation development and discuss why this 

signaling pathway became the focus of my dissertation research. 

 

Second lineage differentiation 

Before the mouse blastocyst implants into maternal tissues, it completes a second 

lineage differentiation event: the production of the epiblast (Epi) and the primitive 

endoderm (PE) from the ICM. The Epi will later undergo gastrulation to provide the 

three germ layers: the definitive endoderm, ectoderm and mesoderm. The PE gives rise 

to the visceral and parietal endoderm, part of the vast extra-embryonic structures 

needed to support post implantation development (Pulsa et al., 2005). During the late 

morula stage, cells of the ICM begin to express the transcription factors NANOG, SOX2, 

SOX17 and GATA4/6 in a “salt and pepper” pattern, and will subsequently segregate to 

form two distinct lineages (Chazaud et al., 2006, Artus et al., 2011). This expression 

pattern persists indicating that some transcription factors are mutually exclusive since 
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they are first expressed in the embryo. During blastocyst maturation, the combination of 

these transcription factors and active cell sorting, mediated by the growth factor 

receptor-bound protein (Grb2), regulates the second lineage differentiation, apoptosis, 

and cell migration. Grb2 is essential for the formation of PE lineages by regulating the 

expression of Gata6, and it mediates the process by employing Ras-MAP kinase 

signaling (Chazaud et al., 2006). Although not experimentally validated, Grb2 and 

MAPK signaling are likely downstream targets of fibroblast growth factor (FGF/ERK) 

signaling as the signaling network regulates the formation of the PE (Frankenberg et al., 

2011, Guo et al., 2010; Yamanaka et al., 2010). Components of FGF and MAPK 

signaling such as, FGFR2, RAF1, MEK, MAPK1, ERK5, RSK1, and RSK3 are present 

in the phosphorylated form in pre-implantation mouse embryos indicating activity (Wang 

et al., 2004).  	

 

The second lineage specification also requires FGF/ERK and BMP signaling. FGF 

signaling is used for the regulation of both Epi and PE precursors (Figure 1). Epi 

precursors (NANOG positive cells) secrete FGF4 to drive GATA6 positive cells with 

increased FGFR2 towards a PE fate (Frankenberg et al., 2011, Guo et al., 2010; 

Yamanaka et al., 2010; Graham and Zernicka-Goetz, 2016). BMP signaling plays a role 

in the second lineage differentiation by promoting the PE lineage via Sox17 regulation 

(Graham et al., 2014). By using a genetic approach to abolish BMP signaling during 

pre-implantation development, it was discovered that the pathway regulates the 

formation of extra-embryonic (TE and PE) but not the embryonic lineages (Graham et 

al., 2014).  Similarly, to the first lineage specification, the formation of Epi and PE 
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requires transcription of cell-specific genes, in response to multiple intercellular 

signaling pathways. 

	

1.3:  BMP signaling in pre-implantation mouse embryos 
 
The BMP canonical pathway entails the binding of BMP ligands to transmembrane 

serine/threonine kinase receptors (type I and type II) (Deynck et al., 2001; Shi and 

Massague, 2003). BMP signaling can be regulated at the level of ligand-receptor 

interaction, intracellular transducer activation, translocation to the nucleus, and 

transcription (Figure 2, Heldin et al., 1997). Following interaction with a BMP dimer, the 

BMP type II receptor (BMPRII) phosphorylates BMP type I receptors such as BMPRIa 

(ALK2 and 3) and BMPRIb (ALK6), which in turn phosphorylate regulatory intracellular 

signal transducers, R-Smad proteins. The phosphorylated R-Smads 1, 5, or 8 form 

heterotrimeric complexes with a co-SMAD 4 (SMAD-4) (Heldin et al., 1997). This 

activated SMAD complex translocates into the nucleus, and recruits specific 

transcription factors to regulate the expression of BMP target genes (Hata et al., 2000, 

Yao et al., 2006). In efforts to determine if BMP signaling regulates the expression of 

key transcription factors that drive blastocyst formation, we analyzed whether SMAD-

binding elements were present in their regulatory regions. Indeed, SMAD binding 

regions are present in the promoter regions of Nanog and Oct4 (Fai et al., 2010; Cho 

lab unpublished data) suggesting a possible regulatory role of BMP signaling of key 

mediators of the first lineage differentiation process. Interestingly, direct binding of 

SMADs to Nanog and Oct4 promoters is observed in mouse embryonic stem (ES) cells, 
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but not in the mouse embryo (Fai et al., 2010). 

 
Bmp4 transcripts are found in the ICM and polar TE cells of the e3.5 blastocyst, while 

Bmp2 and Bmp7 are detectable at low levels in maternal decidual tissues (Coucouvanis 

and Martin, 1999). Transcripts of various BMP receptors and intracellular signaling 

components (Smads) have also been found in pre-implantation embryos, suggesting 

they could be active during early embryogenesis (Roelen et al., 1997; Wang et al., 

2004). RNA-seq experiments comparing transcripts among individual blastomeres of 

morulae demonstrate that BmprII transcripts are enriched in outside cells (Graham et al, 

2014). Acvrr1 and Acvr2b transcripts are also found at the 2-cell stage and continue to 

be present until the blastocyst stage (Tang et al., 2012). Bmpr1a is found in both interior 

and exterior cells of early morulae (Graham et al., 2014). Bmp1b is expressed in 2-cell 

embryos although its expression is significantly reduced by the 4-cell stage (Tang et al., 

2012). Thus, all necessary BMP signaling components are present suggesting the 

possibility of a biological role for BMP signaling in pre-implantation embryos. 

 

Published transcriptome analysis suggests that Bmpr1b is transiently expressed during 

ZGA (Figure 4); thus suggesting that the receptors used during these stages may be 

BMPR1a and BMPRII. Interestingly, mouse embryos deficient in both Bmpr1a and II are 

recovered in Mendelian ratios from implantation sites. Although both mutant embryos 

can implant, they fail to undergo normal gastrulation.  BMP signaling is involved in 

regulating many processes that it is difficult to highlight one reason why embryos failed 

to gastrulate, however the lack of presence of key protein that drive gastrulation 

indicates BMP signaling may regulate their expression. For example BmprII null mice 
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lack the expression of mesoderm markers (Brachyury and Hepatocyte Nuclear Factor 

3β HNF3β) and display defects in the anterior-posterior axis formation (upregulation of 

Cripto), indicating to defects in epiblast formation at the egg-cylinder stage (Beppu et 

al., 2000). In both mutants, extra-embryonic and embryonic tissues were formed, albeit 

embryos were significantly smaller with less cell numbers than those of their wild type 

counterparts consistent with the notion that precursors of these tissues were not 

developed properly during earlier stages (Mishina et al., 1995; Beppu et al., 2000). Pre-

implantation stage embryos were not analyzed for the total cell number or for presence 

of molecular markers that would indicate if the ICM and TE were properly formed. 

Bmpr1a and BmprII null pre-implantation embryos could have malformation of the total 

cell numbers that contribute ICM and TE. When BMP signaling is inhibited during 

blastocyst stage there is less cells per embryo and less PE (SOX17+ cells) formed while 

more Epi (NANOG+ cells) (Graham et al., 2014). This imbalance of cells during the first 

two lineage segregation events suggests the Bmpr1a and BmprII null blastocysts were 

not properly formed and will fail to further develop. In summary, while it has been 

established that BMP signaling null mice reveal only a functional role during 

gastrulation, early pre-implantation embryos were not analyzed for a potential role of 

BMP signaling during these stages.   
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1.4: BMP signaling, the cell cycle, and lineage differentiation 

BMP signaling is an evolutionary conserved signaling pathway that has many functions 

throughout development and adulthood of mammals (Blitz and Cho, 2009). Two such 

roles of BMP signaling involve regulation of the cell cycle and cellular differentiation 

(Jarrin et al., 2012; Kirilly et al., 2005; Beederman et al., 2013; Ninomiya et al., 2013), 

both of which are required for successful pre-implantation development. During chick 

Figure	2:	Canonical	BMP	signaling	pathway:	Schema)c	representa)on	of	BMP	signal	
transduc)on	via	SMADs.	

BMPs

Type I Type II

SMAD 
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lens fiber cell differentiation BMP signaling indirectly regulates the cell cycle by 

negatively regulating the cell cycle inhibitor p27 (Jarrin et al., 2012). In this setting BMP 

signaling drives proliferation that is essential for the differentiation process to occur. 

Kirilly et al demonstrated that in somatic stem cells in Drosophila, cell proliferation and 

maintenance of the population relies on the Gbb (or BMP) presence (Kirilly et al., 2005). 

These examples show BMP signaling is able to regulate the cell cycle however there 

are many other instances where BMP signaling also regulates differentiation. A well-

known example is that of driving mesenchymal stem cells to differentiate and take on an 

osteoblastic fate (Urist, 1965). In contrast, in mES BMP signaling up regulates Id genes 

to inhibit the differentiation process (Ying et al., 2003). Thus, the regulatory roles of a 

highly conserved signaling network such as BMP signaling is influenced by the cell type 

being stimulated to divide or differentiate.  

 

1.5: Function of noise in biological systems 

Expression noise is defined as the variation in expression of proteins and transcripts 

each cells can have, in my studies noise is defined by the variation of transcription 

factors in our simulations of pre-implantation development. Noise in biological systems 

has historically been viewed as a nuisance while trying to understand biological results 

or in some cases ignored. One simple explanation for why noise has not been 

considered as part of the process under investigation may be due to the nature of how 

biological systems were studied. Proteins, genes, and at times even signaling pathways 

were analyzed in isolation in efforts to learn about their function and purpose. Most 
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recently, in-depth analysis of noise has revealed that noise can be part of the design 

principles of biological systems. For example it has been shown that temporal 

fluctuation of Nanog expression provides long-term regenerative potency in mouse ES 

cells (MacArthur et al., 2014). Additionally, Chen et al. (2013) demonstrated that 

biological noise provides biological circuits, such as OFF and ON systems, with 

buffering capability that promote the transition from one state to another (Chen et al., 

2013). In both these examples expression noise serves as a mechanism that allows for 

cells to adapt to their changing environments. In the case of the pre-implantation mouse 

embryo, cleavage stage cells experience genetic and physical changes that in a small 

number of cells include movement within the embryo. (Bischoff et al., 2008; McDole and 

Zhang, 2009; Watanabe et al., 2014). Therefore expression noise may play a role in the 

cellular processes that govern pre-implantation development by improving the ability of 

cells to adopt different fates depending on where the cells are located as well as the 

signals they receive during pre-implantation development.  

 

1.6: Potential mechanisms that establish cell lineages during blastocyst 

formation 

Three main models have been proposed to explain the mechanism underlying the 

differentiation of totipotent blastomeres into the ICM and TE lineages. These are the 

pre-patterning model, cell polarity model, and inside-outside model.  

 

Pre-patterning model 
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The “pre-patterning hypothesis” assumes that there exists a bias created by the first 

cleavage, thus thereafter each blastomere of the 2-cell embryo is not equivalent 

(Gardner, 2001; Piotrowska & Zernicka-Goetz, 2001; Zernicka-Goetz et al., 2002; Pulsa 

et al., 2005; Higirai and Solter, 2004; Fujimori, 2003). However, lineage-tracing 

experiments of the blastomeres of 2-cell stage embryos have produced no evidence for 

such a lineage bias (Gardner, 2001). Regardless of the cleavage patterns (equatorial or 

meridian), both blastomeres contribute equally to the ICM and TE, suggesting that at 

the 2-cell stage there is no lineage restriction (Gardner, 2001). At the 4-cell stage the 

differences in expressed transcripts of sister blastomeres have been reported 

suggesting each blastomere may not be equivalent. Single cell RNA sequencing of 2 

and 4-cell embryos has revealed differences in expressed transcripts between sister 

blastomeres (Xue et al., 2013; Biase et al., 2016). Both Xue et al and Biase et al. found 

differences in transcripts expressed between sister blastomeres and the transcripts 

expressed correspond to expressed transcripts of 4-cell stage embryos. The 4-cell 

blastomeres are more similar to each other when compared to 2-cell and 8-cell 

blastomeres. Although there are differentially expressed transcripts among 4-cell stage 

blastomeres, these changes do not prematurely bias blastomeres to begin the 

differentiation process. Additionally, there is no experimental evidence demonstrating 
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transplantation of these differentially expressed transcripts and epigenetic changes bias 

cells to ICM or TE lineage; therefore it is not certain that 4-cell stage blastomeres are 

patterned. It has been shown that 1 of the 4 blastomeres contributes primarily to the 

trophoectodermal lineage, thus showing a strong preference for one lineage 

(Piotrowska-Nitsche et al., 2005). Unfortunately, the interpretation of these results may 

be difficult because in this experiment the blastomeres that were isolated and cultured 

Figure 3: Schematic of novel regulatory mechanisms during pre-implantation 
development. i) schematic of BMP signaling positively regulating the cell cycle. ii) 
Schematic demonstrating expression noise helps cells in the intermediate stage better 
organize to form a proper blastocyst. 
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lost cell-cell contacts, contacts that may not be equal in all. One blastomere is located 

furthest away from the polar body and may start with less cell-cell contact when 

compared to the other three. Therefore, the observed bias in one of the 4-cell stage 

blastomeres, towards contributing to the TE lineage may be an experimental artifact and 

not a true reflection of the in vivo state of development. 	

 

Evidence for pre-patterning is observed at later stages. Caudal related homeobox 

transcription factor 2 (Cdx2) mRNA was suggested to be asymmetrically localized in the 

cytoplasm of outer cells by the 8-cell stage (Dietrich et al., 2007; Ralston and Rossant, 

2008; Skamagki et al., 2013). However, recent time lapse analysis of pre-implantation 

mouse embryos by Samarage et al. (2014) demonstrates that the inside cells are 

created, not only by asymmetric cell division, but also by cell movements. Dietrich et 

al.’s findings suggest that if a dividing cell differently allocates Cdx2 mRNA to its 

daughters, it has the potential to generate one outside and one inside cell, as a result of 

the asymmetric cell division. Alternatively, two cells located in the interior can be 

generated through symmetric divisions of a cell that did not inherit Cdx2 mRNA. In 

addition, differential subcellular localization of octamer-binding transcription factor 3/4 

(OCT3/4) was shown to occur by the 8-cell stage, via differential nuclear export, which 

results in additional developmental heterogeneity (Plachta et al., 2011). The differential 

expression of TF that are essential for the segregation of the ICM and TE may be 

suggestive of a pre-pattern. With new experimental data demonstrating that about 5% of 

blastomeres move during blastocyst formation suggest that there is a level of 

stochasticity a deterministic model like the pre-patterning cannot account for (Watanabe 
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et al., 2014). Because blastomeres are extremely receptive to their environment 

constantly interpreting the cues from neighboring cells it is likely that they retain higher 

lineage potential at stages not previous considered (Mintz, 1967). The pre-patterning 

model explains how cell cleavages establish the embryonic and extraembryonic axis, 

which pattern where majority of the TE and ICM cells will be located.  

 

Cell polarity model 

The “cell polarity hypothesis,” proposes that cell fate is established at the 8-cell stage by 

establishing cell polarity along the radius of the early morula stage mouse embryo. The 

model is supported by the observation that externally localized cells show apical-basal 

polarity by the 8~16 cell stage (Johnson and Ziomek, 1983; Rossant and Vijh, 1980). 

Differential expression of adhesion molecules like E-Cadherin (enriched among inside 

cells) contributes to the embryonic polarity. E-Cadherin has been shown to preferentially 

drive the formation of the ICM because during E-Cadherin inhibition only TE cells were 

formed. (Shirayoshi and Takeichi, 1983, Pey at al., 1998; Stephenson et al., 2010). 

While the outside cells destined to be TE express PAR3 polarity complex proteins on 

apical domains, these cells can be engulfed and eventually contribute to the ICM 

lineage (Pulsa et al., 2005, Samarage et al., 2014). The engulfed cells with apical 

domains undergo what is coined as “apical constriction” which results in cells with 

established polarity at the 8-cell stage no longer determine their ICM or TE fate based 

on polarity (Samarage et al., 2014). These cells are able to interpret their new 

environment to help the pre-implantation mouse embryo properly segregate the ICM 

and TE lineages. It is clear that the cell polarity model does not take into account 
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cellular events such as cell movements that occur past the 8-cell stage, which are 

present during pre-implantation development. 

 

Inside-outside model 

The third hypothesis, the “inside-outside” model, posits that ICM and TE cell fate 

depends on the position of cells after the 16-cell stage. Experimentally, this was 

demonstrated by showing that upon removal of TE cells by immunosurgery, some ICM 

cells that are exposed to the outside of the embryo, acquire TE identity (Spindle, 1978; 

Rossant and Lis, 1979). The finding supports the notion that inside-outside position is 

sufficient to determine TE and ICM identity, and that ICM cells constantly sense 

surrounding positional information. Additionally, it was experimentally demonstrated that 

cell-to-cell contact initiates a signaling cascade through the yes associated protein 

(YAP) / Hippo / TEAD4 pathway that influences Cdx2 expression (Nishioka et al., 2009; 

Stepenson et al., 2010).  TEAD4 has been shown to positively regulate the expression 

of Cdx2 and Eomes. Tead4 deficient mice are unable to form blastocysts and lack Cdx2, 

Eomes, and Gata4/6 expression (Home et al., 2012).  The differential activation of 

TEAD4 in the mouse embryo is caused by cell contact-mediated inhibition of YAP/ 

transcriptional coactivator with PDZ-binding motif (TAZ) by serine/threonine-protein 

kinase (LATS 1/2). TEAD4 is unphosphorylated when the cells are inside and fails to 

enter the nucleus to induce gene expression (Nishioka et al., 2009).  In contrast, the 

outside cells are exposed to the exterior and have limited cell-cell contact, thus 

preventing YAP/TAZ from forming a complex with TEAD4; which results in activation of 

TE-specific genes (Nishioka et al., 2009). Thereby, differences in cell-to-cell contact 
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between inside and outside cells leads to differential TF expression that influences cell 

fate. The preimplantation mouse embryo responds to physical cues and coordinates 

cellular responses to drive blastocyst formation.  

 

All three models discussed so far do not account for cell movement that appears to be 

random prior to blastocoel formation and better explain early stages of pre-implantation 

development (Bischoff et al., 2008; McDole and Zhang, 2012: Watanabe et al., 2014). 

The models are able to explain how the cells become primed for the first lineage 

differentiation process during cleavage stages, but not how all the cells commit to a 

lineage; hence the need to add yet another stage to the ICM and TE formation process.  

I propose that blastocyst formation has an intermediate stage after the compaction 

process where some cells are able to adjust their location and fate based on their 

position within the developing embryo. Therefore, we sought to uncover the novel 

mechanisms that may promote organization of a stochastic system, like the developing 

pre-implantation mouse embryo. With a systems biology approach we were able to 

predict that expression noise of CDX2 is able to improve self-organization during 

blastocyst formation. 

 

The primary focus of this dissertation is to understand how the pre-implantation mouse 

embryo is able to regulate the first lineage differentiation process. The first main 

hypothesis addressed is that BMP signaling has a functional role during pre-

implantation stages. We provide evidence of BMP signaling activity using a BMP 

reporter mouse (BRE-gal) and immuno detection of phosphorylated SMADs1/5/8. By 
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conducting functional studies I was able to uncover a novel role for BMP signaling as a 

regulator for the cell cycle during cleavage stages. In addition to proper cell cycle 

regulation the pre-implantation mouse embryo developed mechanism to ensure 

successful separation of essential lineages during the first lineage differentiation event.  

The second major hypothesis addressed is that expression noise of transcription factors 

that drive ICM and TE fate improve lineage allocation during pre-implantation 

development. I propose two novel mechanisms that regulate pre-implantation mouse 

development 1) BMP signaling as a cell cycle regulator during cleavage stages and 2) 

transcription factor expression noise as a way to regulate stochasticity during ICM and 

TE segregation (Figure 3). 
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Chapter 2: BMP signaling is required for cell cleavage in pre-implantation mouse 

embryos 

(This Chapter has been published in Developmental Biology) 

 

2.1: Summary 

The mechanisms regulating cell division during development of the mouse pre-

implantation embryo are poorly understood. We have investigated whether bone 

morphogenetic protein (BMP) signaling is involved in controlling cell cycle during mouse 

pre-implantation development. We mapped and quantitated the dynamic activities of 

BMP signaling through high-resolution immunofluorescence imaging combined with a 

3D segmentation method. Immunostaining for phosphorylated Smad1/5/8 shows that 

BMP signaling is activated in mouse embryos as early as the 4-cell stage, and becomes 

spatially restricted by late blastocyst stage. Perturbation of BMP signaling in pre-

implantation mouse embryos, whether by treatment with a small molecule inhibitor, with 

Noggin protein, or by overexpression of a dominant-negative BMP receptor, indicates 

that BMPs regulate cell cleavage up to the morula stage. These results indicate that 

BMP signaling is active during mouse pre-implantation development and is required for 

cell cleavage in pre-implantation mouse embryos. 

 

2.2: Introduction 

In this chapter I will discuss my finding in the involvement of signaling networks, 

specifically BMP signaling, during pre-implantation stages with focus on the role during 

morula to blastocyst transition. Inner cell mass (ICM) and trophectoderm (TE) cell 
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differentiation is promoted by several transcription factors (TFs) that are expressed 

dynamically during this developmental transition. Pou5f1/Oct4, Nanog, and Sox2 

specify ICM cells while Tead4 and Cdx2 specify TE cells (Nichols et al., 1998; Avilion et 

al., 2003; Chambers et al., 2003; Strumpf et al., 2005; Wang and Dey, 2006; Yagi et al., 

2007; Nishioka et al., 2008). TE cells can be further characterized by their location 

relative to the ICM as polar and mural TE cells. Polar TE cells are defined as those that 

overlay the ICM while the mural TE cells overlay the blastocoel cavity, with division of 

polar TE contributing cells to the mural TE compartment (Copp, 1978; Gardner and 

Davies, 2002). The essential roles of TFs such as Pou5f1/Oct4, Nanog, Sox2, Tead4 

and Cdx2 in specifying ICM and TE lineages have been extensively studied. In contrast, 

our understanding of how cell division is regulated during pre-implantation development 

is relatively limited (Ciemerych and Sicinski, 2005).  

 

Recent single cell RNA-seq expression profiling (Tang et al., 2010) indicates BMP 

signaling components, including BMP ligands, receptors, and Smads, are all expressed 

in early stages of mouse pre-implantation development (Figure 4). This raises the 

possibility that BMP signaling may function during mouse pre-implantation development. 

Mouse mutants deficient in various BMP ligands, intracellular transducers, and 

receptors have underscored the importance of BMP signaling during gastrulation; e.g. 

(Mishina et al., 1995; Macías-Silva et al., 1998; Solloway, et al., 1999; Yi et al., 2009; 

Arnold et al., 2006), but has thus far failed to disclose a role(s) for BMP signaling at pre-

implantation stages, possibly because of redundancies in BMP signaling that ensure the 

robustness of embryonic developmental programs. Smad1 and 5 single homozygous 
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Figure	4:	RPKM	analysis	of	single	cell	RNA-seq	data.	
	Reads	per	kilobase	of	transcript	per	million	(RPKM)	encoding	the	indicated	BMP	
ligands	and	receptors	are	present	in	2-cell,	4-cell,	8-cell	stage	embryos.	ICM	and	
trophectoderm	cells	of	blastocyst	express	some	common	and	different	BMP	ligands	
and	receptors.		
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null mice have similar phenotypes as the Smad1+/-: Smad5+/- double heterozygous 

mutants presumably because they are functionally redundant (Arnold et al., 2006).  An 

inability to generate Smad1 and 5 homozygous null mice precluded genetic analysis of 

a role for BMP signaling in pre-implantation mouse development, illustrating the 

challenge of investigating the function of BMP signaling pathway components in 

development. Mice deficient in BMP type I receptor (Bmpr1a) or type II receptor 

(BmprII) however, were smaller and had fewer cells (Beppu et al 2000; Mishina et al 

1995), supporting a potential involvement of BMP signaling in cell proliferation. 

Coucouvanis and Martin (1999) used in situ hybridization to demonstrate that Bmp4 

RNA is present exclusively in the ICM cells of the blastocyst. They also used in vitro 

culture of embryoid bodies made from aggregated PSA1 embryonal carcinoma cells to 

demonstrate that inhibition of BMP via expression of a dominant negative BmprIb 

blocked both cavitation and expression of Hnf4a, a marker of visceral endoderm.  

To investigate if BMP signaling functions in mouse pre-implantation embryonic 

development, we measured the direct output of BMP signaling during this period using 

two different approaches. The first method examines the transcriptional response of 

“BMP-indicator” mouse embryos, while the second measured the status of Smad1/5/8 

phosphorylation within pre-implantation stage embryos. We mapped and quantitated the 

dynamic activities of BMP signaling through high-resolution immunofluorescence 

imaging combined with a 3D segmentation method. We find that BMP signaling activity 

can be detected in all blastomeres as early as the 4-cell stage (E2.0) and becomes 

spatially restricted by late blastocyst stage. Perturbation of BMP signaling in embryos, 

by treatment with a pharmacologic inhibitor, by Noggin protein, or by overexpression of 
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Figure	5:	BRE-gal	reporter	ac4vity	and	loca4on	of	p-Smad1	in	preimplanta4on	
mouse	embryos		A)	Homozygous	BRE-gal	and	CD1	e3.5	mouse	embryos	(8-cell,	
morula,	and	blastocyst	stage)	stained	for	β-gal	acEvity	using	X-gal.	X-gal	staining	is	
stronger	in	the	ICM	compared	to	the	TE	of	mouse	blastocysts.		Non-transgenic	(wild	
type)	embryos	do	not	show	X-gal	staining.		B,	C)	E3.5	mouse	embryos	immunostained	
with	p-Smad1	and	Smad1	anEbodies,	respecEvely.	D,	E)	Timeline	of	p-Smad1	acEvity	
in	developing	mouse	embryos	between	E1.5-E4.5	stages	(2	-100-cell	stages).	F)	Nuclei	
of	e2.5-e4.5	mouse	embryos	stained	for	p-Smad1	and	DNA,	nucleoli	lacking	pSmad1	
are	indicated	by	white	doUed	circles.	Scale	bar	=	100µm.	
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a dominant-negative BMP receptor, each delayed cell cleavage during early cleavage 

stages.  Based on these results, we propose that BMP signaling is required for normal 

cell cycle during development of the pre-implantation mouse embryo.   

 

2.3: Results 

 

2.3.1: BMP signaling activity in pre-implantation embryos revealed by BRE-gal 

expression and the phosphorylation state of Smad1/5/8 

We investigated for evidence of BMP activity during mouse pre-implantation 

development using mice transgenic for a BMP-dependent LacZ reporter gene (BRE-gal) 

(Javier et al., 2012). BMP-responsive elements (BRE) are cis-acting sequences that 

respond to canonical Smad-dependent BMP signaling in the frog Xenopus (von Bubnoff 

et al., 2005), Drosophila (Yao et al., 2006), zebrafish (Alexander et al., 2011), and 

mouse (Javier et al., 2012; Doan et al., 2012). A BRE element was adapted to generate 

a BMP-dependent reporter gene by placing seven copies of the BRE in tandem 

upstream of a X. laevis Id3-gene minimal promoter :: nlsLacZ reporter gene (Maretto et 

al., 2003). BRE-gal mice identified SMAD-dependent BMP activity in E5.5 to E13.5 

post-implantation stage mouse embryos (Javier et al., 2012; Doan et al., 2012). We 

used BRE-gal mice to analyze BMP signaling in the pre-implantation mouse embryo 

from morula (~E2.5) to blastocyst (~E3.5) stage (Figure 5A). Nuclear β-gal activity was 

observed in both ICM and TE of blastocysts, although the activity in ICM was in general 

stronger than that observed in TE. To provide independent evidence that BMP signaling 

is active in the blastocyst, immunofluorescence analysis was performed to identify the 
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phosphorylated form of Smad1/5/8 (hereafter referred to as p-Smad1), produced by 

receptor-activated BMP signaling. Phospho-Smad1 was detected in all nuclei of the 

E3.5 stage embryo (Figure 5B). The difference in cellular patterns of X-gal staining 

(enriched expression in ICM) and p-Smad1 immunostaining (uniform expression) may 

be due to reduced sensitivity of the BRE-gal reporter compared to anti-pSmad1 

staining. Alternatively, although both ICM and TE cells receive BMP signaling, the 

transcriptional machinery mediating BMP signaling in these lineages may differ, with 

only a subset of this activity being detected by the BRE-gal reporter construct. 

Immunostaining using a pan-Smad1 antibody showed predominantly cytoplasmic 

localization of Smad1 (Figure 5C) suggesting that the majority of Smad1 present in the 

pre-implantation stage embryos is unphosphorylated. This suggests that the availability 

of Smad1 is not rate limiting in regulating BMP signaling activity in the pre-implantation 

stage mouse embryo. 

 

Specificity of the p-Smad1 antibody was verified using E14Tg2a mouse embryonic stem 

(mES) cells. Following stimulation with BMP4 the mES cells show p-Smad1 staining 

within the nucleus, which was inhibited in the presence of either NOGGIN or a small 

molecule BMP antagonist LDN193189 (4-(6-(4-(piperazin-1-yl)phenyl)pyrazolo[1,5-

a]pyrimidin-3-yl)quinoline hydrochloride) (Figure 6A; Vogt et al., 2011). X-gal staining of 

BRE-gal ES cells also shows that BRE-gal induction was dependent on BMP signaling  

(Figure 6B). Western blot analysis of total protein from treated mES cells also detected 

p-Smad1 upon stimulation with BMP4, which was prevented in the presence of 

LDN193189 (Figure 6C). LDN193189 is a highly selective antagonist of the intracellular 
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Figure	6:	LDN	specifically	inhibits	BMP	signaling	in	mouse	mES	cells.	
A)	Phosphorylated	Smad1/5/8	is	present	in	the	nucleus	following	s=mula=on	with	
BMP4	(20ng/ml)	and	significantly	reduced	when	co-treated	with	BMP	antagonists,	
Noggin	(50ng/ml)	or	LDN193189	(80nM).	DNA	is	in	blue,	pSmad1	in	red.	B)	
LDN193189	(80nM)	and	Noggin	(50ng/ml)	inhibit	BRE-gal	expression	in	mouse	ES	
(mES)	cells	aQer	BMP4	(20ng/ml)	s=mula=on.	C)	Western	blot	of	E14Tg2a	mES	cells	
treated	with	BMP4	(20ng/ml)	in	presence	or	absence	of	LDN193189	(80nM).	
Phosphorylated	Smad1	(p-Smad1)	is	detected	upon	BMP4	s=mula=on	(lane	4)	and	in	
the	presence	of	LDN193189,	Smad1	phosphoryla=on	is	inhibited	(lane	5).	D)	qRT-PCR	
analysis	of	Id	genes	in	mES	cells	cultured	in	the	presence	of	BMP4	(BMP4	20ng/ml),	
LDN193189	(80nM),	or	both.		



	 29	

kinase domain of the BMP receptor isotypes ALK2 (Activin receptor-Like Kinase 2, also 

known as ACVR1), ALK3 (BMPR1A) and ALK6 (BMPR1B) (Yu et al., 2008; Cuny et al., 

2008). We also examined the effect of LDN193189 on the transcriptional response of 

known BMP-target genes and found that the inhibitor effectively down-regulated 

expression of Id1, Id2 and Id3 (Hollnagel, 1999) (Figure 6D). Taken together, our data 

support that p-Smad1 staining in E3.5 mouse blastocysts is specific and that 

LDN193189 is an effective BMP antagonist.  

 

2.3.2: BMP signaling is detected as early as the four-cell stage of mouse 

development 

We determined the earliest stage at which p-Smad1 staining is detectable in pre-

implantation stage mouse embryos. Phospho-Smad1 staining is below the limit of 

detection in the 2-cell stage embryo, but is detected at the 4-cell stage and persists 

through late blastocyst (~100-cell stage) (Figure 5D, E). The onset of p-Smad1 staining 

precedes the appearance of X-gal staining in the BRE-gal embryos, the latter first being 

detected at around the 16-cell morula stage (Figure 5A). The observed delay in X-gal 

staining (Figure 5A) could be explained by a required threshold concentration of p-

Smad-1 to activate the BRE-gal reporter gene or that the BRE-gal reporter is not 

responsive to all BMP signaling events. Based on these results, we conclude that BMP 

signaling is activated by the 4-cell stage, prior to known activation of transcription 

factors including Cdx2, Nanog, Tead4 and Pou5f1/Oct4 that are required to establish 

the transcriptional network for ICM and TE cell lineage selections (Nichols et al., 1998; 



	 30	

Avilion et al., 2003; Chambers et al., 2003). 

 

Figure	7:		Distribu.on	of	p-Smad1	in	preimplanta.on	embryos.	A)	Schema*c	of	data	
acquisi*on.	Z-stacks	of	each	randomly	oriented	embryo	were	collected	using	63x	
objec*ve	at	0.3	µm	intervals,	and	subjected	to	a	3D	segmenta*on	approach.	DNA	in	
blue	(right),	segmented	nuclei	in	yellow	(middle),	and	merged	image	(right).	B)	A	3D	
image	of	an	embryo	aKer	segmenta*on	and	a	magnified	nucleus.		C)	Nuclear	p-Smad1	
concentra*ons	in	the	blastomeres	of	pre-morula	(4-8-cell)	and	later	stage	embryos	
(~16-,	32-,	and	64-cell).	D)	Distribu*on	of	nuclear	p-Smad1	concentra*ons	at	16-,	32-	
and	64-cell	stages.	p-Smad1concentra*ons	in	inside	and	outside	cells	of	16-cell	stage	
embryos	are	0.43	and	0.46,	respec*vely.	p-Smad1	concentra*ons	in	ICM	and	TE	cells	
of	32-cell	stage	blastocysts	are	0.47	and	0.45,	respec*vely.	p-Smad1	concentra*ons	of	
ICM	cells	of	64-cell	stage	embryos	(0.49,	n=314	cells)	are	notably	higher	than	those	in	
TE	cells	(0.38,	n=485	cells,	p<0.001).	E)	p-Smad1	staining	levels	in	ICM	(n=104	cells),	
Polar	TE	(n=142	cells),	and	Mural	TE	(n=213	cells)	in	~100-cell	stage	embryos.	(ICM	vs	
Polar	TE,	p<0.001;	ICM	v	Mural	TE,	p<0.001;	Polar	vs	Mural	TE,	p<0.001).	F)	Nuclear	p-
Smad1	concentra*on	in	individual	nuclei;	ICM	is	located	at	the	bo_om	of	the	embryo	
shown.	Florescence	intensity	differences	were	color-coded	on	segmenta*on	outlines	
(from	low	to	high:	purple,	orange,	yellow	and	white).	The	numerical	numbers	from	0	
to	1	indicate	the	rela*ve	fluorescence	intensity	range.	p-values	were	derived	using		
Student’s	t-test.	
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Confocal imaging (Figure 5F) revealed a non-uniform, punctate staining of p-Smad1 

predominantly within the nucleus, but absent from the nucleolus. Nucleoli were 

identified by absence of Hoechst staining within the nucleus (Martin et al., 2005). This 

punctate staining can be detected as early as 4-cell stage (~E2.0) and persists until the 

blastocyst stage (E3.5 -4.5). Similar punctate p-Smad1-staining pattern has been 

observed in other tissues (Eom et al., 2011; Hogg et al., 2010), and may represent 

transcriptional regulatory complexes. 

 

2.3.3: Increased p-Smad1 in the ICM  

We investigated whether average cellular phospho-Smad1 levels changed during early 

pre-implantation development. To quantitate changes we developed a computer 

program that segments individual nuclei in three-dimensional confocal stacks (a sample 

output of an analysis is shown in Figure 7A, and volume rendering of an embryo in 

Figure 7B; see Methods for more detail and accuracy measurements, Figure 8A). Mean 

p-Smad1 levels at the four and eight cell stages were not significantly different (p=0.16).  

Likewise, mean p-Smad1 levels remained constant at the 16, 32, and 64-cell stages 

(Figure 7C, 8B and C).  

Next, we asked whether p-Smad1 levels differed in inner cells versus outer cells. To 

address this question we quantified p-Smad1 levels in manually annotated inner and 

outer cells using image segmentation (see Methods).  No significant difference was 

observed in ~16-cell stage embryos (Figure 7D left, p=0.2, n=18, Figure 8C).  In 
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Figure	8:	Fluorescence	intensity	quan3fica3on	of	p-Smad1.	A)	Correla*ons	of	
pSmad1	(R2=0.98),	Nanog	(R2=0.95),	and	Cdx2	(R2=0.94)	concentra*ons	between	
automa*c	(y-axis)	and	manual	(x-axis)	segmenta*ons.	B)	pSmad-1	concentra*on	in	
three	individual	4-	and	8-cell	stage	embryos	(leL	panel)	and	embryos	at	16-,	32-	and	
64-	cell	stage	(right	panel).	C)	Distribu*on	of	nuclear	pSmad1	concentra*ons	in	three	
16-cell	embryos	and	three	64-cell	embryos	(inside	and	ICM	cells	in	red	and	outside	
and	TE	in	blue).	D)	pSmad1	total	nuclear	content	(computed	as	the	sum	of	pixel	
intensi*es),	pSmad1	content	normalized	by	DNA	content,	and	pSmad1	concentra*on	
in	cells	from	13	aggregated	64-cell	embryos	(ICM	cells	shown	in	red	and	TE	cells	in	
blue).	A	Student’s	t-test	was	used	to	test	whether	different	methods	yielded	
significantly-different	results	(refer	to	supplement	Table	S1).	Y-axis	represents	rela*ve	
fluorescence	from	low	to	high	(0	to	1).		
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contrast, p-Smad1 levels were enriched in ICM cells at the ~64-cell stage blastocyst 

(Figure 7D right, p<0.001, n=13, Figure 8C).  We also compared p-Smad1 levels in 

manually annotated polar/mural TE cells, using the embryonic axis and ICM to 

distinguish the two cell types.  At the 64-cell stage, polar TE cells had higher p-Smad1 

levels than mural TE cells (Figure 7E, p<0.001; see Figure 7F for spatial distribution of 

p-Smad1 in a sample embryo). The observation that ICM cells displayed more intense 

p-Smad1 staining than TE cells (Figure 7D, E and Figure 8D) and that BMP4 was 

specifically expressed in the ICM cells (Figure 5), combined with a study of the mitotic 

index of different regions of the TE (Copp,1978), suggests secretion of BMP4 from the 

ICM may influence the mitotic index of TE cells with proximity to a higher local 

concentration of BMP correlating with higher mitotic index in polar TE versus mural TE. 

 

2.3.4: BMP signaling in cell division  

To investigate functions of BMP signaling during pre-implantation development, BMP 

signaling was inhibited using the small molecule BMP antagonist LDN193189. Culture 

of 8-cell stage embryos in 1µM LDN193189 for 24 hours blocked formation of a 

blastocoel cavity (Figure 9A). We verified LDN193189 was blocking BMP signaling with 

p-Smad1 immunostaining, which was weaker in LDN193189-treated embryos (Figure 

9B, top panels). Similarly, BRE-gal reporter gene activity was also reduced in morula 

stage embryos treated with LDN193189 (Figure 9B, bottom panels). We quantified p-

Smad1 levels in control (n= 4, ~54-cells per embryo) and LDN193189-treated embryos 

(n= 8, ~30-cells per embryo) using image segmentation (see Methods).  Mean p-Smad1 
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levels were reduced in LDN193189-treated embryos (Figure 4C, p<0.001).

 

 

LDN193189-treated embryos had fewer cells compared to in vitro-cultured control 

embryos (Figure 9D, p<0.001).  Two criteria suggest the reduction in cell number after 

LDN193189-treatment is not due to increased cell death. The first is absence of DNA 

condensation and nuclear fragmentation, characteristics of apoptosis (White, 1996) in 

Figure	9:		BMP	signaling	inhibi3on	affects	cell	cleavage.	A)	Images	of	embryos	
collected	at	E2.5	(pre-compac:on,	top	panels)	and	incubated	with	and	without	
LDN193189	for	24	hours	(boIom	panels).	B)	Decrease	in	p-Smad1	and	X-gal	staining	
in	embryos	cultured	in	LDN193189	for	24	hours.	Scale	=	100µm.	C)	Quan:fica:on	of	
p-Smad1	in	control	(n=5,	mean	concentra:on	of	0.66)	and	LDN193189-treated	(n=8,	
mean	concentra:on	of	0.40,	p<0.001)	embryos.	The	data	is	reported	as	nuclear	
concentra:on.	D)	Decrease	in	cell	numbers	in	embryos	treated	with	LDN193189.	The	
average	numbers	of	cells	are	51±2.5	cells	for	control	(n=33)	and	30.6±2	cells	at	1µM	
LDN193189	(n=38,	p<0.001).	
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DNA stained embryos treated with 1µM LDN193189. Second, apoptosis was not 

detected in embryos treated with 1µM LDN193189 (n=16) using a TUNEL assay, 

although at a higher concentration of LDN193189 (2.5µM), apoptosis could be detected 

(Figure 10). These results suggest that inhibition of BMP signaling by 1µM LDN193189 

interferes with normal blastocyst development by reducing mitotic index and not by 

increasing rate of apoptosis. 

 

We next investigated whether pre-implantation embryos displayed stage-specific 

sensitivity to LDN193189-mediated inhibition of BMP signaling. Pre-implantation 

embryos were isolated at different stages (E2.5, E3.0, and E3.5), then cultured in vitro 

for 24 hours in the presence of 1µM LDN193189 (Figure 11A). Over 50% of 8-cell 

embryos ("early morula") cultured in this manner failed to form normal blastocysts 

(Figure 11B b, b’), while late morula and blastocyst stage embryos treated with 

LDN193189 formed morphologically normal blastocysts (Figure 11B, C). These results 

identify an important BMP signaling period in 8- cell early embryos and indicate that 

exposure to 1µM LDN193189 does not cause death of the embryo. We further 

determined that LDN193189 treatment for as little as 12 hours was sufficient to affect 

cell cleavage (Figure 12A). Embryos treated with lower LDN193189 concentrations 

(0.25µM) displayed similar, albeit weaker, effects (Figure 12B). We also cultured 

LDN193189-treated embryos beyond 24 hours. While some embryos failed to develop 

further, the surviving embryos were able to form blastocysts at later stages, suggesting 

that BMP signaling inhibition causes developmental delay. 
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2.3.5: Overexpression of a dominant negative BMP receptor blocks cell cleavage 

One concern of using chemical inhibitors is possible non-specific effects of the drug - in 

this case, inhibition of other ALK family receptors. To obtain independent evidence for a 

function of BMP signaling in early embryonic cell cleavage, we used a genetic 

approach. A DNA construct (CMV-DNBR-HA) encoding an epitope-tagged dominant 

negative type I BMP receptor 1a (BMPR1a / ALK3) was generated (Lim et al., 2004). 

The ability of this construct to affect BMP signaling was tested in mES cells. As with 

LDN193189 treatment, expression of CMV-DNBR-HA inhibited phosphorylation of 

Smad1 upon BMP4 stimulation, (Figure 14A, lanes 3, 4). To examine the effects of 

expressing DNBR-HA in embryos, we microinjected CMV-DNBR-HA into a single 

blastomere of 2-cell stage embryos and analyzed the effect at the 8-cell stage of 

development (Figure 13A). The presence of DNBR-HA on the surface membrane of the 

descendants of injected blastomeres was confirmed by immunostaining (Figure 14B). 

The cell number in CMV-DNBR-HA / CMV-β-gal co-injected and control CMV-β-gal 

injected embryos were quantified after 24 hours of in vitro culture. Embryos expressing 

CMV-DNBR-HA / CMV-β-gal had an average of 6.2±0.2 cells, while CMV-β-gal injected 

embryos had 8.2±0.4 cells. Thus, DNBR-HA expressing embryos have fewer cells than 

control CMV-β-gal injected embryos (Figure 13B, C; p<0.001), and reduced levels of p-

Smad1 staining (Figure 14C; p<0.001). Cell lineage analysis (β-gal expressing cells) 

also revealed that fewer cells were derived from CMV-DNBR-HA-expressing 

blastomeres (an average of 2.5±0.1 cells) compared to those contributed from the 

uninjected control blastomere (contralateral side, 3.7±0.2 cells). We used an additional 

independent method to inhibit BMP signaling in pre-implantation embryos, by removing 
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the zona pellucida using acid Tyrode’s followed by incubation of the 8-cell stage 

embryos with NOGGIN protein, a BMP antagonist. Noggin treatment also resulted in 

developmental delays (Figure 13D).  These results provide independent confirmation 

that inhibition of BMP signaling affects cell cleavage in pre-implantation stage embryos.   

 

2.3.6: Time lapse imaging of LDN193189-treated embryos  

To better define the cell cleavage defects seen in mouse embryos after the LDN193189 

treatment, we performed time-lapse imaging of CAG:H2B-GFP mouse embryos that 

express GFP tagged histone H2B in the presence and absence of LDN193189 

(Kurotaki et al, 2007). Figure 13E shows the images of CAG:H2B-GFP e1.5 embryos 

Figure	10:	Effects	of	BMP	signaling	inhibi:on	on	apoptosis.	
A)	TUNEL	assay	on	embryos	treated	with	LDN193189	for	24	hours.	No	TUNEL	posiBve	
cell	is	found	in	embryos	treated	with	0.25μM	(n	=	6),	0.5μM	(n=12),	1μM	(n=16)	of	
LDN139189.	At	2.5	μM	LDN139189	(n=5),	TUNEL-posiBve	cells	are	detected.	Note	
polar	bodies	are	TUNEL-posiBve	in	control	and	other	LDN193189	treated	embryos.	
DNA	in	blue,	TUNEL	posiBve	cells	in	green.	Scale	bar	=	100μm.		
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(2-cell stage) after 60 hours of in vitro culturing with and without LDN193189. 

LDN193189-treated embryos (bottom panel) develop significantly slower than the 

untreated embryos (top panel). We quantified the average cell-cycle time of each 

cleavage, and found that 2nd, 3rd, 4th and 5th cleavages are all significantly delayed in 

LDN193189-treated embryos (Figure 13F). Throughout this experiment, no evidence of 

apoptosis was detected. Hence, LDN193189-treatment appears to cause an increase in 

cell cycle time without causing apoptosis.  

 

2.3.7: Inhibition of BMP signaling delays ICM and TE cell segregation 

We hypothesized that if BMP signaling is required for the blastocyst formation, blockade 

of BMP signaling by LDN193189 might disrupt ICM and TE cell lineage specification in 

the embryo. NANOG and CDX2 positive cells are present in the morula stage embryo, 

and by the early blastocyst stage they segregate to mark ICM and TE cells (Dietrich et 

al., 2007). We examined whether inhibiting BMP signaling via LDN193189 alters 

NANOG and/or CDX2 expression. Embryos at 8-cell stage were treated with 1µM 

LDN193189, cultured in vitro for 24 hours, and subjected to immunofluorescence 

staining for the transcription factors NANOG and CDX2 followed by 3D segmentation 

(Figure 15A). As noted previously, LDN193189 treated embryos showed delay in cell 

cleavage (Figure 15B). Exposure to LDN193189 caused reduction of CDX2 in outside 

cells, while NANOG expression was relatively unaffected (Figure 15C, D).  To 

determine whether the difference in CDX2 expression could be a consequence of 

developmental delay, we compared the expression of NANOG and CDX2 to that found 

in cell number matched embryos (~30-cell stage embryo, 12 hours control).  The 
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relative expression levels of NANOG and CDX2 were similar suggesting that the 

difference in gene expression between control and LDN193189-treated embryos is due 

to developmental delay.  

 

2.4: Discussion 

We have examined the presence of BMP signaling during development of the pre-

implantation stage mouse embryo and investigated its function during this process. The 

results indicate that BMP signaling is active as early as the 4-cell stage of development 

and is required to regulate rate of cell cleavage up to the morula stage.  

 

Results of experiments using three independent methods provide consistent support for 

the requirement of BMP signaling during pre-implantation development. Inhibition of 

BMP signaling by LDN193189 using concentrations up to 1µM interferes with cell 

cleavage, but does not cause cell death. Expression of a dominant negative BMPR1a / 

ALK3 in mosaic embryos, and exposure of whole embryos to the BMP-antagonist 

Noggin cause similar effects on rate of cell division. Based on these findings we 

postulate that inhibition of BMP signaling via ALK3 reduces cell number in the 

blastocyst by increasing cell cycle length. How might BMP signaling influence rate of 

cell division? BMP signaling can directly control expression of Id genes, which encode 

proteins that heterodimerize with basic helix-loop-helix (bHLH) proteins thereby 

inhibiting their function. Basic HLH proteins have been implicated in regulation of the 

cell cycle (von Bubnoff et al., 2005; Massari and Murre, 2000; Murre et al., 1989). Id2 
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Figure	11:	Temporal	limits	of	LDN193189	sensi:vity.	Experimental	schema0c	
determining	the	BMP	signaling	sensi0ve	period.	B)	Embryos	at	early	morula	
(uncompacted),	late	morula	(compacted),	early	blastocyst	(~32-cell)	and	late	
blastocyst	(~60-cell)	stages	before	(a-h)	and	24	hours	aGer	LDN193189	treatments	(a’-
h’).	C)	Percentages	of	embryos	reaching	blastocysts	stage	(a,a’	n=37,	b,b’	n=52,	c,c’	
n=72,	d,d’	n=	60,	e,e’	n=14,	f,f’	n=13,	g,g’	n=48,	h,h’	n=46).	*p<	0.05	based	on	
Student’s	t	test.	
		

Figure'4'

A 
 T

 =
 2

4 
hr

   
T 

= 
0h

r  
 

a              b             c              d             e              f              g              h 

B 

 Control     LDN     Control      LDN      Control     LDN       Control      LDN 

1.Early morula      2. Late morula      3.Early blastocyst     4. Late blastocyst 

a’            b’              c’            d’             e’              f’             g’             h’  

C 
*' NS 

0 

20 

40 

60 

80 

100 

120 

Early morula Late morula Early 
blastocysts 

Late 
blastocyst %

 o
f e

m
br

yo
s 

re
ac

hi
ng

 b
la

st
oc

ys
ts

 

Stage of treatment 
 

Control 

LDN 

 + LDN183189  



	 41	

and Id3 are differentially expressed in pre-implantation stage embryos (Tang et al., 

2010; Guo et al., 2010) and forced expression of Id genes can bypass the mES cells 

requirement for BMP for self-renewal (Ying et al., 2003). Hence, regulation of the cell 

cleavage by BMP signaling might be mediated via differential expression of Id2 and Id3.  

Interestingly, BMP signaling can also negatively regulate cell division in the early mouse 

embryo. Epiblast specific loss of ACVR1 / ALK2 affects the ability of ventral cells in the 

node to enter G0 (Komatsu et al., 2011). Deletion of ALK2 attenuated the level of 

stabilized p27Kip1 cyclin-dependent kinase inhibitor normally required to inhibit nodal cell 

proliferation and formation of a primary cilium. Together with the results of the present 

study, this suggests BMP signaling can have opposite effects on cell cycle in the early 

mouse embryo depending on the specific BMP signaling pathway and cell type 

involved. 

 

Signaling through BMP receptors can be transduced via Smad4-dependent canonical 

(Smad1/5/8) pathways and Smad4-independent non-canonical (BMP/TGF- β -Activated 

Kinase-1, TAK1) pathway (Yamaguchi et al., 1995; Yamaguchi et al.,1999; Derynck and 

Zhang, 2003; Moustakas and Heldin, 2005). At present, the relative contribution of 

these pathways to cell division in pre-implantation embryos is not fully understood. 

Mutation of Smad4 in mice results in defective gastrulation (Takaku et al., 1998; Chu et 

al., 2004) although analysis of embryos at pre-implantation stages was not reported in 

these studies. It would be of interest to investigate if Smad4-mutant pre-implantation 

embryos have fewer cells compared to control embryos. BMP signaling might also 

influence cell division via the TAK1 non-canonical signaling pathway. Smad1 activity 
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can be inhibited by phosphorylation of its linker region by ERK, which results in 

exclusion of Smad1 from the nucleus (Kretzschmar et al., 1997) and its association with 

Smurf1 which ubiquitinylates Smad1 leading to its degradation (Fuentealba et al., 2007; 

Sapkota et al., 2007). TAK1 can maintain Smad1 activity indirectly by inhibiting ERK. 

The mechanism of inhibition involves p38-dependent activation of a PP2A complex that 

binds and dephosphorylates MEK and ERK (Westermarck et al., 2001). Interestingly, 

pre-implantation mouse embryos express all four genetic forms of p38 (α,β,δ,γ) and 

pharmacologic inhibition of p38 α and β forms can reversibly halt mouse embryo 

development at the 8-16 cell stage but not before (Natale et al., 2004). Hence, BMP 

signaling, in part via TAK1, might be required for cell division of mouse embryos 

following compaction. 

 

BRE-gal ES cells respond well to exogenously added BMP stimulation as indicated by 

strong β-gal activity (Figure 6A). However, BRE-gal mES cells do not respond to 

endogenous levels of BMPs present in serum under in vitro culture condition. We 

postulate that this is because BRE-gal mES cells respond to moderate levels of BMP 

signaling and the amount of BMP signaling present in in vitro culture condition is 

insufficient to provide strong β-gal activity. Consistent with this notion, weak β-gal 

activity was observed when BRE-gal mES cells were incubated in X-gal substrate for a 

longer period of time. Additionally, in the monolayer of BRE-gal mES cells, we observed 

patches of cells showing stronger β-gal activity (Figure 7B, serum control). These X-gal 

positive ES cells are likely to represent ES cells responding to high concentrations of 

local BMP signaling influenced by neighboring cells. In that light, it is interesting to note 
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that X-gal staining of mouse morula stage embryos is significantly stronger than that of 

in vitro cultured BRE-gal ES cells, suggesting that the endogenous level of BMP activity 

present in mouse morula stage and blastocysts is relatively high. 

 

The available expression data for BMP signaling components during mammalian 

development suggests that qualitatively different BMP signaling may occur across pre-

implantation stages. Both Tang et al. and Graham et al. observed that the inner and 

outer cells of morula-stage mouse embryos display differential expression of BMP 

ligands and receptors (Tang et al., 2012; Graham et al., 2014). BMP6 and BMP7 are 

Figure	12:	Reduced	cell	number	in	embryos	cultured	in	LDN193189	for	12	hours.	A)	
Total	cell	number	is	reduced	in	embryos	cultured	with	LDN193189	for	12	hours	(LDN,	
n=14,	18.8±2.4	cells,	control,	n=10,	28±2.2	cells)	and	24	hours	(LDN,	n=6,	29.6±2.2	
cells,	control,	n=25,	56.2±3.5	cells).	B)	Average	numbers	of	cells	per	embryo	decreases	
in	the	presence	of	0.25μM	LDN193189	(32.5±2.0	cells,	n=	8).	*p<0.05	and	**p<0.001.	
SEM	is	reported	and	a	Student’s	t-test	was	used	to	determine	significance.		
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expressed early and their expression declines quickly after fertilization, while BMP4 

expression becomes enriched in the ICM of developing blastocysts (Coucouvanis and 

Martin, 1999; Figure 5) BMP receptor 1a (Bmpr1a / Alk3) and 1b (Bmpr1b / Alk6) are 

differentially expressed zygotically, whereas the type II receptor Bmpr2 is expressed 

exclusively in outside cells (Graham et al., 2014). BMP ligands are also known to bind 

to other ALK family receptors to activate Smad1/5/8 signaling (Roelen et al., 1997; 

Maserbourg et al., 2005). Based on these expression data, we hypothesize that BMP 

signaling inputs for ICM and TE cells are mediated via utilization of different BMP 

ligands and receptors, and thus transcriptional machinery. This model is consistent with 

our observations indicating the presence of BMP signaling in both ICM and TE cells, but 

displaying differential transcriptional response toward BRE-reporter gene in ICM and TE 

cells (Figure 6). The differential response of ICM and TE cells toward BMP signaling is 

likely to depend on the utilization of different transcription factors present in ICM and TE 

cells, which are expected to partner with Smad1/4 differentially.  

 

These instances of qualitatively different BMP signaling during blastocyst formation may 

not be apparent by examination of p-Smad1 immunostaining, as p-Smad1 staining 

represents a general readout of overall canonical BMP signaling activity and this 

approach is unable to distinguish different pathways of BMP signaling. Specifically, 

different sets of targets can be modulated at different developmental time in different 

tissues, dependent on the availability of different SMAD partners and receptors. It will 

be important to better define the spatiotemporal expression patterns of various BMP 

signaling components within the embryo in order to elucidate the roles these 



	 45	

components play during pre-implantation stage mouse development, a crucial step in 

the reconciliation and incorporation of BMP signaling pathway data into the current gene 

regulatory network addressing blastocyst formation in the mouse.  

 

2.5: Experimental Procedures 

2.5.1: Embryo acquisition and in vitro culture  

Pre-implantation stage mouse embryos were collected at desired embryonic day by 

flushing uterine horns or oviducts with Dulbecco’s Modified Eagle Medium (DMEM) with 

Hepes (10mM, pH 7.3) media. Embryos were rinsed in flushing and holding media three 

times before culturing in vitro in micro-droplets containing KSOMaa (Life Technologies) 

and solvent control-DMSO (Sigma Aldrich), which were layered with light mineral oil 

(Sigma Aldrich) When necessary, LDN193189 (Stemgent) or Noggin (R&D Systems) 

were included in KSOMaa micro-droplets. Embryos used for our stage-specific in vitro 

assays were staged using criteria provided by Richard Gardner (Gardner, 1997).  

 

2.5.2: ES cell culturing, cell transfection, and western blot 

Mouse E14Tg2a ES cells were maintained in GMEM medium (Sigma Aldrich) with 10% 

FBS (Hyclone) DNBR-HA and pCMV-β-gal constructs were transfected into ES cells 

using Lipoectamine2000 (Invitrogen). For western blot analysis, cells were 

homogenized in RIPA buffer and subjected to gel electrophoresis. Primary antibodies 

(see Table 1) were anti-p-Smad1 (1:500, Millipore), anti-Smad (1:200, Santa Cruz 

Biotechnology), anti-HA (1:200, Santa Cruz biotechnology), or anti-Tubulin (1:10,000, 
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Life Technologies). 

 

Figure	13.		Dominant-nega2ve	BMP	receptor	overexpression	affects	cell	cleavage.	A)	
Schema*c	diagram	showing	DNA	microinjec*on	experiment.	B)	Effects	of	DNBR-HA	
expression	on	cell	cleavage.	CMV-β-gal	injected	embryos	with	and	without	CMV-
DNBR-HA	were	subjected	to	X-gal	staining.	Dark	grey	colored	blastomeres	in	X-gal	
panels	indicate	the	descendants	of	CMV-	β	-gal	injected	blastomeres.	Scale	bar	=	
100µm.	C)	Bar	graph	showing	the	effects	of	DNBR-HA	on	cell	cleavage.	Average	total	
cell	numbers	per	embryos	aPer	pCMVβ	 and	pCMVβ	/DNBR-HA	injec*ons	are	8.4±0.4	
cells	and	6.45±0.2	cells,	respec*vely.	The	number	of	X-gal	lineage	traced	blastomeres	
for	pCMVβ	 and	pCMVβ	/DNBR-HA	are	3.7±0.2	cells	and	2.5±0.1	cells,	respec*vely.		
For	pCMVβ	(n=27)	and	for	pCMV	β	/DNBR-HA	(n=40).	D).	Decrease	in	total	cell	
numbers	aPer	Noggin	treatment.	Total	cell	numbers	aPer	each	Noggin	treatment	are	
62.5±1.5	cells	(n=3,	control),	53.1±5.7	cells	(n=7,	1ng/µl),	39.1±4.1	cells	(n=8,	10ng/
µl),	and	37.8±6.3	cells	(n=9,	50ng/µl).	E)	Images	of	H2BeGPF	with	and	without	
LDN193189.	F)	LDN193189	treatment	delays	cell	cleavage.		Cell	cleavage	lengths	were	
measured	for	control	(n=14)	and	LDN	treated	(n=19)	embryos	at	the	2nd,	3rd,	4th,	and	
5th,	cleavage.		*p<0.05,	**p<0.001,	BF,	bright	field.	Data	are	averages	of	±SEM.		
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2.5.3: Quantitative Polymerase Chain Reaction (qPCR) 

RNAs were isolated after treatment of E14Tg2a mES cells with hBMP4 (R&D Systems) 

or LDN193189 (Stemgent) using Trizol (Life Technologies).  Reverse transcription was 

performed using MMLV Reverse Transcriptase according to manufacture’s guideline. 

Quantitative PCR reactions were performed using Sybr-Green (Roche) and the primers 

listed in Supplemental Materials and Methods. 

 

2.5.4: X-gal and Immunofluorescence staining 

For X-gal staining, E14Tg2a cells were rinsed in pre-warmed PBS, fixed in 0.05% 

glutaraldehyde at room temperature and incubated in X-gal (10µg/ml) at 37°C. Pre-

implantation stage mouse embryos were fixed in 4% paraformaldehyde, washed, and 

incubated with X-gal overnight.  

 

For immunostaining, E14Tg2a mES cells were fixed with 3.7% formaldehyde in 1X 

PBS, rinsed with 1X PBS, and incubated in permeabilization buffer (0.24% Triton-X100) 

for 15 minutes at room temperature. After pre-incubation with blocking solution, the cells 

were incubated with indicated primary antibodies, anti-p-Smad1/5/8 (1:100, Millipore) or 

anti-SMAD1/5/8 (1:200, Santa Cruz Biotechnology) overnight. Secondary antibodies 

were goat anti-rabbit-Alexa555 (1:200, Life Technologies) and donkey anti-mouse 

Cruz647 (1:200, Santa Cruz Biotechnology). Preimplantation stage mouse embryos 

were rinsed in Acid Tyrode’s solution, (Sigma Aldrich), followed by a 30 minutes fixation 

with 3.7% formaldehyde. Primary antibodies used (see Table S2) were anti-p-
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SMAD1/5/8 (1:50 & 1:100, Millipore), anti- SMAD1/5/8 (1:200, Santa Cruz 

Biotechnology), anti-CDX2 (1:200, BioGenex), and anti-NANOG (1:200, Cosmo Bio 

USA) Additionally, E14Tg2a mES cells and embryos were stained with Hoechst 

(2µg/ml, Sigma Aldrich) and Phalloidin-488 (1:40 dilution, Life Technologies) for nuclear 

and F-actin staining, respectively. Embryos were placed on a glass slide coated with a 

1% agarose pad and compressed to a 3:1 aspect ratio.  All confocal images were 

acquired using a 20x 0.8 NA (mES cells) and 63X 1.4 NA (embryos) objective, on an 

Axioobserver Z1 Zeiss 780 confocal microscope with Zen2009 software.  Z-stack 

images were acquired at 0.3µm intervals. 

 

2.5.5: Live imaging 

Live imaging of H2BeGFP embryos was performed as previously described (Kurotaki et 

al, 2007). A Leica microscope equipped with Hamamatsu 1K EM-CCD was used. 

 

2.5.6: Fluorescence quantification via image segmentation 

We generated segmentation masks for individual nuclei in fluorescence microscopy 

images of the early mouse embryo.  First, we manually annotated cell centers based on 

DNA images.  Cell labels (such as inside/outside/ICM/trophectoderm) were manually 

assigned at this stage.  Second, we preprocessed the DNA image for segmentation by 

normalizing, blurring, and inverting the image.  Third, we generated segmentation 

masks by running active contours initialized from the annotated cell centers (De 

Solorzano et al., 2001). Expansion of active contour boundaries was constrained by 

areas of low intensity in the original DNA image and by collisions with neighbors.  A 
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Figure	14:	Effects	of	pCMV-DNBR-HA	and	LDN193189	in	mouse	mES	cells	and	
embryos.	
A)	Western	blot	demonstra0ng	an	increase	of	phosphorylated	Smad1	a:er	BMP4	

(20ng/ml)	s0mula0on.	Smad1	phosphoryla0on	is	inhibited	a:er	DNBR-HA	expression	

in	E14Tg2a	mES	cells.	B)	HA-tagged	DNBR	is	detected	on	the	membrane	of	cells	in	8-

cell	stage	embryo	derived	from	the	blastomere	injected	at	the	2-cell	stage.	C)	pSmad1	

concentra0on	decreases	in	pCMVβ/DNBR-HA	(mean	0.27,	n=	10)	when	compared	to	

injected	control	pCMVβ	(mean	of	0.35,	n=6,	p<0.001).	D)	Increase	in	the	number	of	

hours	embryos	cultured	in	LDN193189	took	to	reach	the	16-cell	stage	from	2-cell	

stage	(control	44	hours,	(n=16),	LDN	48	hours,	(n=17)).	*p<0.05	and	**p<0.001.	SEM	

is	reported	and	a	Student’s	t	-test	was	used	to	determine	significance.	
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sample segmentation is given in Figure 7A.  Lastly, we quantified p-

SMAD1/NANOG/CDX2 concentration by computing the average pixel intensity in 

individual nuclear segmentation masks. 

 

Embryos in each experiment were imaged in the same session; this enabled direct 

comparison of fluorescence contents across embryos in the same experiment.  In order 

to verify accuracy of our segmentation procedure, we compared fluorescence contents 

derived from our procedure versus manual segmentations (generated using the Fiji 

Segmentation Editor; Schindelin et al., 2012) and found close agreement (R2 of 0.98-

0.94, Fig. 9A). In order to minimize the impact of fluorescence attenuation along the z-

axis of the image, we only used "top layer" nuclei in subsequent analysis (nuclei whose 

projection to the top of the stack was at least 10% free of overlap with nuclei closer to 

the top of the stack): fluorescence from “top layer” nuclei is minimally attenuated since 

there is a minimal amount of tissue to traverse.  In addition, mitotic and polar body cells 

were annotated based on DNA morphology and excluded from subsequent analysis. 

 

Above, we assay fluorescence levels via concentration (i.e., average pixel intensity).  An 

alternative method of assaying fluorescence levels is to compute total content (i.e., 

summed pixel intensities).  In 64-cell stage embryos, significant differences in p-Smad1 

levels exist in ICM/TE cells when measured via total content.  However, these 

differences are relatively small (7%) compared to results derived p-Smad1 

concentrations (27%, Table 1).  We speculate that nuclear p-Smad1 concentration may 

be a better readout of BMP signaling than total nuclear p-Smad1 content. 



	 51	

 

2.5.7: Data analysis 

All p-values were computed using Student's t-test (R studio, Matlab). Images were 

visualized using ImageJ (NIH http://imagej.nih.gov/ij/). 

  

2.5.8: Dominant negative BMP receptor 1a expression construct and DNA 

microinjections 

Bmpr1aCA-pCIG pRosa26-DEST (gift from Edwin Monuki, Lim et al., 2004) was used to 

generate DNA encoding a dominant negative BMP receptor (DNBR-HA), which was 

sub-cloned into pCS2+HA.  Subsequently, the DNBR-HA was subcloned into pCMV-β 

(MacGregor et al., 1991).  The human cytomegalovirus (CMV) immediate early 

promoter (IEP), a splice acceptor-donor region, precedes the DNBR-HA sequence.  

Lastly, an oligo adapter with the P2A sequence was subcloned into pCS2-mCherry.  

The P2A-mCherry fragment was cloned into the pCMV-DNBR-HA vector to complete 

the construct that expresses both DNBR-HA and mCherry under transcriptional control 

of the CMV IEP. C57BL/6NTac 3-week old females were superovulated and embryos 

were harvested at the 2-cell stage (embryonic day e1.5) (Nagy et al., 2003). DNA 

fragments were gel purified, passed through a 0.22um filter and injected into a single 

blastomere of 2-cell stage embryos at a final concentration of 1.5ng/µl total DNA.  After 

microinjection, embryos were washed four times and transferred in KSOMaa media and 

incubated at 37oC under hypoxic conditions (90% N2, 5% CO2, 5% O2) in 25 µl 

microdrops of pre-equilibrated media in a Planer BT37 (Planer PLC, Sunbury-On-
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Thames, England) until the required developmental stage was reached. Images were 

collected using Olympus DP70.  

 

2.6 Supplemental Experimental Procedures  

2.6.1: Embryo acquisition  

Three-week old CD1 females (Charles River) were superovulated using pregnant mare 

serum (PMSG, Sigma Aldrich, catalog #G-4877, 2000IU/vial) followed ~ 45 hours later 

by human chorionic gonadotropin (hCG, Sigma Aldrich, catalog #C- 1063, 2500IU/vial). 

All females received 5 IU doses of each hormone intraperitoneally. After hCG (Sigma 

Aldrich, catalog #C-1063, 2500IU/vial) injections, mating were set up. Females were 

checked the following morning for mating plugs, at which they were considered e0.5 if a 

vaginal plug was present. Embryos were collected at desired embryonic day by flushing 

uterine horns or oviducts with Dulbecco’s Modified Eagle Medium (DMEM, Life 

Technologies, catalog #11965-092) with Hepes (10mM) media (Life Technologies, 

catalog #15630-106).  

2.6.2: In vitro culture  

Embryos were rinsed three times with DMEM (Life Technologies, catalog #11965-092) 

plus Hepes (Life Technologies, catalog #15630-106) and then prepared for in vitro 

culture in 35 µl microdroplets of KSOMaa (Life Technologies, catalog #MR-121-D) 

covered with a layer of light mineral oil (Sigma Aldrich, catalog #M5310-1L). The 

microdroplets were equilibrated at 37°C with 5% CO2 for 1 hour prior to addition of 

embryos. All dissected embryos were imaged using 
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Figure	15:		BMP	signaling	inhibi4on	delays	blastocyst	development.	A)	Embryos	

isolated	at	E2.5	were	cultured	in	vitro	with	and	without	LDN193189	for	24	hours	and	
stained	for	Nanog	and	Cdx2	(leF	and	middle).		Cell	number-matched	control	embryos	

cultured	for	12	hours	(right).		B)	The	average	total	cell	number	of	LDN193189	treated	

embryos	(~30	cells	per	embryo,	n=12)	is	significantly	reduced	when	compared	to	the	

embryos	cultured	for	24	hour	(~60	cells	per	embryo,	n=4),	but	is	comparable	to	the	12	

hour	cultured	embryos	(~30	cells	per	embryo,	n=8).	C,	D)	ScaSer	plots	and	box-	

whisker	plots	of	Nanog	and	Cdx2	concentraUons	in	individual	blastomeres	(inside	

black	and	outside	red)	blastomeres.	Blastomeres	of	LDN193189	treated	embryos	

displayed	a	significant	decrease	in	Cdx2	concentraUon	(control	mean	of	72.4	and	

LDN193189	mean	of	52.8,	p<0.001).	Scale	=	100µm,	SEM	is	reported.	

0
10
0

20
0

30
0

40
0

50
0

0
10
0

20
0

30
0

40
0

50
0

0
50

10
0

15
0

0
50

10
0

15
0

50 100 150 200 250 300

0
20

40
60

80
10
0

12
0

file_all$Nanog_9

fil
e_
al
l$
C
dx
2_
9

0 

10 

20 

30 

40 

50 

60 

70 

80 

Control  LDN Control  

24 hours 12 
hours 

N
um

be
r o

f c
el

ls
 p

er
 e

m
br

yo
 

12 hours 24 hours 

N
an

og
 

C
dx

2 
M

er
ge

d 

A 

C 

Figure 6 

~60-cell ~30-cell ~30-cell 

Control LDN 

**"

B 

Control-24 hours LDN-24 hours Control-12 hours 

Cultured in vitro 

Control 
C

dx
2 

co
nc

en
tra

tio
n 

Nanog concentration 
50          150         250            50          150         250            50          150         250            

00
   

   
 4

0 
   

   
 8

0 
   

  1
20

   
   

   
   

Control LDN Control Control LDN Control Control LDN Control Control LDN Control 

N
an

og
 c

on
ce

nt
ra

tio
n 

C
dx

2 
co

nc
en

tra
tio

n 

00
   

   
 2

00
   

   
40

0 
   

   
   

  

00
   

   
50

   
   

10
0 

   
15

0 
   

   
   

  

**"
D 

Outside Inside Outside Inside 

Inside 
Outside 

24 hours 12 hours 24 hours 12 hours 24 hours 12 hours 24 hours 12 hours 

24 hours 

50 100 150 200 250 300

0
20

40
60

80
10
0

12
0

file_all$Nanog_7

fil
e_
al
l$
C
dx
2_
7

50 100 150 200 250 300

0
20

40
60

80
10
0

12
0

file_all$Nanog_8

fil
e_
al
l$
C
dx
2_
8



	 54	

Olympus DP70. Embryos were incubated for 24 hours at 37°C, 5% CO2 in a humidified 

Sanyo incubator (Sanyo Scientific).  

2.6.3: mES cell culture  

E14Tg2a mouse ES cells were cultured on 0.1% gelatin-coated plates containing 

GMEM medium (Sigma Aldrich, #G5153) with 10% FBS (Hyclone, catalog 

#SH30071.03), 0.1mM NEAA, 1mM Sodium Pyruvate, 1000U/ml LIF (Millipore, catalog 

#ESG1107), and 0.1mM 2-Mercaptoethanol. Cells were maintained at 37°C, 5% CO2, 

and split using 0.25% trypsin (Life Technologies, catalog #15400- 054).  

2.6.4: mES cell transfection  

pCMV-DNBR-HA and pCMV-β vectors were transfected into E14Tg2a mES cells using 

Lipofectamine2000 (Invitrogen, catalog #11668027) according to manufacture’s 

protocol. Cells were collected for immunofluorescence or western blot analysis after 48 

hrs post-transfection.  

2.6.5: BMP signaling inhibition assay  

LDN193189 (Stemgent, catalog #04-0074, lot#1861) was diluted in KSOMaa to a final 

concentration of 2.5µM, 1µM, 0.5µM, or 0.25µM from a 10mM stock (dissolved in 

DMSO, Sigma Aldrich, catalog #D2650). Embryos were placed in LDN193189/KSOMaa 

or Noggin/KSOMaa (R&D Sysems, catalog #1967-NG, lot#ETY08) microdroplets that 

had been pre-equilibrated for at least 1 hour.  

Noggin (R&D Sysems, catalog #1967-NG, lot#ETY08) was dissolved in 1X PBS for final 
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concentration of (50µg/ml, 10µg/ml, and 1µg/ml). Control embryos were similarly placed 

in microdroplets containing DMSO (Sigma Aldrich, catalog #D2650) solvent.  

2.6.6: Immunofluorescence  

mES cells: Cells were washed with 1X PBS (3x times), fixed with 3.7% formaldehyde for 

15 minutes at room temperature (RT), rinsed with 1X PBS, and set in permeabilization 

buffer (0.25% Triton-X100 , Sigma Aldrich, catalog #107110934) for 15 minutes at RT. 

The cells were then blocked for 1 hour, and incubated in solution containing primary 

antibodies at 4°C overnight. Antibodies used were anti-pSMAD1,5,8 (1:100), anti-

SMAD1,5 (1:200), and rabbit anti-Oct4 (1:250). After incubation, cells were rinsed with 

1x PBS-Tween-20 (Fisher, catalog #EC-500-018-3) (0.1%) (1xPBS-T) then incubated 

with goat anti-rabbit- Alexa555 (1:200, Life Technologies) for 1 hour at room 

temperature. Additionally, cells were stained with Hoechst (2µg/ml, Sigma Aldrich, 

catalog #H21486) and Phalloidin-488 at 1:40 dilution (Life Technologies, catalog 

#A12379, 300U) for the nucleus and F-actin staining, respectively. All images were 

taken using Zeiss 780 confocal with 20x 0.8 NA objective with Zen2009 software.  

Mouse embryos: Embryos were treated in Acid Tyrode solution for two minutes, rinsed 

in DMEM (Life Technologies, catalog #11965-092) plus Hepes (Life Technologies, 

catalog #15630-106), followed by a 30 minutes fixation with 3.7% formaldehyde in 

0.95X PBS on ice. Embryos were rinsed in 0.95X PBS and permeabilized for 15 

minutes (0.2% TritonX-100 in 0.95X PBS) (Sigma Aldrich, catalog #107110934) before 

blocking for 1 hour at room temperature (0.2% BSA (Affymetrix, catalog #10868, 

lot#4135579), 0.2% TritonX-100, 2% goat, or donkey serum, in 0,95X PBS). All primary 
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antibody incubations were performed at 4°C. Primary antibodies (see Table 2) were 

used at the following dilutions: anti-pSmad1,5,8 (1:50), anti-Smad1,5,8 (1:200), anti-

Oct4 (1:250), anti-Sox17 (1:200), anti-Cdx2 (1:200), and anti-Nanog (1:200). 

Additionally, embryos were stained with Hoechst (2µg/ml, Life Technologies, catalog 

#H21486) and Phalloidin-488 (1:40 dilution, Life Technologies, catalog #A12379, 300U). 

All embryo images were acquired using a Zeiss 780 confocal microscope on a Zeiss 

AxioImager Z1 stand using a 63x, 1.4NA objective with Zen2009 software. Z- stack 

images were acquired at 0.3µm intervals for high-resolution 3D rendering.  

2.6.8: Western Blotting  

Mouse ES cells were collected in RIPA buffer (150mM NaCl, 50mM Tris-HCl pH 8.0, 

1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 25mM β- glycerophosphate, 100nM 

NaF, and 1mM Na3VO4) and 15µg of protein lysates were electrophoresed through a 

12% PAGE-SDS gel. Primary antibodies (see Table S2) used were: anti-p-Smad1 

(1:500), anti-Smad (1:200), anti-HA (1:200), anti-β-tubulin (1:10,000). ECL kit (GE 

Healthcare, catalog #RPN2232) was used for visualization.  

2.6.9: X-gal stain  

Embryos collected at the desired embryonic stages were fixed in 4% paraformaldehyde 

(PFA) in 1X PBS for 30 minutes on ice. Before incubating embryos overnight with X-gal 

(10µg/ml) in X-gal stain solution butter (2mM MgCl2, 5mM K ferrocyanide, 5mM K 

ferricyanide in 1X PBS) at 37°C, embryos were rinsed with Wash A (2mM MgCl2 and 

5mM EGTA in 1X PBS), then in Wash B (2mM MgCl2, 0.01% sodium deoxycholate and 

0.02% Nonidet P-40 1X PBS). ES cells were fixed in 0.05% glutaraldehyde solution and 
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incubated in X-gal solution overnight 37°C. DNA of embryos and ES cells was stained 

with Hoechst (Life Technologies, catalog #H21486).  

2.6.10: Quantitative Polymerase Chain Reaction (qPCR)  

RNA was isolated after treatment of mES cells with 20ng/ml hBMP4 (R&D Systems, 

catalog #314-BP) or 80nM LDN193189 (Stemgent, Stemgent, catalog #04-0074, 

lot#1861) using Trizol (Life Technologies, catalog #15596-026). Reverse transcription 

was performed using MMLV Reverse Transcriptase (Invitrogen, catalog #28025-013) 

according to manufacture’s guideline. Quantitative PCR was performed using SYBR 

Green (Roche, catalog #04-707- 516-001).  

2.6.11: Dominant negative BMP receptor 1a (DNBR) construct  

To generate an epitope tagged DNBR, we used the Bmpr1aCA-pCIG pRosa26- DEST 

construct (gift from Dr. Edwin Monuki, UCI) to PCR amplify the DNBR fragment 

containing ClaI (New England Bio Labs, catalog #R0197S) and NcoI ClaI (New England 

Bio Labs, catalog #R0193S) restriction sites at the 5’and 3’ ends, respectively. The 

amplicons were sub-cloned into pCS2+HA, generating epitope tagged pCS2+-DNBR-

HA. An epitope tagged DNBR-HA fragment was subcloned into the HindIII (New 

England Bio Labs, catalog #R0104S) and HpaI (New England Bio Labs, catalog 

#R0105S) digested sites of pCMV-β after removing the LacZ gene. The resulting 

DNBR-HA gene resides downstream of the CMV immediate early promoter linked to 

splice acceptor/donor region. Primers for PCR amplification and sequencing are listed 

below.  
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2.6.12: DNA microinjections  

All animal experimentation was conducted in accordance with federal guidelines for 

animal welfare with the studies being approved by the UCI Institutional Animal Care and 

Use Committee. UCI’s Transgenic Mouse Facility (TMF) conducted all microinjection of 

mouse pre-implantation embryos. Briefly, C57BL/6NTac 3-week old females were 

superovulated using 5 IU of PMSG (Sigma Aldrich, catalog #G- 4877, 2000IU/vial) 

followed ~ 45 hours later by 5 IU of hCG (Sigma Aldrich, catalog #C-1063, 2500IU/vial) 

and mated to C57BL/6NTac stud males. Embryos were harvest at the 2-cell stage 

(embryonic day e1.5). DNA fragments (pCMV-β- gal control and pCMV-DNBR-HA) were 

gel purified, filtered through 0.22µm filters, and injected at 1.5ng/µl concentration and 

1ng/µl, respectively, into the cytoplasm of each blastomere. After microinjections, 

embryos were transferred in KSOMaa media, imaged, and cultured for 24 hours. To 

control for DNA concentration injected, control embryos (pCMV-β only) were injected 

with the same total concentration of DNA injected into experimental embryos (DNBR-

HA + pCMVβ).  

Materials DNBR amplicons for DNBR-HA  

Forward: 5’- 

TTTTATCGATGCGGCCGCCATGCCTCAGCTATACATTTACATCAGATTATTG GG-3’  

Reverse: 5’- CCCCCATGGCTGCTTCATCCTGTTCCAAATCACGATTGTAAC-3’  

DNBR-HA into pCMV  

Forward: 5’- ACCTCCCCCTGAACCTGAAA-3’  
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Reverse: 5’-CGGTGGGAGGTCTATATAAGCAGAGCT-3’  

Oligos for generating pCS2+_P2A_mcherry  

Forward: 5’- 

CTGAAGCTTGGGCCCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCA 

GGCTGGAGACGTGGAGGAGACCCTGGACCTGCGGATCCCTG-3’  

Reverse: 5’- 

CAGGGATCCGCAGGTCCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGC 

AGGCTGAAGTTAGTAGCTCCGCTTCCGGGCCCAAGCTTCAG-3’  

qPCR primer sequences for Id genes:  

Id1  

Forward: 5’- GACATGAACGGCTGCTACTCAC -3’ Reverse: 5’- 

GACTTCAGACTCCGAGTTCAGC -3’ Id2 Forward: 5’- 

GTGAGGTCCGTTAGGAAAAACAG -3’ Reverse: 5’- 

GTCGTTCATGTTGTAGAGCAGACT -3’ Id3  

Forward: 5’- CTGTCGGAACGTAGCCTGG -3’ Reverse: 5’- 

GTGGTTCATGTCGTCCAAGAG -3’  
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Table 1:  Antibodies used for this study 
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Table 2: Analysis of pSmad1 nuclear content, related to 
figure 8D  

Figure -Data  Total content  
Normalized by 
DNA  

Normalized by 
Volume  

Figure 2D  

16-cell stage  

Not significant  

Inside (mean 0.35) 
vs outside (mean 
0.39)  

p>0.05 11% 
difference  

Not significant  

Inside (mean 0.39) 
vs outside (mean 
0.42)  

p>0.05 8% 
difference  

Not significant  

Inside (mean 0.44) 
vs outside (mean 
0.48)  

p>0.05 9% 
difference  

Figure 2D  

32-cell stage  

Significant  

ICM (mean 0.32) vs 
TE (mean 0.36)  

P<0.05 12% 
difference  

Not significant  

ICM (mean 0.40) vs 
TE (mean 0.43)  

P>0.05 7% 
difference  

Not significant  

ICM (mean 0.49) vs 
TE (mean 0.47)  

p>0.05 4% 
difference  

Figure 2D  

64-cell stage  

Significant  

ICM (mean 0.30) vs 
TE (mean 0.28)  

P<0.05 7% 
difference  

Significant  

ICM (mean 0.41) vs 
TE (mean 0.29)  

p<0.001 30% 
difference  

Significant  

ICM (mean 0.52) vs 
TE (mean 0.38)  

p<0.001 27% 
difference  
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Chapter 3: Interplay between asymmetric distribution of noise and timing of cell 

fate specification directs early embryonic organization 

(This chapter is formatted and under review for Cell Systems) 

 

3.1: Introduction 

A central question of developmental biology is how a single cell gives rise to an 

organism of exquisite complexity. In mammals, the fertilized egg begins this process by 

dividing multiple times to form a morula, which then undergoes compaction to create the 

blastocyst. Each cell of the early cleavage stage embryo is considered to be totipotent. 

After compaction, these cells differentiate to become either the inner cell mass (ICM), 

which mainly gives rise to the future embryo, or the trophectoderm (TE), which forms 

extra-embryonic structures. This lineage divergence is the first differentiation event in 

mammalian development, and is also an intensely studied process in mammalian 

reproductive biology (Wang and Dey, 2006; Rossant and Tam, 2009).  

ICM and TE cell populations are distinguished by both their spatial position within an 

embryo and gene expression differences. Structurally, the ICM is located in the interior 

of the blastocyst and the TE forms an outer layer surrounding it. Investigations have 

revealed that polarity of cells along the cleavage orientation of cell division affect 

development of this structure (Gardner, 2001; Piotrowska and Zernicka-Goetz, 2005; 

Jedrusik et al., 2008; Johson and Ziomek, 1981). Molecularly, Pou5f1/Oct4 (abbreviated 

OCT4 hereafter), NANOG, and SOX2 transcription factors (TFs) specify ICM cells, while 

TEAD4 and CDX2 TFs specify the TE (Wang and Dey, 2006; Chambers et al., 2003) 

(Figure16A). Interplay among these TFs is critical in specifying the ICM and TE cell 
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fates (Rossant and Tam, 2009; Jedrusik et al., 2008; Tan et al., 2013, Dietrich and 

Hiiragi, 2007). Despite the distinct differences between the hypothesized mechanisms 

that give rise to the first lineage differentiation discussed on chapter 1, we note that they 

are not mutually exclusive. Rather, all three are likely to contribute to some extent to 

maintaining embryonic organization. These findings imply that a pre-implantation mouse 

embryo interprets various types of information and coordinates the cellular response to 

produce a normal blastocyst.  

Although lineage commitment of blastomeres might start as early as the 4-cell stage 

(Gardner, 2001; Piotrowska and Zernicka-Goetz, 2005; Fujimori et al., 2003), the 

embryo is a dynamic entity and each cell at this stage maintains the ability to give rise to 

both embryonic and extra embryonic tissues (Tanaka et al, 2009).  Removal of a 

blastomere(s) of the cleavage stage embryo can accommodate the loss of cells and still 

generate normal embryos (Tarkowski, 1959). Additionally, the formation of chimeric 

mice can be accomplished by fusing cleavage stage embryos (Mintz, 1964, Mintz and 

Silvers, 1967). These manipulated embryos compensate for the changes in spatial 

rearrangement, cell-cell interactions, and the number of cells, leading to generation of 

normal newborns (Tarkowski, 1959; Tarkowski, 1961). The extraordinary adaptability 

and robustness of the system begs the question of what mechanism governs the 

earliest cell lineage decision-making process in mammals.  

Time-lapse microscopy has been used to study lineage allocation in unmanipulated 

mouse embryos (Bischoff et al., 2008; Watanabe et al., 2014). Bischoff et al, showed 

that 95% of cells maintained their position after the 32-cell stage, and the identity of the 

remaining 5% of cells was unknown. Independently, by carefully following the 
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movement of each cell between 8-32-cell stages, Watanabe et al, found that an average 

of 1.5 cells per embryo move away from the surface of the embryo toward inside during 

the segregation of ICM and TE cells. These dynamic cell movements suggest that a 

robust organizational mechanism must exist for both constructing the proper embryonic 

architecture, and correcting organizational mistakes that arise over time from stochastic 

motion and division of cells.  

Figure	16:	Contact	mediated	control	of	Cdx2	transcrip9on	is	insufficient	for	proper	
TE	/ICM	specifica9on	on	its	own.	a)	Images	showing	the	localiza2on	of	Oct4/Cdx2	at	
different	embryonic	stages.	b)	Schema2c	of	transcrip2onal	interac2ons.	c)	State	space	
showing	the	possible	expression	states	as	a	func2on	of	k	and	the	bias	S.	In	the	red	
(respec2vely	blue)	region	Oct4	(resp.	Cdx2	dominant)	states	are	possible.	In	the	
overlap,	the	system	is	bistable,	emiGng	both	TE	and	ICM	states.	The	two	green	dots	
indicate	two	cell	fate	states	a	cell	can	transi2on.	This	correspond	to	an	asterisk	
indicated	in	panel	(e).	d)	Simula2on	snapshots	showing	the	evolu2on	of	the	embryo	
subject	to	contact	signaling.	Results	show	a	number	of	interior	cells	expressing	TE	
factors.	e)	The	minimum	bias	(Si)	that	guarantees	a	TE	to	ICM	fate	switch	for	different	
values	I	and	b,	measured	as	the	minimum	value	of	the	blue	curve	in	panel	c.	Dark	blue	
indicates	that	a	change	of	bias	alone	cannot	drive	fate	correc2on.	The	black	asterisk	
denotes	parameters	derived	from	published	data	[9]	and	used	in	subsequent	analysis.		
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Figure 1: Contact mediated control of Cdx2 transcription is insufficient for proper TE / 
ICM specification on its own. a) Images showing the localization of Oct4 / Cdx2 at different 
embryonic stages.  b) Schematic of transcriptional interactions. c) State space showing the 
possible expression states as a function of k and the bias S. In the red (respectively blue) region 
Oct4 (resp. Cdx2 dominant) states are possible. In the overlap, the system is bistable, emitting 
both TE and ICM states. The two green dots indicate two cell fate states a cell can transition. This 
correspond to an asterisk indicated in panel (e). d) Simulation snapshots showing the evolution of 
the embryo subject to contact signaling. Results show a number of interior cells expressing TE 
factors. e) The minimum bias (Si) that guarantees a TE to ICM fate switch for different values I 
and b, measured as the minimum value of the blue curve in panel c. Dark blue indicates that a 
change of bias alone cannot drive fate correction. The black asterisk denotes parameters derived 
from published data [9] and used in subsequent analysis. 
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A number of modeling works have been carried out to determine the efficacy of different 

hypotheses. Previous work Honda et al suggests that mechanical forces alone could 

give rise to the morphologically distinct structure of interior and exterior cells (e.g. more 

rounded versus elongated). This investigation, however, modeled only the physical 

structure of the embryo and did not account for gene expression dynamics. The 

interactions between early embryonic TFs associated with TE and ICM lineages have 

been studied independently of the spatial structure of the embryo (Chickarmane and 

Peterson, 2008; Chickarmane et al., 2011). More recently, mechanics and gene 

regulation were combined in a single model to investigate embryonic organization 

(Krupinski et al., 2011). This model however did not incorporate any quantitative gene 

expression data or attempt to determine the robustness of organization in response to 

cellular motions.  

Here, we propose a more comprehensive computational model based on the “inside-

outside” theory, which also incorporates elements of other hypothesized models, to 

investigate this organizational process. Our model is based on the previous studies that 

commitment of cells to the ICM and TE lineage is controlled by the expression of Oct4 

and Cdx2 (Nichols et al., 1998; Yuan et al., 2009; Strumpf et al., 2005; Ralston and 

Rossant, 2008; Leung and Zernicka-Goetz, 2013). We additionally account for cell 

contact based signal transduction. Hippo signaling is known to be essential for the 

regulation of Cdx2 expression (Hirate et al., 2013; Leung and Zernicka-Goetz, 2013). 

Among inside cells, cell-cell contact activates Hippo signaling, which phosphorylates 

Yap. The phosphorylated Yap translocates from the nucleus to the cytoplasm and 

regulates TEAD4 nuclear localization causing a reduction of CDX2 transcription among 
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inside cells, thus promoting ICM development (Figure 16B) (Home et al., 2012; Nishioka 

et al., 2009, Nishioka et al., 2008). The above described and nonpolar (ICM cell) 

daughter cells or symmetrically to generate daughter to produce both polar (TE cell) 

cells that both become TE (Johnson and Ziomek, 1983). Consistent with this model, 

observations and other published results in vitro using embryonic stem cells are 

consistent with a regulatory model where the stable states of a bistable gene regulatory 

system represent TE and ICM lineages, respectively and cell-cell contact mediated 

positional information directs each cell to one or the other lineage (Chen et al., 2009; 

Kim and Cho, 2012; Chickarmane and Peterson, 2008; Chickarmane et al., 2011).  

Using this model, we systematically explore the efficacy of this inside-outside model as 

well as the influence of stochasticity on blastocyst formation (spatial organization). We 

take a joint modeling and experimental approach. To simulate the dynamical and 

stochastic nature of the developing embryo, we develop a discrete, multiscale and 

stochastic model that incorporates physical motions, deformations, and divisions of 

individual cells as well as gene regulatory processes that are influenced by cell-cell 

interactions. To further inform this model and test its predictions, we utilize quantitative 

immunofluorescence measurements of OCT4 and CDX2 (Figure 16B) to measure the 

relative expression levels and follow the cell lineage of potential TE cells using CDX2-

eGFP transgenic mouse embryos. Results of this investigation show the following. First, 

gene expression noise enhances robustness of organization by promoting cellular 

plasticity, allowing the embryo to correct organizational mistakes induced by dynamic 

cellular motions. Second, asymmetries in those noise sources provide a mechanism to 
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promote this noise-mediated plasticity without stochasticity overwhelming the systems 

dynamics. Lastly, cell fate specification is a gradual, rather than switch-like process, 

which provides a critical time window for noise to fix inevitable specification errors. 

Thus, while typically noise is seen as a nuisance to robust organization, we show that 

some forms of noise can have a positive influence on systems,and in particular can 

Figure	17:	Top:	Parameters	for	computa5onal	model	Panel	a)	Size	of	the	bistable	
parameter	regime	(with	respect	to	the	transcrip9onal	parameter	k)	as	a	func9on	of	

the	strength	of	compe99ve	inhibi9on	I.	Further	parameter	searches	are	restricted	to	

the	shaded	region,	which	emits	a	substan9al	bistable	parameter	regime.	b=0.7,	S=0,	

I=0.6,	n=4.	Panel	b)	The	frac9on	of	transcrip9onal	states	(for	k)	that	yield	Oct4	–	Cdx2	

expression	rela9onships	in	the	proper	ranges	(e.g.	5-10)	for	the	respec9ve	inner	and	

outer	cell	fates.	White	stars	represent	parameter	values	used	in	future	simula9ons.	

Panel	c)	Frac9on	of	randomly	chosen	pairs	of	representa9ve	ICM	and	TE	cell	states	

that	produce	Cdx2	and	Oct4	ra9os	in	the	observed	ranges.		

Bo:om:	Schema5c	of	the	cell	division	process	in	the	2D	model.	First,	a	division	plane	
is	chosen	to	separate	the	elements	into	equal	subsets.	Second,	the	original	

membrane	nodes	are	replaced	with	16	new	membrane	nodes.	Finally,	the	interior	of	

each	new	cell	is	populated	with	24	interior	nodes,	resul9ng	in	two	new	cells.	
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SM Figure 1: Panel a) Size of the bistable parameter regime (with respect to the 
transcriptional parameter k) as a function of the strength of competitive inhibition I. 
Further parameter searches are restricted to the shaded region, which emits a substantial 
bistable parameter regime. b=0.7, S=0, I=0.6, n=4. Panel b) The fraction of 
transcriptional states (for k) that yield Oct4 – Cdx2 expression relationships in the proper 
ranges (e.g. 5-10) for the respective inner and outer cell fates.  White stars represent 
parameter values used in future simulations. Panel c) Fraction of randomly chosen pairs 
of representative ICM and TE cell states that produce Cdx2 and Oct4 ratios in the 
observed ranges. See SM text for simulation methods and further information. 
 
 
 
 
 
 
 

 
SM Figure 2: Schematic of the cell division process in the 2D model. First, a division 
plane is chosen to separate the elements into equal subsets. Second, the original 
membrane nodes are replaced with 16 new membrane nodes. Finally, the interior of each 
new cell is populated with 24 interior nodes, resulting in two new cells. 
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SM Figure 2: Schematic of the cell division process in the 2D model. First, a division 
plane is chosen to separate the elements into equal subsets. Second, the original 
membrane nodes are replaced with 16 new membrane nodes. Finally, the interior of each 
new cell is populated with 24 interior nodes, resulting in two new cells. 
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allow cells to maintain plasticity in dynamically changing environments (Bar-Even et al., 

2006; Chen et al., 2013; Ji et al., 2013; Zhang et al., 2012; Ahrends et al., 2014; 

MacArthur et al., 2014).  

3.2: Results  

3.2.1: A stochastic, multiscale model of early mammalian blastocyst development  

To investigate the mechanism responsible for robust development of the TE / ICM, we 

construct a spatial model of the evolution of a single cell to a multicellular blastocyst. To 

gather quantitative imaging data of OCT4 and CDX2 TFs, embryos were fixed, 

subjected to immuno-staining, and subsequently compressed to ~1/3 of the embryonic 

diameter prior to imaging to reduce the impact of fluorescence attenuation. To model 

this process, we first consider a two-dimensional disc geometry, which both mimics the 

experimental system and provides a simpler output. Later we relax this assumption and 

model a spherical, three-dimensional embryo and verify that conclusions from 2D 

modeling are qualitatively similar to those of 3D modeling.  

The in silico embryo is modeled as a collection of discrete cells, each of which can 

physically deform, move in response to local interactions, undergo division, and change 

type (e.g. ICM / TE) based on time evolving gene expression profiles. The canonical 

OCT4 / CDX2 transcriptional system (Figure 16B) describes these cell fate dynamics 

(Niwa et al., 2005; Boyer et al., 2005). We investigate the hypothesis that cell contact 

mediated positional information affects cell fate specification potentially by augmenting 

this bistable network. The precise mechanism that mediates this influence is still the 

subject of debate, so we do not explicitly include intermediaries and instead for 
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simplicity assume contact influences CDX2 transcription directly (Figures 16B). These 

dynamics are encoded in the following non-dimensional stochastic system    

(1)   

where xi, yi represent the expression of Cdx2 and Oct4 respectively in cell i, and the 

final term is a stochastic noise term. When σ = 0 , the expression is regulated by a 

deterministic mechanism. In later sections we will consider the affect of asymmetric 

noise amplitudes σ Cdx2 ≠ σ Oct4 , but we begin with the simplifying assumption σ Cdx 

2 = σ Oct 4 =:σ . See section 3.5 for the fully parameterized system and the scalings 

that yield this non-dimensional reduction. This genetic circuit has four important state 

parameters that modulate its behavior: 1) A non-specific control parameter that 

determines the total rate of transcription in the system (k). 2) The strength of CDX2 / 

OCT4 antagonism (I). 3) The strength of basal transcriptional rate of individual genes 

(b). 4) A parameter encoding contact mediated asymmetries (Si, positive values indicate 

outer cell bias, negative indicates inner cell bias). Since this model has a complex 

parameter space, we first constrain it to a reasonable region using fluorescence data 

from [9] and obtain an indicative parameter set that generates ICM and TE expression 

states consistent with data (See section 3.5). These constraints are used as an initial 

guide and we later consider the sensitivity of subsequent results to changes in these 

critical parameters (k, b, I, σ).  

3.2.2: Contact mediated fate specification alone is insufficient to robustly form 
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trophectoderm and inner cell mass structures It is well established that the mutually 

inhibitory dynamics between CDX2 and OCT4 form a bistable system (as indicated by 

the overlap in Figure 16C) that generates two (or more) distinct cellular states 

(indicative of ICM or TE in this case). Furthermore, it is shown that by influencing the 

transcription rate of CDX2 (increasing or decreasing as proposed in this positional 

theory) a cell can enter one or the other of those two states (Figure 16C). It is thus clear 

that the positional mechanism can direct cells to the correct lineage by sensing the 

cellular environment (Figure 16D, second embryo). Due to cell-cell contact, inner cells 

inhibit CDX2 expression, thus promoting OCT4 expression and vice versa for outer 

cells.  

The mechano-chemical transduction of adjacent cell interactions is sufficient to initially 

pattern the early embryo. However, dynamic whole embryo simulations (Figure 16D) 

indicate that unexpected cell motions and divisions, which inevitably occur during 

normal blastocyst formation, cause intermingling of these cell types, thus destroying this 

architecture. For simplicity, we initially consider a deterministic version of the regulatory 

network (thus no stochasticity and setting σ = 0 ), and simulate the full two dimensional 

model. Results show 1) a number of interior cells mis-expressing TE markers and 2) 

improper allocation of cells to the ICM / TE lineages. Interestingly, mis-expression is 

confined to interior cells, with no exterior cells expressing ICM factors (Figure 16D, final 

snapshot). This is consistent with the findings that CDX2 expressing cells frequently 

move from outside to inside (McDole and Zheng, 2012). In order to account for 

simulation stochasticity, we also performed 20 additional simulations (not presented), all 

showing similar qualitative results. 



 71 

 

To understand why mis-expression is confined to interior cells, we analyzed the 

regulatory network (Eqs. 1 with σ = 0 ). Figure 16C, which indicates the influence of the 

contact mediated transcriptional bias S on possible states, illustrates the effect of a cell 

transiting from the exterior to the interior of the embryo (or vice versa). Here, the blue 

Figure	18:	Influence	of	polarity	and	cleavage	/	division	control	on	organiza;on.	
Panels	A-C)	The	effec0veness	of	organiza0on	for	three	model	variants	was	quan0fied	
to	assess	the	efficacy	of	different	assump0ons	on	the	mode	of	cell	division.	Results	
indicate	the	frac0on	of	correct	interior	cells,	which	is	a	surrogate	measure	for	the	
accuracy	of	organiza0on,	as	a	func0on	of	noise	amplitude.	An	ensemble	of	20	
simula0ons	is	again	used	to	account	for	simula0on	randomness.	The	methods	and	
ploHng	conven0ons	are	the	same	as	those	used	to	produce	Figure	2b.	The	model	
used	to	generate	Figure	2b	could	be	thought	of	as	Model	0	on	top	of	which	these	
adjustments	to	the	type	and	orienta0on	of	cell	division	were	made.	As	with	Figure	2b,	
accuracy	is	poor	when	no	stochas0city	is	present	(σ=0).	Panel	D)	Snapshots	showing	
the	0me	evolu0on	of	Model	2	in	the	low	noise	regime	(σ=0.2).	PloHng	conven0ons	
are	the	same	as	in	Figure	5b:	blue,	red,	and	green	represent	Cdx2	dominant,	Oct4	
dominant,	and	mixed	expressions,	respec0vely.	It	is	not	visually	evident	due	to	the	
geometry,	but	a	number	of	interior	cells	at	the	end	are	Cdx2	dominant.		
		

 
 
 

 
 
 
 
 
 
 
 

 
Figure 3: Influence of polarity and cleavage / division control on organization. 
Panels A-C) The effectiveness of organization for three model variants was quantified 
to assess the efficacy of different assumptions on the mode of cell division. Results 
indicate the fraction of correct interior cells, which is a surrogate measure for the 
accuracy of organization, as a function of noise amplitude. An ensemble of 20 
simulations is again used to account for simulation randomness. The methods and 
plotting conventions are the same as those used to produce Figure 2b. The model used to 
generate Figure 2b could be thought of as Model 0 on top of which these adjustments to 
the type and orientation of cell division were made. As with Figure 2b, accuracy is poor 
when no stochasticity is present (σ=0).  Panel D) Snapshots showing the time evolution 
of Model 2 in the low noise regime (σ=0.2). Plotting conventions are the same as in 
Figure 5b: blue, red, and green represent Cdx2 dominant, Oct4 dominant, and mixed 
expressions, respectively. It is not visually evident due to the geometry, but a number of 
interior cells at the end are Cdx2 dominant. 
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(resp. red) region shows the bias ranges where CDX2 (resp. OCT4) dominant states 

are possible. In the overlapping region, the system is bistable and either TE or ICM like 

states are possible. Upon reducing the bias from the expected outer cell bias to the 

inner cell bias, the system does not exit the bistable region (note two green dots stay 

under the blue area). Thus, a change of CDX2 expression is not forced. On the other 

hand, in the reverse transition an OCT4-expressing ICM cell that relocates to the 

exterior (which occurs very infrequently if at all in developing embryos) will exit the 

bistable region and only the CDX2 dominated state is possible. This asymmetry in fate 

switching is a result of contact mediated signaling affecting only CDX2.  

Stronger biasing (decreasing Si) would force expression of ICM factors (and 

suppression of TE factors). This however requires the differential expression of OCT4 / 

CDX2 to be much larger than experimentally observed (Dietrich and Hiigari, 2007). We 

additionally determine the sensitivity of this result to critical model parameters. We 

compute the critical bias that will drive a TE ICM transition for a range of values of the 

remaining parameters (Figure 16E). Results indicate that in a substantial portion of the 

parameter space (the blue region), no change of bias will force such a transition, 

suggesting that an additional regulatory mechanism is involved.  

To test the potential influence of polarity and the type and angle of division on 

organization, which have been proposed to positively influence organization, we 

incorporated (Figure 18) observations about cell division (Bischoff et al., 2008). We first 

incorporated symmetric versus asymmetric divisions into the model. All inner cells were 

assumed to divide symmetrically to produce two ICM cells. Outer cells were assumed to 
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polarize and divide either symmetrically with a division plane perpendicular to the 

embryo surface (to produce two TE daughter cells), or asymmetrically with a plane of 

division parallel to the embryo surface (to produce a TE cell on the outside and an ICM 

Figure	19:	Gene	expression	noise	improves	contact	mediated	fate	determina8on.	a)	
Sample	SSEM	simula.on,	iden.cal	to	Figure	1d	but	with	stochas.c	noise	included	(σ	
=0.3).	b)	3D	embryo	simula.on	results	showing	the	frac.on	of	interior	cells	expressing	
the	correct	fate	over	.me.	Mean	and	standard	devia.on	of	an	ensemble	of	20	
simula.ons	at	each	noise	level	are	reported.	c,d)	Simulated	correc.on	efficiency	with	
and	without	gene	expression	varia.on.	For	each	parameter	set,	reloca.on	of	100	
independent	TE	like	cells	to	the	interior	is	emulated,	and	the	frac.on	that	correct	to	
the	Oct4+	state	is	recorded.	Asterisks	indicate	parameters	derived	from	published	
data	[9],	similar	to	Figure	1e.	e)	Sample	3D	simula.on	with	σ	=0.3.	f)	Dependence	of	
plas.city	on	noise	asymmetry.	One	hundred	independent	cells	are	simulated	for	
different	combina.ons	of	(σCdx2,	σOct4).	Each	cell	is	ini.alized	in	a	TE	state,	the	bias	
Si	is	adjusted	from	0.6	-0.2,	and	the	frac.on	of	cells	that	transi.on	to	an	ICM	state	by	
T=48	is	recorded.	Unless	otherwise	stated,	the	base	parameter	values	for	all	
simula.ons	are	the	same	as	for	Figure	1d.	
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Figure 2: Gene expression noise improves contact mediated fate determination. a) Sample 
SSEM simulation, identical to Figure 1d but with stochastic noise included (σ =0.3). b) 3D 
embryo simulation results showing the fraction of interior cells expressing the correct fate over 
time. Mean and standard deviation of an ensemble of 20 simulations at each noise level are 
reported. c,d) Simulated correction efficiency with and without gene expression variation. For 
each parameter set, relocation of 100 independent TE like cells to the interior is emulated, and the 
fraction that correct to the Oct4+ state is recorded. Asterisks indicate parameters derived from 
published data [9], similar to Figure 1e. e) Sample 3D simulation with σ =0.3. f) Dependence of 
plasticity on noise asymmetry. One hundred independent cells are simulated for different 
combinations of (σCdx2, σOct4). Each cell is initialized in a TE state, the bias Si is adjusted from 0.6 
! -0.2, and the fraction of cells that transition to an ICM state by T=48 is recorded. Unless 
otherwise stated, the base parameter values for all simulations are the same as for Figure 1d. 
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cell on the inside). Results indicate that with insufficient stochasticity, this does not lead 

to accurate organization (Figure 18B, Model 2). It has additionally been observed that 

the mode of division of a mother cell and its daughter cells are correlated, suggesting a 

potential compensatory mechanism to ensure proper allocation to ICM and TE lineages. 

We incorporated this along with Bischoff et al.’s data for the frequency of different 

modes of division at each cleavage stage. Results (Figure 20, Model 3) show again that 

this does do not rescue proper organization. Taken together, these results indicate that 

while polarity and cell division control likely have an important role in organization, they 

are not sufficient on their own to prevent the types of errors observed in Figure 16D and 

accurately organize the embryo.  

3.2.3: Noise in gene expression promotes cell plasticity and improves 

organization  

How then is proper TE / ICM organization maintained in the presence of these cellular 

motions? Cell type dependent differences in adhesion can sort cells of different 

identities (Krupinski et al., 2011). However, this process is likely to be slow (hours or 

more) and introduce additional stochastic effects, due to cell movements and divisions. 

Furthermore, sorting of cells provides no means of controlling the number of cells 

allocated to the two lineages. Alternatively, it has been suggested that in some contexts, 

noise in gene expression processes can improve plasticity, allowing cells to continually 

read their environment and adjust accordingly (Zhang et al., 2012; Hayashi et al., 2008; 

Luo et al., 2013; MacAruthur et al., 2009). We thus next ask what effect intra-cellular 

noise has on this system.  
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To determine this, we introduced stochasticity (σ>0) into the gene regulatory system 

and performed an identical simulation to that in Figure 1d (all other model specifics were 

held fixed and only σ changed). Results (Figure 19A) indicate that the addition of 

stochasticity is sufficient to generate an accurately patterned embryo. This simulation 

experiment was repeated with a more representative 3D geometry (holding all aspects 

of gene regulation the same as in Figure 19A) with results (Figure 19E) again indicating 

that this cell-contact based mechanism in combination with noisy gene regulation is 

sufficient to accurately organize the embryo. Additional simulations with the same model 

parameters that were performed to account for simulation stochasticity showed similar 

results (results not shown).  

To determine the influence of the amount of gene regulatory noise in the system, we 

performed the same numerical experiment with the 3D model and varied the strength of 

stochasticity (σ). For each noise level, 20 independent simulations were performed and 

the accuracy of organization was assessed at different time points (Figure 19B). As with 

Figure 16D, we find that in all cases mis-expression is almost exclusively limited to inner 

cells. Thus, to quantify the accuracy of blastocyst organization, we determined the 

fraction of interior cells that were OCT4 dominant (e.g. high in OCT4, low in CDX2) at 

the blastocyst stage. Results indicate a clear positive effect of this noise on the final 

organization (Figures 19B), thus noise leads to a substantial reduction in the number of 

mis-expressed cells. Additionally, it appears that there is an optimal noise level σ=0.3, 

above which no additional benefit is found. Indeed, above this level excessive noise 

begins to drive erroneous transitions in the wrong direction and begins to overwhelm the 

dynamics of the system. 
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We next consider the sensitivity of these results to parameter variations. We perform a 

simulation study of Eqs. 1 with partially randomized parameters, for both the noise free 

Figure	20:	Quan.fying	intra-embryonic	variability	of	Cdx2	and	Oct4.	a-c)	Expression	
as	a	func2on	of	cell	stage	for	8-16	(16	embryos,	mean	cell	number=10.3),	57-85	cell	
embryos	(10	embryos,	mean	cell	number=76),	and	77-155	(8	embryos,	mean	cell	
number=115).	Different	colored	dots	represent	rela2ve	expression	levels	of	individual	
cells	from	independent	embryos	at	specified	stages.	d)	Variability	of	simulated	
popula2ons	for	different	values	of	s.	For	each,	100	cells	are	simulated	and	the	CV	is	
computed	at	T=48.	The	output	value	(0.3)	indicated	is	a	rough	measurement	from	
panels	f,g.	Representa2ve	ICM	state	parameters	Si=-0.2,	k=0.7	are	used.	e-g).	
Variability	of	Oct4	/	Cdx2	from	the	cohort	of	embryos	in	panels	a-c.	The	coefficient	of	
varia2on	(CV)	for	the	ICM	(red)	and	TE	(blue)	subpopula2ons	of	each	embryo	is	
computed.	Box	plots	indicate	the	varia2on	of	this	noise	measure	across	embryos.	
Stars	indicate	significance	of	the	indicated	at	p=0.01	(paired	t-test).	At	the	8-16	cell	
stage,	the	ICM	and	TE	have	not	formed,	so	noise	is	quan2fied	trea2ng	all	cells	in	the	
embryo	as	a	single	popula2on.	h)	Varia2on	of	expression	among	only	TE	cells	at	the	
top	of	embryos	reported	in	panel	g.		
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Figure 3: Quantifying intra-embryonic variability of Cdx2 and Oct4. a-c) Expression as a 
function of cell stage for 8-16 (16 embryos, mean cell number=10.3), 57-85 cell embryos (10 
embryos, mean cell number=76), and 77-155 (8 embryos, mean cell number=115). Different 
colored dots represent relative expression levels of individual cells from independent embryos at 
specified stages. d) Variability of simulated populations for different values of s. For each, 100 
cells are simulated and the CV is computed at T=48.  The output value (0.3) indicated is a rough 
measurement from panels f,g.  Representative ICM state parameters Si=-0.2, k=0.7 are used. e-g) 
Variability of Oct4 / Cdx2 from the cohort of embryos in panels a-c. The coefficient of variation 
(CV) for the ICM (red) and TE (blue) subpopulations of each embryo is computed. Box plots 
indicate the variation of this noise measure across embryos. Stars indicate significance of the 
indicated at p=0.01 (paired t-test). At the 8-16 cell stage, the ICM and TE have not formed, so 
noise is quantified treating all cells in the embryo as a single population. h) Variation of 
expression among only TE cells at the top of embryos reported in panel g. 
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and stochastic systems (with σ Cdx 2 = σ Oct 4 ). The parameters b and I are taken as 

taken to be the same for all cells, independent of location and time. We grid these 

parameters and for each set, simulate 100 independent cells. Each is initialized at a TE 

state with a randomized combination of k and Si >0 (constrained to parameters that give 

rise to distinct TE states). Subsequently, each cell is re-assigned a randomized value of 

Si <0 (to mimic relocation from outside to inside), simulated in time, and the fraction that 

correct to the interior lineage is recorded (Figures 19C, D). Results show noise 

substantially enlarges the region where the state correction occurs robustly. Note that 

the stared parameter values represent those determined by constraining the model with 

the published data by Dietrich et al. Thus, noise expands the effective operating regime 

to include the neighborhood of this parameter set. These results support the hypothesis 

that gene expression noise has a substantial positive influence on TE / ICM 

organization and adds significant robustness for the correct structural arrangement of 

mouse blastocysts.  

Both 2D and 3D simulation studies thus far have indicated there is an inherent 

asymmetry in this system resulting from the fact that cell contact influences the 

expression of only CDX2. Specifically, cell fate errors are almost exclusively localized to 

the interior of the embryo, e.g. CDX2 positive cells are found in the inside. Thus, noise 

must (almost) exclusively drive transitions from the TE lineage to the ICM lineage, 

suggesting an asymmetric influence of stochasticity itself. We thus consider the 

possibility that noise in one factor may be more influential than noise in the other. To 

test this, we allowed noise levels (σCDX2 and σOCT4) in the gene regulatory system 

(Eqs. 1) to be different among factors. We fixed all kinetic parameters at their base 
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values and performed a similar simulation experiment similar to Figures 20C, D. For an 

array of values of the two noise strengths, a cohort of in silico cells were initialized in a 

TE like state, the bias (Si) was changed to reflect a position in the interior of the embryo, 

and the fraction that change fate is recorded as a measure of the effectiveness at 

promoting transitions (Figure 19F). Results show noise in Cdx2 is more effective at 

driving cells to the correct gene expression than noise in Oct4, which has almost no 

influence. In combination, these results suggest that noise helps re-adjust fate of a mis-

localized cell, and thus has a positive influence on the mouse embryo organization. 

Furthermore, the structure of noise has different impact on cell fate specification, some 

noise being more beneficial than others. 

 

Figure	21:	Re-segmenta2on	of	data	in	Figure	21f.	All	10	embryos	measured	in	Figure	
21f	were	resegmented	using	different	ac:ve	contour	parameters	that	produce	
smaller	masks	(see	SM	text	1.1).	All	coloring	and	conven:ons	are	the	same	as	in	
Figure	21f.	

 
 
 

 
SM Figure 4: Replication of results.  Panel A) Replication of Figure 5a. Cdx2 intensity 
versus ``embryo age’’ as measured by cell number (50 Embryos, min = 16, max = 64, 
mean = 33 cells).  Each data point represents the average normalized intensity of Cdx2 in 
ICM (red) or TE (blue) cells of a single, fixed embryo. Slopes of the best-fit regression 
line are provided with p=1e-13 (blue) and p=1e-4 (red), indicating both exhibit a 
significant positive correlation with cell number. This data comes from whole cell 
segmentation rather than nuclear segmentation. Raw data is normalized by DNA marker 
intensity, however, qualitative results are similar with either raw or cell volume 
normalizations.  
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SM Figure 5: Re-segmentation of data in Figure 3f. All 10 embryos measured in Figure 
3f were resegmented using different active contour parameters that produce smaller masks 
(see SM text 1.1). All coloring and conventions are the same as in Figure 3f. 
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We make a brief note about the use of expression data Dietrich et al to constrain the 

parameters in Eqs. 1. Fluorescence intensity ratios were used to measure the difference 

between CDX2 and OCT4 expressing cell types. While a number of experimental 

factors such as antibody affinity can potentially influence this estimate, we expect the 

actual expression differences to be larger than the assumed ranges. Increased 

expression differences would arise from increased strength of antagonism (increased I), 

decreased basal transcription rates (decreased b), or both (Figure 17). Either of these 

would shift cells to a state where noise becomes increasingly necessary for proper 

function (Figures 19C, D). Thus, if the relative expression estimates derived from data 

from Dietrich et al, are strongly influenced by experimental methods, we expect those 

estimates to be conservative in the sense they lead to underestimation of the 

importance and need for stochasticity in maintaining plasticity.  

3.2.4: Quantification of gene expression noise  

Previous simulation results indicate that gene expression stochasticity may provide an 

important benefit to this system (Figure 19). To provide in vivo supporting evidence, we 

determined the levels of expression variability of CDX2 and OCT4 TFs in mouse 

embryos. Quantitative immunofluorescence staining of mouse embryos at different 

developmental stages was performed using anti-CDX2 and OCT4 antibodies (Figure 

20). To eliminate variability among experimental treatments, embryos at different stages 

were fixed, stained, and co-imaged at the same time. For each embryo imaged, the 

nuclear expression of CDX2 and OCT4 was quantified for individual cells using a 3D 

segmentation pipeline (Fig 20A-C). Independent data sets were obtained from 4 

embryos. The coefficient of variation (CV) of each of these data sets was then 
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determined, giving four intra- embryonic noise measurements of these embryos. At the 

earliest stage (8-16 cells), gene expression changes have not yet begun and cells 

cannot be classified as interior or exterior, thus for this stage we treated all cells within 

the embryo as a single population rather than distinguishing between TE and ICM. 

These noise quantifications (Figures 20E-H) indicate that at 57-85 and 77-175 cell 

stages, the measured noise levels are in the 20- 40% range. Some of this variability is 

inevitably measurement noise and as such this should be viewed as an upper bound for 

the intrinsic variability. 

 

Figure	22:	Analysis	of	qPCR	expression	data:	Cluster	analysis	was	performed	on	single	
cell	qPCR	expression	data	of	109	cells	isolated	from	a	total	of	8	embryos,	at	the	~32	
cell	stage	(not	all	cells	from	each	embryo	were	successfully	harvested).	Results	show	
expression	of	Oct4	and	Cdx2	in	ICM	(red)	and	TE	(blue)	cells.	Coefficient	of	variaNon	
for	each	transcripNon	factor	in	each	populaNon	is	provided.	Note	that	coefficient	of	
variaNon	is	significantly	higher	for	Cdx2	than	Oct4.	

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
SM Figure 6: Analysis of qPCR expression data: Cluster analysis was performed on 
single cell qPCR expression data of 109 cells isolated from a total of 8 embryos, at the 
~32 cell stage (not all cells from each embryo were successfully harvested). Results 
show expression of Oct4 and Cdx2 in ICM (red) and TE (blue) cells. Coefficient of 
variation for each transcription factor in each population is provided.  Note that 
coefficient of variation is significantly higher for Cdx2 than Oct4.   
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To compare these measured noise levels to those used in previous simulation studies 

(Figure 19), we numerically determine the relationship between noise amplitude (σ in 

the model) and resulting level of gene expression heterogeneity (which is measured in 

Figure 20). One hundred independent stochastic simulations were performed at each of 

a range of noise inputs (σ), the CV of the resulting population was recorded at each, 

and the input / output relation (Figure 20D) was used to determine this relationship. 

Interestingly, noise input and output variability are roughly linearly related below σ = 0.3 

, the rough level inferred from data. Further, a dramatic change in behavior occurs 

above roughly σ = 0.4 , where noise was found to start to overwhelm the system in 

simulation studies, causing random transitions between ICM and TE states (Figure 

17B).  

Noise quantification results (Figure 20F) show an additional, surprising feature; the CV 

for CDX2 (~35%) is significantly larger than that of OCT4 (~25%). This asymmetry was 

confirmed by an independent experiment. Importantly, we note that CDX2 and OCT4 

noise asymmetry is not present at the 8-16 cell stage, but occurs at subsequent stages 

and is maintained even in 100+ cell embryos. Several pieces of evidence suggest that 

the observed noise asymmetry is not an artifact. First, to ensure these results are not an 

artifact of image attenuation at different focal depths, we measured variation in only TE 

cells located in the top layer of the embryo (Figure 31H). Second, we reduced the 

nuclear mask size during segmentation, and found the same results, indicating that this 

is not due to segmentation artifact. Third, we analyzed previously published qPCR data 

at the 32-cell stage and a similar asymmetric transcriptional noise variation was 

detected for CDX2 and OCT4 (Figure 22; Guo et al., 2010). Lastly, to ensure that the 
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noise variation of the transcription factors was not an experimental artifact, we swapped 

secondary conjugates and saw the same results (data not shown). These results 

suggest that the observed noise asymmetry did not arise from experimental artifacts. 

While we focus on CDX2 and OCT4 expression here, it was previously observed that 

NANOG also exhibits significant levels of heterogeneity (Dietrich and Hiigari, 2007). 

This further suggests that the asymmetry we observe between CDX2 and OCT4 is not a 

general asymmetry between all TE / ICM associated factors but rather may be specific 

to those two.  

These results indicate that the levels of CDX2 and OCT4 expression variations 

observed in fixed embryos is consistent with optimal levels of CDX2 and OCT4 

expression noise predicted by simulations to promote accurate embryonic organization. 

Furthermore, our experimentally quantified asymmetry between CDX2 and OCT4 is 

consistent with the simulation results showing the asymmetric influence of stochasticity 

in CDX2 and OCT4. Taken together, we conclude that noise has a role in promoting 

proper organization of the embryo.  

3.2.5: Evidence of cell plasticity and importance of timing in fate decision  

The results shown above indicate that noise-mediated cell plasticity has a role in 

correcting expression errors that arise when cell divisions and motions cause 

intermingling of different cell types. To determine if such intermingling occurs, we 

performed live imaging of CDX2-eGFP transgenic mouse embryos, in which a fusion 

protein construct was knocked into the Cdx2 locus (McDole and Zheng, 2012). The half-

life of eGFP in this context is expected to mimic that of CDX2. Approximately 9% of 
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CDX2-eGFP positive cells initially located at the outer layer of blastocysts (41 out of 437 

cells, n=24 embryos) relocate to the ICM (Figure 23). This represents approximately 5% 

of embryonic cell populations that will mis-express Cdx2 in the ICM. This is, in good 

agreement with observations made in by Bischoff et al and Watanabe et al.  

Figure	23:	Cdx2-eGFP	expression	in	inner	cells	of	embryos	between	late	morula	and	
early	blastocysts.	a)	Percentage	bar	graph	showing	the	loca3on	of	Cdx2-eGFP	posi3ve	
cells	in	blastocysts.	b,	c)	Whisker	box	plots	showing	the	total	number	of	Cdx2-eGFP	
posi3ve	cells	per	embryo	and	the	number	of	Cdx2-eGFP	posi3ve	cells	found	in	the	
inner	por3on	of	embryos.	d)	a	single	slice	representa3on	of	an	early	blastocyst	
embryo	showing	a	Cdx2-eGFP	cell	located	inside	(yellow	circle).	e)	Top	and	boFom	
view	3me	frames	of	3D	reconstruc3on	of	an	embryo	transi3oning	to	an	early	
blastocyst	stage.	Yellow	arrows	indicate	a	cell	that	expresses	eGFP	transiently.	m:	
minutes,	BF:	bright	field.	

 23 

 

 

Figure 4: Cdx2-eGFP expression in inner cells of embryos between late morula and early 
blastocysts. a) Percentage bar graph showing the location of Cdx2-eGFP positive cells in 
blastocysts. b, c) Whisker box plots showing the total number of Cdx2-eGFP positive cells per 
embryo and the number of Cdx2-eGFP positive cells found in the inner portion of embryos.  d) a 
single slice representation of an early blastocyst embryo showing a Cdx2-eGFP cell located 
inside (yellow circle). e) Top and bottom view time frames of 3D reconstruction of an embryo 
transitioning to an early blastocyst stage. Yellow arrows indicate a cell that expresses eGFP 
transiently. m: minutes, BF: bright field. 
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At present, we are unable to determine the cell fate of the CDX2-eGFP positive cells 

relocated into the ICM at the blastocyst stage. However, evidence suggests that the 

inner cells expressing CDX2-eGFP adopt the new ICM fate. First, during 12-18 hours of 

continuous live imaging, none of CDX2-eGFP expression detected in ICM moved back 

to the outer layer of blastocyst (Figure 23). Second, CDX2-eGFP expression decreases 

once outside cells move inside, suggesting that these cells lose TE cell identify (McDole 

and Zhang, 2012). Third, when Watanabe et al. (2014) examined the movements of 

individual cells, movement of inside cells to outside was never observed. These findings 

are consistent with the view that the CDX2-eGFP positive cells inside remain inside and 

dynamically readjust their fate based on position.  

A key requirement of a position-based mechanism is the presence of positional 

information that the cell can sense and transduce the information. This raises two 

interesting issues. First, how does the embryo cope with the initial ambiguity when 

fewer than 8 cells are present as all blastomeres are exposed to the zona pellucida (i.e. 

there are no interior cells)? Second, how does the embryo cope with the lack of E-

cadherin expression prior to compaction, which is suggested to be the first step in this 

cell contact mediated signaling cascade (Riethmacher et al., 1995; Nishioka et al., 

2009)? When E-Cadherin is inhibited (using E-Cadherin blocking antibody ECCD1) in 8-

16 cell compacted embryos, further development ensues but ICM cells are either absent 

or significantly reduced (Shirayoshi et al., 1983). Consistent with this observation, YAP 

localization is indistinguishable between interior and exterior cells of these embryos 

(Nishioka et al., 2009). Thus, prior to compaction, contact-mediated positional 

information is both ambiguous and cannot be transduced.  
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The natural solution to the problem is that cells can defer fate specification until after 

compaction. To determine how CDX2 and OCT4 gene expression changes with time, 

we performed a pseudo-longitudinal analysis of CDX2 / OCT4 expression. A cohort of 

embryos were fixed, grouped together, and subjected to immuno-staining within the 

same reaction mixture. Cells were visually classified as either interior or exterior and 

expression as a function of cell number (a surrogate for time) was recorded (Figures 

24A, B). Figure 24A shows both populations begin with similar initial CDX2 expression, 

which increases in both cell populations, but more markedly in exterior cells (replication 

confirmed this trend, Figure 25). The dynamics of OCT4 expression are less clear 

(Figure 24B), however expression increases are larger, more highly correlated, and 

more significant in the ICM than in TE cells (Figure 24C). This suggests that not only is 

cell specification delayed until later when positional information becomes more robust, 

but also that even then, fate commitment is a gradual (takes multiple hours and days) 

rather than a quick, switch like process as it is often portrayed.  

Presently, it is unclear what is responsible for either the delayed or gradual nature of 

commitment. Based on the regulatory motif in Figure 16B, we raise one potential 

candidate. A gradual increase in the non-specific (in the sense that it targets all cells 

and transcription factors equally) rate of transcription (k in the Eqs. 1) would lead to 

gradual commitment (Figure 24D). At low rates, the system is monostable (Figure 24D, 

black curve), while at higher rates bistability arises (cells are bipotential) and the 

proposed Cdx2 transcriptional bias would direct cells to follow a different paths (blue 

versus red in Figure 24D).  

This is by no means the only potential candidate. It is however consistent with the fact 
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that gene expression divergence occurs through the preferential increase of one 

transcription factor rather than decrease in the other (which would occur if for example 

inhibition changes over time). Furthermore, an increase in k over time could result from 

the maternal to zygotic transition. While we have suggested transcription / translation 

control is responsible for this delay, modulation of transcription factor degradation via 

proteasome activity (for example), would provide a similar outcome as well. 

 

3.2.6: Summary of the underlying mechanism and the influence of stochasticity  

The distinctiveness of TE / ICM cells and the mixing of the two populations is 

Figure	24:	Transcrip1onal	suppression	slows	down	fate	decisions	un1l	sufficient	
spa1al	informa1on	is	present.	a,b)	Intensity	of	Cdx2	and	Oct4	respec8vely	versus	
``embryo	age’’	as	measured	by	cell	number.	Each	data	point	represents	the	mean	

normalized	intensity	of	in	ICM	(red)	or	TE	(blue)	cells	of	a	single	embryo	(24	embryos	

with	mean	cell	number	20).	c)	Sta8s8cs	for	data	in	panels	a,b.	Slopes	of	the	best-fit	
regression	line	(m),	correla8on	between	cell	number	and	expression	(r),	and	
significance	of	the	correspondence	between	intensity	and	cell	number	(p,	paired	t-
test)	are	provided.	d)	Dependence	of	Cdx2	expression	on	k.	Blue	(Si=0.6),	red	

(Si=-0.2),	and	black	(Si=0)	curves	represent	indicate	different	(un)biased	seRngs.	In	

this	bifurca8on	diagram,	solid	(dashed)	lines	indicate	stable	(unstable)	steady	states.	

Remaining	parameters	are	n=4,	I=0.6,	b=0.7.	

 24 

 

 

 
 

 
Figure 5: Transcriptional suppression slows down fate decisions until sufficient spatial 
information is present. a,b) Intensity of Cdx2 and Oct4 respectively versus ``embryo age’’ as 
measured by cell number.  Each data point represents the mean normalized intensity of in ICM 
(red) or TE (blue) cells of a single embryo (24 embryos with mean cell number 20). c) Statistics 
for data in panels a,b. Slopes of the best-fit regression line (m), correlation between cell number 
and expression (r), and significance of the correspondence between intensity and cell number (p, 
paired t-test) are provided. d) Dependence of Cdx2 expression on k.  Blue (Si=0.6), red (Si=-0.2), 
and black (Si=0) curves represent indicate different (un)biased settings. In this bifurcation 
diagram, solid (dashed) lines indicate stable (unstable) steady states. Remaining parameters are 
n=4, I=0.6, b=0.7. 
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schematically depicted in Figure 26A. Shortly after compaction, all cells undergo the 

gradual process of distinguishing themselves through changes in gene expression. This 

creates a window of time in which noise has a critical positive effect on organization, 

namely by correcting mis-expressions that arise as cells move and divide. We 

hypothesize that the stochastic effects studied here are intimately related to the 

structure of the so-called genetic landscape of the circuit regulating cell fate (Huang, 

2009; Huang et al., 2007). This view proposes that gene expression is a manifestation 

of minima in an underlying energy landscape and mis-expressing cells are stuck in 

shallow, less favorable minima (Figure 26B). Noise then drives state transitions by 

pushing that cell over a saddle. From this point of view, our results indicate that the 

levels of stochasticity we quantified (Figures 20F, G) in embryos may be both beneficial 

to organization and near some form of optimum (i.e. both sufficiently high to improve 

organization but still sufficiently low to avoid overwhelming the system). The 

asymmetries of cell fate corrections in simulation studies along with the quantified 

asymmetry of expression variability further suggest that not all noise is created equal. In 

particular noise in CDX2 appears to be the primary driver of cell fate correction while 

noise in OCT4 provides no additional benefit.  

In response to this idea it is natural to ask, if noise has the propensity to drive beneficial 

transitions, why would it not undo those transitions? This is because state transitions 

are not symmetric. While a system may have multiple stable attractor states, the relative 

stability of those states need not be the same. In particular, Figure 24B depicts a 

scenario where the “incorrect” cell state is less stable (i.e. a shallower trough) than the 

“correct” cell state. In this scenario, the noise required to drive a correct incorrect state 
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transition is significantly larger than that required to drive the reverse transition. Thus, 

once noise has driven a cell to the correct state (i.e., more stable state), it would 

become locked (unless position again changed).  

This analogy also presents an interesting interpretation of the gradual process of fate 

commitment (Figure 24). In the landscape view, gradual commitment would correspond 

to a steady divergence of the representative attracting states (depicted in Figure 26B). 

As cell fates become more distinct, it becomes more difficult to stochastically drive 

transitions between them. Thus, gradual commitment would endow the system with a 

temporally varying level of plasticity. A consequence of this would be that in the earlier, 

more dynamic stages of development, cell fates would be more fluid and the system 

could readily correct errors. In later stages (once ICM / TE structures have largely 

formed), cell fates would become more distinct, with a commensurate reduction in 

plasticity. In other words, the slow nature of this process would create a time window 

where noise drives correction of inevitable specification errors.  

3.3: Discussion  

An important challenge in developmental biology is to understand the design principles 

responsible for spatio-temporal organization of the embryo. While a number of 

mechanisms have been proposed to contribute to this process, a positional based 

regulative model has received significant recent support (Gardner, 2001; Piotrowska 

and Zernicka-Goetz, 2005; Chambers et al., 2003; Johnson and Ziomek, 1983; Rossant 

and Vijh, 1980). The central premise of this model is that cells communicate directly 

through cell-cell contact via hippo signaling to affect downstream expression of the 



 89 

master cell fate regulators CDX2 and OCT4 (Home et al., 2012; Nishioka et al., 2009). 

Via this line of reasoning, a cells position determines its fate. This model is attractive 

because it has the potential to add a level of robustness to previously proposed theories 

since positional information is a dynamic quantity that can change in time, potentially 

allowing cells to continuously read their environment and adjust accordingly. Here, we 

combine modeling and image analysis to show that this model can ensure the robust 

development of normal blastocysts, provided stocha

stic effects are considered (see Section 3.2.6 for further discussion).  

It is clear that in a perfect world, cell contact signaling is sufficient to direct organization. 

Figure	25:	Replica0on	of	results.	Panel	Replica0on	of	Figure	25a.	Cdx2	intensity	
versus	“embryo	age’’	as	measured	by	cell	number	(50	Embryos,	min	=	16,	max	=	64,	
mean	=	33	cells).	Each	data	point	represents	the	average	normalized	intensity	of	Cdx2	
in	ICM	(red)	or	TE	(blue)	cells	of	a	single,	fixed	embryo.	Slopes	of	the	best-fit	
regression	line	are	provided	with	p=1e-13	(blue)	and	p=1e-4	(red),	indicaOng	both	
exhibit	a	significant	posiOve	correlaOon	with	cell	number.	This	data	comes	from	whole	
cell	segmentaOon	rather	than	nuclear	segmentaOon.	Raw	data	is	normalized	by	DNA	
marker	intensity,	however,	qualitaOve	results	are	similar	with	either	raw	or	cell	
volume	normalizaOons.		
		

 
 
 

 
SM Figure 4: Replication of results.  Panel A) Replication of Figure 5a. Cdx2 intensity 
versus ``embryo age’’ as measured by cell number (50 Embryos, min = 16, max = 64, 
mean = 33 cells).  Each data point represents the average normalized intensity of Cdx2 in 
ICM (red) or TE (blue) cells of a single, fixed embryo. Slopes of the best-fit regression 
line are provided with p=1e-13 (blue) and p=1e-4 (red), indicating both exhibit a 
significant positive correlation with cell number. This data comes from whole cell 
segmentation rather than nuclear segmentation. Raw data is normalized by DNA marker 
intensity, however, qualitative results are similar with either raw or cell volume 
normalizations.  
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However, the early embryo is a dynamic environment with cells changing position. 

While previous work suggests that cell polarity and regulation of the orientation of cell 

divisions aids organization, live imaging of CDX2-eGFP transgenic mouse embryos 

(Figure 23) and tracking of cell divisions indicates that this alone is insufficient ensure all 

cells remain in the appropriate location within the embryo (Bischoff et al., 2008; 

Watanbe et al., 2014; Pulsa et al., 2005). Thus, some mechanism to correct cell fates 

and ensure a majority of the limited number of mammalian embryos undergo successful 

pre-implantation development is required. How does the embryo cope with these out of 

place cells? Adhesion mediated sorting has been suggested in many settings to direct 

tissue segregation (Krupinski et al., 2011). The absence of movement of cells from the 

inside of the embryo to the outside however argues against this since mis-expression is 

found primarily in the interior. Furthermore, it provides no way to balance the number of 

cells that commit to the ICM and TE lineages. The regulative positional based 

mechanism provides a natural framework to account for this, namely that cells simply 

change their fate upon relocation. While this is intuitively plausible, our modeling results 

(Figures 16(C-E)) show that changes in local signaling information (upon relocation), on 

its own, is insufficient to guarantee fate corrections in many cases (Section 3.2.1).  

In silico modeling and quantitative imaging results here suggest that stochasticity in 

gene expression processes is sufficient to improve plasticity and ensure accurate 

formation of TE / ICM structures. This raises an important point that while historically, 

noise has been seen as a nuisance threatening organization, more recent work has 

begun to recognize its potential benefits (Zwaka, 2006; Szutorisz et al., 2006; Chen et 

al., 2013; Zhang et al., 2012; Macarthur et al., 2009). Results here are in line with this 
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theory. First, they indicate that the system may have found a way to optimize the 

amount of gene expression noise present so as to provide the maximum benefit of 

noise-mediated plasticity without overwhelming the systems dynamics with excess 

noise. Second, noise quantification and simulation results suggest that the structural 

asymmetry in the noise may further aid organization. Finally, the gradual nature of 

commitment could provide a means for stochastic effects to influence organization 

during the early, more dynamic phase of organization, while reducing the effects of 

stochasticity at later stages, once the TE / ICM structures have already formed. Thus, 

while the regulative model is a plausible and even compelling mechanism to organize 

the embryo, these results indicate that noise has a critical role in helping this 

mechanism deal with the ambiguities and imperfections of positional information that 

are central to it.  

Given the ubiquitous presence of many of the elements of this system in other contexts, 

we expect observations regarding the positive influence of noise on organization to 

have broader biological implications. Bipotent gene expression circuits are used in a 

wide variety of biological systems ranging from embryonic development, to 

hematopoietic stem cell differentiation, to osteo-adipo progenitor dynamics (Ralston and 

Rossant, 2005; Huang, 2009; Huang et al., 2007; Lin et al., 2008). For example, later in 

embryonic development ICM cells are further organized into the epiblast (the future 

embryo) and parietal endoderm (the future visceral endoderm). While local cell-cell 

communications (e.g. through direct physical or biochemical signaling) or long-range 

patterning cues (e.g. morphogens) may initiate desirable spatial organizations, we 
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hypothesize that the stochastic nature of those processes requires additional 

mechanisms to ensure precision. It will be important to determine whether gene 

expression noise and their asymmetries are more generally incorporated into various 

decision-making processes in development such as cell-cell boundary formation during 

Figure	26:	Schema0c	of	the	gradual	process	of	trophectoderm	(TE)	and	inner	cell	
mass	(ICM)	forma0on.	a)	Schema*c	of	the	dis*nc*veness	of	TE	/	ICM	cells	and	the	
mixing	of	the	two	popula*ons	as	*me	progresses.	b)	Schema*c	of	the	hypothesized	
epigene*c	landscape	as	a	func*on	of	*me.	Prior	to	compac*on,	the	system	is	mono	
stable	and	all	cells	are	equivalent	up	to	stochas*c	fluctua*ons.	AHer	compac*on,	this	
state	bifurcates	to	two	possible	states,	with	the	rela*ve	stability	of	the	two	
determined	by	local	cell-cell	communica*on.	Arrows	schema*cally	indicate	how	
different	sources	of	noise	could	be	(non)	construc*ve	by	driving	fluctua*ons	in	
different	direc*ons	in	the	underlying	landscape.	At	later	stages,	the	ICM	/	TE	gene	
expressions	gradually	diverge	leading	to	more	dis*nct	states	that	are	more	difficult	to	
transi*on	between.	

 25 

 
 
 
 
 
 
 
 

 
 
Figure 6: Schematic of the gradual process of trphoectoderm (TE) and inner cell mass 
(ICM) formation. a) Schematic of the distinctiveness of TE / ICM cells and the mixing of the 
two populations as time progresses. b) Schematic of the hypothesized epigenetic landscape as a 
function of time. Prior to compaction, the system is mono stable and all cells are equivalent up to 
stochastic fluctuations. After compaction, this state bifurcates to two possible states, with the 
relative stability of the two determined by local cell-cell communication. Arrows schematically 
indicate how different sources of noise could be (non)constructive by driving fluctuations in 
different directions in the underlying landscape. At later stages, the ICM / TE gene expressions 
gradually diverge leading to more distinct states that are more difficult to transition between.  
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organogenesis and the emergence of tumors.  

Our findings do raise a number of important questions. First, what might throttle 

transcription (or related processes) prior to compaction and is that control coincident 

with or directly tied to the occurrence of compaction? While we have not identified a 

responsible regulator, we expect it to act globally, affecting all cells equally. Second, 

how are noise levels controlled or “tuned”? Numerous theories have been proposed for 

noise attenuation, but how would it be “controlled” rather than simply “attenuated”? One 

hypothesis is that feedback loops with other factors influence stochasticity. For 

example, in ESC’s, expression variability of genes are regulated through NANOG 

dependent feedbacks (MacArthur et al., 2012). Third, how are noise levels in different 

factors modulated differently? One possibility is to simply modulate mRNA copy 

number, which influences variability (Bar-Even et al., 2006). Alternatively, transcription 

factor / promoter binding dynamics may provide a mechanism to tune transcriptional 

bursting frequency, leading to “tunable” variation (Senecal et al., 2014). Regardless of 

the source of this control, these results suggest noise promotes cellular plasticity and 

has an important positive influence on blastocyst organization.  

3.4: Methods  

3.4.1: Simulation methods  

See supplemental materials. 

 

3.4.2: Embryo Acquisition  

Preimplantation stage mouse embryos were collected from 3-week old females (CD1, 
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Charles Rivers and CDX2-eGFP, Jackson Laboratories). Embryos were obtained after 

super ovulation with pregnant mare serum (PMSG) and human chorionic gonadotropin 

(hCG) at desired embryonic day (E2.5, E3.5, and E4.5) by flushing oviducts and uterine 

horns with holding media (DMEM containing Hepes). CDX2-eGFP pre-implantation 

mouse embryos were isolated at e2.5 and set for culture in 25µl KSOMaa. Embryos 

were kept at 37°C under 5% CO2 before imaging.  

3.4.3: Live imaging  

Transgenic mouse embryos harboring CDX2-eGFP (McDole and Zheng, 2012) were 

imaged using Zeiss 780 confocal microscope at 63x using a 1.4 NA objective. Z-stacks 

of 2µm slices were collected every 15 minutes with 488nm wavelength laser power 

(5%), 1024X1024 pixels. Embryos were imaged in 25µl microdroplets of KSOMaa 

covered with mineral oil in a incubation chamber kept at 5% CO2 and 37°C.  

3.4.4: Immunofluorescence  

Mouse embryos were rinsed in Acid Tyrode’s solution, (Sigma Aldrich) and fixed in 

3.7% formaldehyde on ice for 30 minutes. Primary antibodies used were anti-OCT4 

(1:250, Santa Cruz Biotechnology) and anti-CDX2 (1:200, BioGenex) and secondaries 

were Alexa555 and CruzFlur647 (see Table S4). DNA was stained with Hoechst 

(2µg/ml, Sigma Aldrich). Embryos were placed on a glass slide coated with a 1% 

agarose pad and compressed to a 3:1 aspect ratio. All confocal images were acquired 

using a 63x 1.4 NA objective, on an Axioobserver Z1 Zeiss 780 confocal microscope 

with Zen2009 software. Z-stack images were acquired at 0.3µm intervals.  
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3.4.5: Image Analysis  

We used custom software to quantify average fluorescent intensity in individual nuclei. 

See Supplementary Material for details. For live embryo imaging analysis and 3D 

reconstructions Fiji-imageJ was used.  

3.5: Supplemental Material  
 
3.5.1: Extended Experimental Methods. 

3.5.1.1:  Image Analysis 

 

We generated segmentation masks for individual nuclei in fluorescence microscopy 

images of the early mouse embryo.  First, we manually annotated cell centers based on 

DNA images.  Cell labels (such as inside/outside/ICM/trophectoderm) were manually 

assigned at this stage.  Second, we preprocessed the DNA image for segmentation by 

normalizing, blurring, and inverting the image.  Third, we generated segmentation 

masks by running active contours initialized from the annotated cell centers (De 

Solorzano et al., 2001). Expansion of active contour boundaries was constrained by 

areas of low intensity in the original DNA image and by collisions with 

neighbors.  Lastly, we quantified OCT4/CDX2 concentration by computing the average 

pixel intensity in individual nuclear segmentation masks. 

 

Embryos in each experiment were imaged in the same session; this enabled direct 

comparison of fluorescence contents across embryos in the same experiment.  In order 

to minimize the impact of fluorescence attenuation along the z-axis of the image, in 

Figure 23C we only used "top layer" nuclei in subsequent analysis (nuclei whose 
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projection to the top of the stack was at least 10% free of overlap with nuclei closer to 

the top of the stack): fluorescence from “top layer” nuclei is minimally attenuated since 

there is a minimal amount of tissue to traverse.  In addition, mitotic and polar body cells 

were annotated based on DNA morphology and excluded from subsequent analysis. 

Image visualization was performed using ImageJ (NIH http://imagej.nih.gov/ij/).  

 

In order to test the robustness of our results against different segmentation parameters, 

we generated smaller segmentation masks that did not cover the entire cell nuclear 

region by adjusting active contour parameters.  Our results remain qualitatively 

unchanged, and thus our results are robust against different segmentation parameters. 

3.5.1.2:  Computational Methods 

All bifurcation analysis was performed using MatCont (Dhooge et al., 2003), a MatLab 

based pseudo arclength continuation package. Spatial model simulations were 

performed using the sub-cellular element method (Christley et al., 2010; Newman, 

2005, 2008; Newman and Grima, 2004). All non-spatial model simulations were carried 

out with a custom Euler-Maruyama scheme in MatLab (MathWorks). All visual 

representations of 2D and 3D simulation results are surfaces extrapolated from the 

location of the internal elements comprising each cell. For 3D visualizations, these 

representations were rendered using Visual Molecular Dynamics (VMD) (Humphrey et 

al., 1996). 

 

3.5.2: Extended Model Description and Analysis 

3.5.2.1: Gene Regulatory Network Model Reduction 
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We consider the following representation of the OCT4 / CDX2 transcriptional system 

   (0.2) 

where x,y represent the expression of CDX2 and OCT4 respectively. For the moment 

we neglect the stochasticity, since it does not affect the reduction process. The 

parameter definitions are as follows: bx,y represent the basal rate of transcription within 

an individual cell. a represents the maximal contribution of autocatalysis to the net rate 

of transcription. n is a Hill coefficient governing both the strength of autocatalysis and 

inhibition. Different Hill coefficients are possible for auto-activation and inhibition 

functions, but we assume n=4 for each for simplicity. q  is the EC50 of the respective 

non-linear interactions, which we assume to be the same for each Hill function. I 

represents the strength of the mutual antagonism, which assumed symmetric. d is the 

rate of degradation, again assumed the same for OCT4 and CDX2. We have thus 

assumed that the transcriptional network is symmetric except for differences in the rate 

of basal transcription, which is where positional differences are assumed to influence 

the network. 

 

We non-dimensionalize this system by setting . Inserting 

these into Eqs. (0.2), and dropping the tilde, this system reduces to 

   (0.3) 
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where 

    

This reduces the system to the four-parameter model (n is fixed) utilized in the main 

text. In these terms k is a non-specific transcriptional control parameter, b is a basal rate 

of transcription, S measures the positional dependent asymmetry in the network (which 

is derived from cell contact for this model), and I is the strength of antagonism. 

 

3.5.2.2: Transcriptional Model Parameterization 

Since this model has a relative complex parameter space, we first constrain it to a 

reasonable region. The strength of inhibition (I) can be constrained first by noting the 

size of the bistable region that supports distinct TE / ICM fates increases with strength 

(Figure 17). A significant amount of antagonism (I >0.5) is thus necessary. The strength 

of basal transcription (b) and the size of the contact mediated bias (S) are further 

constrained by expression data. We use four pieces of relative expression information 

from (Dietrich and Hiiragi, 2007) (at 55 hours post compaction, Fig. 23b): 1) Cdx2 is 

expressed at roughly 5-10 higher levels in TE cells than ICM cells, 2) OCT4 is 

expressed at 5-10 times higher levels in the ICM than TE, 3) the ratio of OCT4 / CDX2 

in ICM cells is ~5-10, and 4) the ratio of CDX2 / OCT4 in TE cells is ~5-10. The former 

two provide relative inter-cellar expression information while the latter two provide 

relative intra-cellular expression information. Essentially, these are measures of how 

distinctive different cell types are. 

 

k = a
2θδ

, b =
by
a
, S =

bx − by
a

.
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We now seek regions of this four-dimensional parameter space that give rise to relative 

expression profiles in these ranges. Values are initially constrained to I >0.5, b<1 (since 

above this value basal transcriptional processes outweigh auto-catalytic processes), 

and b+S>0 (to avoid negative transcription rates). The three-dimensional (b, S, I) 

parameter space is then sectioned in a grid, and for each parameter vector a bifurcation 

analysis of the system with respect to the remaining parameter k is performed (see 

Figure 20A for an example). For each parameter set p=(b, S, I), we first distinguish 

between an interior (S<0) vs. exterior bias (S>0). For an interior (resp. exterior) 

parameter set p, the minimum and maximum values k(p), K(p) that give rise to ICM 

(resp. TE) like fates is identified.  See Figures 21A,B where the blue and red dots 

respectively mark the bounds of the ICM / TE parameter regions. 

  

In 18B, the fraction of relevant k values that produce OCT4 / CDX2 or CDX2 / OCT4 

expression ratios in the desired range for each parameter set p is indicated. For an 

interior set for example, we compute the quantity 

    

where c is a characteristic function, O(k;p) is the OCT4 expression at that state, and 

C(k;p) is the CDX2 expression at that state. The colormap in 18B indicates the value 

f(p) for I=0.6; similar data for I=0.7,0.8,0.9 was produced but is not shown. This data 

constrains the parameter values that produce intra-cellular expression ratios in proper 

ranges. 

  

f (p) = 1
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We next considered inter-cellular expression relationships. CDX2 and OCT4 expression 

respectively are compared pairwise between two model cells in ICM and TE states. 

Since the parameter ranges that produce ICM like states are more constrained than 

those that produce TE like states, for each pairing (I, b), the value of SICM(I, b)<0 that 

gives rise to the largest fraction of acceptable ICM states is chosen as a representative 

ICM parameter set. For each (I, b), we then search over all S>0 (which produce TE 

states). For each value of S >0, 1000 values of k are drawn that produce both TE and 

ICM states (for S >0 and SICM respectively).  A thousand random pairs of ICM and TE 

states are then drawn pairwise and compared.  The ratios 

    

for each of the randomized 1000 parameter sets are computed, and the fraction of 

those tested parameter sets where both ratios are in the observed range are recorded 

in Figure 17C (for I=0.6). 

  

From this data we draw the following conclusions. 1) An intermediate level of basal 

transcription (b) is required. Increasing (resp. decreasing) basal rates lowers (resp. 

raises) relative expression ratios. 2) As the transcriptional bias (S) becomes more 

extreme, expression ratios become larger, as expected. 3) As inhibition becomes 

stronger (increased I), expression ratios become more extreme. We chose an indicative 

parameter set based on these results that produce the observed expression ratios: I = 

0.6, k = 0.7, b = 0.7, SICM = -0.2, STE = 0.6, which are indicated by white stars on SM 

Figures 16B,C. These parameters are used to produce Figures 18-20, 23 in the main 

rO = O(ki , I ,b,SICM )
O(kj , I ,b,S)

, rC =
C(kj , I ,b,S)
C(ki , I ,b,SICM )
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text. This is only a representative set used for in depth investigation and all results are 

shown hold for a substantial region of parameter space. 

 

3.5.2.3:  Dependence of expression ratios on parameters. 

Figure 18B, C shows that as basal transcription rates decrease, the fraction of states 

that exhibit moderate expression ratios decreases. This results from an increase rather 

than a decrease in expression ratios. Essentially, as basal transcription rates decrease, 

the “off” value of expression (OCT4 expression in exterior cells for example) decreases 

to near 0 while the “on” value (OCT4 in interior cells for example) is relatively 

unaffected. This near exclusion of one factor leads to dramatically increased expression 

differences. As one would expect, increased strength of antagonism also increases 

expression ratios beyond the observed levels (results not shown), which again results 

primarily from exclusion of the “off” factor.  

 

3.5.2.4:  Spatial Model Formulation 

The multi-scale nature of this system lends itself to separate treatment of the intra-

cellular gene regulatory network dynamics and biophysical spatial dynamics. We treat 

the former as a non-spatial stochastic system and endow each cell with a copy of a 

stochastic differential equation (SDE) representation accounting for the time evolution of 

transcription factor quantities. We use the relatively new sub cellular element framework 

to model the spatial dynamics of the developing embryo. Using this, the following 

system dynamics are incorporated: 1) inter-cellular forces arising from contact and cell-

cell adhesion interactions, 2) embryonic cavity formation (which occurs after 
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compaction), 3) confinement of cells by the zona pelliucida, and 4) cell divisions. We 

provide a general overview of the sub-cellular element method and then separately 

describe the 2D disc and 3D spherical models. 

 

3.5.2.5: Sub-cellular element overview 

The subcellular element method describes each individual cell as a discrete collection of 

subcellular “elements”. Cell movements are driven by biomechanical force interactions 

including intracellular forces among elements of the same cell, intercellular forces 

between elements of different cells, and external interactions between the zona 

pellucida, embryonic cavity, and cells. In this formulation, the ith cell is described by a 

collection of elements, which we index by {ai}. The position (Yai) of these elements, 

whose dynamics are completely described by the sum total of their interactions with all 

other elements of the system, evolve according to a large Langevin system 

!!!!  
!" = −!!! !!"#$% !!! − !!!

!!!!!

− !!! !!"#$% !!! − !!!
!!!!!

+ !!"#!$%&'(!!!), 

where !!"#$% is a pairwise potential energy between elements !! and !! of the same cell !, 

!!"#$% is a pairwise energy between elements !! of cell ! and !! of cell !, and !!"#!$%&' is 

any external force. Note this is an energetic formulation of this model, hence the 

negative gradient applied to the first two terms. Table 2 provides a list of all parameters 

used for this simulation. 

 

3.5.2.6:  2D disc model 
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For the 2D spatial model, each cell is represented by 40 elements.  For each cell, these 

elements are grouped into two categories: 24 inner nodes and 16 external membrane 

nodes. All 40 nodes within a cell interact via an intra-cellular Morse potential 

    

where . The combination of long range attraction and short range repulsion 

of this potential keeps the elements of each cell contained in a coherent structure and 

endows it with a preferred area. In addition to this Morse potential, each membrane 

node is attached via a spring force to its two adjacent neighbors, given by the spring 

potential 

    

where  is a unit vector in the direction of the connection between two elements and r0 

is a rest length. The Morse potential is also used to describe the force interactions 

between elements within different cells. 

 

3.5.2.7: Cell Division  

Each newly born cell is assigned a normally distributed cell cycle length. When this time 

expires, the mother cell is divided into two daughter cells by choosing a division plane 

(either randomly or in some informed way) and the cell is cut into two halves. A key 

difference between this and the 3D model is that each cell in this model always 

maintains 40 elements. To accommodate this, upon division, each cell must be 

reinitialized with the proper number of elements. To do so, a contour is constructed from 

the remaining boundary elements of each daughter cell and these elements are 

V (r) =U exp − r
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subsequently replaced by 16 new boundary elements along that contour and the 

internal elements are replaced by 24 new elements, see Figure 17 bottom.  

 

Through this re-initialization process, the area of the embryo must remain fixed. So after 

division, the two daughter cells should be smaller than their mother. To accommodate 

the increased number of elements after division, we update the spatial scale of the 

system at discrete time points (Table 5) to maintain a nearly constant embryonic 

volume. 

 

3.5.2.8:  Embryonic Cavity Formation 

Soon after compaction, a fluid filled embryonic cavity is known to form. Rather than 

account for the complexities of salt and osmotic transport, at the early 16 cell stage, a 

fixed phantom node is placed in the embryo (outside of all cells) that repels all other 

cells according to the Morse potential: 

    

where  is again the distance between a node and the phantom node. 

 

3.5.2.9: Cell Contact and Signaling 

Each cell is assigned a copy of the gene regulatory Equations 1.1 (main text) where cell 

contact influences dynamics by determining the value of Si for each cell i. Rather than 

compute the fraction of external nodes that are currently bound to another cell, we 

instead compute the fraction of nodes that are in contact with the zona pellucida. A 

critical assumption is made in this simplification that an interior cells interaction with the 

Fexternal (r) =
Ucavity

ξ
exp − r

ξ
⎛
⎝⎜

⎞
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,
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cavity is similar to cell – cell contact. We have found this necessary, since once the 

cavity forms, interior and exterior cells bordering the cavity are nearly indistinguishable 

from the standpoint of the fraction of cell – cell contact. Thus the contact based 

mechanism produces TE cells all around the periphery of the cavity. Using this method, 

we indirectly determine the fraction of boundary elements of a cell that are in contact 

with another cell and assign . These values are chosen so 

that Si ranges between the minimum and maximum values for interior / exterior 

determined in the parameterization section. 

 

3.5.2.10:  3D spherical model 

In this model, in contrast to the 2D disc model, each cell is comprised of only one 

element type and all inter and intra cellular force interactions are described by Lennard–

Jones type potentials 

! = !!"
!!"

!!"

!"
− !!"

!!"

!
, 

where !!" is the distance between element ! and element  !, the parameter !!" 

determines the strength of interaction, and !!" is the equilibrium separation where the 

inter-element potential is a minimum and no force is applied. In the absence of external 

forces, the intra-cellular forces will scatter the inner elements to their rest lengths and 

the cell will always have a roughly spherical shape of preferred size. The full list of the 

parameters governing the inter and intra interactions between elements is provided in 

Table 5. 

 

Si = 1.3− 0.8 ⋅  ContactDensity
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3.5.2.11: Cavity formation 

We account for the formation of the embryonic cavity in much the same way as in the 

2D model. Here, a single phantom element that repels other elements is placed at a 

fixed location within the embryo, with the repulsive force governed by 

!!"#!$%&' !!! = −!!!

!!"#!!"#$

!!!
, 

where rai is again the separation between the phantom element and element ai. In this 

case however, we account more accurately for the nature of cavity formation in this 

system. Since the early embryo at this stage is a closed system, the formation of the 

cavity comes at the expense of cells losing volume. To account for this, the separation 

distance between elements is gradually decreased with time to mimic the shrinking of 

cells with time. The preferred element separation distance decreases directly as a 

function of cell numbers with the precise dependence shown in Table 5. 

 

3.5.2.12: Cell division 

A primary difference between this and the 2D disc model is that here, the total number 

of elements in the system is fixed for the entirety of the simulation and cell divisions 

simply subdivide them into daughter cells. Each cell is again assigned a normally 

distributed division time and when that time is reached, a plane in space is chosen to 

split the mother cell into two parts so that the resulting two daughter cells will have the 

same number of elements. So rather than maintaining a fixed number of elements per 

cell (as was the case in the 2D model), each division reduces the number of elements 

per cell by a factor of 0.5 (plus or minus one element). 
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 Given the hypothesized role of cell division control in organization (Gardner, 

2001; Jedrusik et al., 2008; Johnson and Ziomek, 1981; Piotrowska-Nitsche and 

Zernicka-Goetz, 2005) and previously observed patterns of cell division in the 

developing embryo (Bischoff et al., 2008), we also investigated to what extent control 

over the orientation and type of cell division could direct accurate organization. To do 

so, we built on the base model (which we’ll call Model 0 here) used to generate Figure 

24A to incorporate different observations. First, in “Model 1”, we incorporated the 

observed variability in cell cycle time by setting the standard deviation of division time to 

15% (Bischoff et al., 2008).  

 

In “Model 2” we incorporated symmetric versus asymmetric divisions into the model. 

Cells located in the interior of the embryo were forced to divide symmetrically (both 

daughter cells inherit the same fate as the parent) with a random division plane. Outer 

cells were allowed to divide either symmetrically or asymmetrically. For symmetric 

divisions, both daughters inherit the same fate as the parent and the division plane is 

chosen so that both daughter cells remain on the outside. For asymmetric divisions, the 

division plane was chosen so that one cell remained on the outside and one on the 

inside, with the outside cell inheriting the TE (high CDX2) and the inner cell 

automatically being assigned an ICM fate (high OCT4). The rationale for this treatment 

of asymmetric division is that asymmetric cell divisions are associated with polarity and 

it has been observed that prior to such a division, Cdx2 mRNA preferentially localizes to 

the apical side of the cell. Since an overabundance of asymmetric divisions of outside 
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cells would lead to improper allocation between the TE and ICM lineages, we set the 

probability of an outside cell dividing asymmetrically to be 0.3. 

 

One potential issue with Model 2 is that a fixed probability of different types of cell 

division could lead to improper allocation of cells to different lineages. Bischoff et al. 

(Bischoff et al., 2008) tracked the orientation of cell divisions over time and observed 

that the mode of division of a mother cell and its daughter cells were correlated. This 

suggests a possible compensatory mechanism for determining cell fates and allocation 

to different lineages. There they quantified the relative frequency of different types of 

cell divisions not just as a fixed quantity but as a function of time and ancestry.  In 

“Model 3”, we incorporated these observations. For the 1st cleavage, the division plane 

is chosen to be along the animal-vegetal axis. For 2nd cleavage, the probability of 

meridionally (M) and equatorially (E) oriented division planes for the two sister cells are 

ME (36%), EM (33%), MM (20%) and EE (11%). The division type for each sister cell is 

pre-assigned based on probability and recorded for further analysis. 

 

For the 3rd cleavage, there is no data so we assigned a random division orientation.  

For the 4th cleavage, the symmetric/asymmetric division ratio is 45/55. The mode of 5th 

cleavage is based on the division type of 4th cleavage generating each individual cell. 

We have no data for the 6th cleavage, so we imposed asymmetric division (division 

plane parallel to the embryo outer surface) for outer cells and symmetric division 

(division plane perpendicular to the embryo outer surface) for inner cells. 
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Following Figure 21B, we quantified the fraction of correct cells in the interior of the 

embryo as a function of gene expression noise size for Models 1-3 (Figure 18). Results 

show that in all cases, noise is still required to achieve accurate organization. These 

results indicate that 1) while prepatterning and control over the mode of cell division 

have a possible role in organizing the embryo, something more is needed to ensure 

proper organization. And 2) noise at proper levels can ensure proper organization in 

each case. 

 

3.5.3: Analysis of single cell gene expression data 

Given the observations that expression variability of CDX2 is higher than that of OCT4 

(Figure 23A and Figures 18B, 23), we additionally analyzed a previous, independently 

produced qPCR data set (Guo et al., 2010) quantifying single cell expression of 48 

genes in the developing mouse blastocyst. Here, expression was collected at seven 

different developmental stages, i.e., 1-call (fertilized egg), 2-cell, 4-cell, 8-cell, 16-cell, 

~32-cell, and ~64-cell stages. We considered data at the ~32 cell stage (when fate 

decisions are being made) and used a clustering (Marco et al., 2014) to identify cell 

types (ICM and TE) from this expression data. Subsequently, we quantified the 

coefficient of variation (CV) of CDX2 and OCT4 in both ICM and TE cell populations 

(Figure 27). We found that in the TE cell population, variability of CDX2 and OCT4 were 

indistinguishable. In ICM cells however, CDX2 exhibited significantly higher levels of 

variability. This data is not directly comparable to our immunofluorescence data since it 

represents variation over a population of embryos rather than within a single embryo. It 

is nonetheless consistent with our observations.  
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Table 3: Length scale updates for the 2D disk model after each 
“generation”. 
 
Generation 1 2 3 4 5 6 
Cell Number 1 2 4 8 16 32 
Length 
Scale (s) 

1 0.8500 0.6672 0.4671 0.3036 0.1973 

 
 
 
Table 4: 2D model parameters. The scaling parameter s is from 
Table 3. 
 
Intra-Cellular Morse Potential 
U = 0.5S  ξ = 1.2  V = 0.35s  ζ = 2  
Intra-Cellular Membrane Springs 
µ = 100  r0 = 0.7023s  
Inter-Cellular Morse Potential 
U = 0.08  ξ = 0.06  V = 0.01  ζ = 0.08  
Cell-Boundary Morse Potential 
U = 0.7S  ξ = 0.2s  V = 0.55s  ζ = 0.5s  
Cavity Morse Potential 
Ucavity = 0.008  ξ = 1.5  
Other Parameters 
Number of membrane nodes in each cell 16 
Number of inner nodes in each cell 24 
Total number of nodes in each cell 40 
Time step to update mechanical ODE’s dtmech = 0.01  
Time step to update signaling ODE’s dtsignal = 0.1 
Embryo boundary R = 3.15  
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Table 5: 3D spatial model simulation parameters. 
 
Parameters Value 
Element 
number  

640 

Embryo radius 10 
Division cycle 10000 time steps 
Intra-cellular 
potential 

!!"  =1.5, !!"  = 2/(1+0.1 log!! ), no cut-off 
distance. (! is cell number) 

Inter-cellular 
potential 

!!" =0.05, !!"   = 4/(1+0.1log!!), cut-off distance 
is 10.0. 

External force !!"#!$%&' =0.001 
Time step dt = 0.1 
 
 
 
Table 6: Table of antibodies used for this study which includes, 
dilutions used, supplier, catalog #, and lot # information 
 

Antibody Dilution 
used Supplier Catalog 

# Lot # 

Rabbit anti-
Oct4 (C-
10) 

1:250 
Santa Cruz 
Biotechnology 
Inc. 

sc-9081 G0607 

Mouse 
Anti-Cdx2 1:200 BioGenex MU392A-

UC MU392A0114X 

Goat anti-
rabbit 
(Alexa-555) 

1:200 Life 
Technologies A21428 1511349 

Goat anti-
mouse CFL 
647 

1:200 
Santa Cruz 
Biotechnology 
Inc. 

Sc-
362287 A0912 
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Chapter 4: Concluding Discussion 

 

Two main areas of investigation presented in this dissertation concern how the early 

mouse embryo controls its development in a robust manner. The complexity of 

developing pre-implantation mammalian embryo arises from the need to regulate 

coordinated cellular processes such as cell division and differentiation with spatial and 

temporal precision. Control of cell division ensures an adequate supply of cells to form 

the blastocyst, while cellular programs have to ensure that genes are expressed in the 

appropriate cells at the correct time in order for proper cellular differentiation and thus 

development to occur. Therefore, each developmental decision involves the 

orchestrated transcription of cell-type-specific gene sets, in response to specific 

combinations of transcription factors present within the cell and multiple intercellular 

signaling pathways. During the early stages of pre-implantation mouse development cell 

cleavage, differential expression of key transcriptional mediators, and physical changes 

work in concert to separate the ICM and TE. This cooperativity has been the focus of 

my dissertation because the unique process of creating the TE lineage is driven by 

principles possibly shared by other biological systems, such as in regenerating tissues. 

 

6.1: BMP signaling in pre-implantation mouse development 

 

Regulation of BMP signaling activity 

The discovery of BMP signaling (i.e. Bre-gal reporter) activity during pre-implantation 

mouse embryonic stages is consistent with the presence of components of the pathway 
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during these stages (Coucouvanis and Martin, 1999). BMP signaling activity was 

identified starting at the 4-cell stage by detecting the phosphorylation of SMADs1/5/8 

and as early as the morula stage using BRE-gal mice. In addition to BMP signaling 

components, transcription of BMP and Activin membrane bound inhibitor (Bambi), which 

encodes a BMP antagonist, is up-regulated at the 2-cell stage in pre-implantation 

mouse embryos (Tang et al., 2012). Perhaps BMP signaling is not necessary for the 1-

cell embryo to commence ZGA and the first cleavage, therefore the embryo uses 

BAMBI as a means to keep BMP signaling activity off during this time.  

 

Regulation of the signaling pathway during pre-implantation stages was not part of the 

research conducted for this dissertation, however the differential expression of BMP 

signaling receptors and ligands suggests active regulation of the signaling pathway. 

This work can be now expanded by investigating the precise BMP signaling 

components needed during pre-implantation development.  While BMP signaling is 

operational, it is unclear which combination of BMP ligands and receptors are 

responsible for signaling during the morula to blastocyst transition. Single cell RNA-seq 

analyses of pre-implantation mouse embryos from several labs have indicated that 

multiple BMP ligands (BMP4, 6 and 7) and receptors (BMPRIa, BMPRIb, and BMPRII)   

are transcribed, with some being expressed in specific cell lineages (Tang et al., 2012; 

Graham et al., 2015). Additionally, Dr. Mui Loung, previously a Cho Lab member, 

analyzed published RNA-seq data and showed that Bmp 4, 6 and Bmpr1a and 2a and 

2b are all differentially expressed during pre-implantation stages. However, which of 
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these components are required to activate BMP signaling during pre-implantation 

development has not yet been demonstrated.  

 

Cell cycle regulation by BMP signaling 

 A key conclusion from these studies is the finding that BMP signaling is required to 

regulate the cell cycle, without an overt effect on formation of TE and ICM lineages, in 

the pre-implantation mouse embryo. This finding may help explain why both Bmpr I and 

II null mice demonstrated a decreased number of cells in the epiblast at e6.5. When 

e6.5 embryos were cultured in vitro, the cell cycle was reported to be slower in mutants 

(Mishina et al., 1995; Deppu et al., 2000). With all three of our BMP inhibition assays we 

were able to slow down the cell cycle. These findings indicate that a key function of 

BMP signaling during pre-implantation development is to regulate the cell cycle.  

 

Additionally, in some systems cell cycle regulation via signaling pathways is intricately 

involved in regulating lineage differentiation, we investigated if this was the case for the 

pre-implantation mouse embryo. Only LDN treated embryos were analyzed for the 

expression of NANOG and CDX2, which revealed that embryos were developmentally 

delayed. Indicating that 8-cell stage embryos without BMP signaling are not able to 

advance to morula stages and properly drive lineage differentiation. There are a couple 

of possibilities that could explain why the embryonic development was delayed following 

blockage of BMP signaling. In a first scenario, BMP signaling is needed for both 

regulation of the cell cycle and for proper lineage differentiation. Without BMP signaling 

the cells cannot divide fast enough and commit cells to either lineage as their control 
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counterparts. With our working concentration of LDN193189 inhibitor, BMP signaling 

was not completely deactivated and over a 48-hour culturing period embryos were able 

to reach the blastocyst stages. Although a blastocyst structure is formed under 

conditions of BMP signaling inhibition, it has been shown that BMP signaling is needed 

to regulate the second lineage segregation (Graham et al., 2014). Graham et al. 

demonstrate that BMP regulates the formation of extra-embryonic lineages including the 

PE. In our 48-hour LDN experiments we saw a decrease in SOX17+ cells and in 

increase in NANOG+ cells supporting that BMP signaling regulates the formation of the 

PE. Additional Graham et al. reported a decrease in total TE cell numbers validating our 

experimental results. This is indication that BMP signaling may regulate the first lineage 

differentiation in the pre-implantation mouse embryo.  

 

The second possibility is that BMP signaling’s main role is to regulate the cell cycle 

without separation of the ICM and TE. In our experiments we used a concentration of 

LDN193189 that did not halt development of embryos completely. In the case of high 

concentrations the embryos appear morphological unhealthy and died.  At the working 

concentration we were able to slow down the cell cycle and reduce levels of BMP 

signaling activity without stopping development. Although the cell cycle was significantly 

reduced under our inhibition conditions, there still was cell cycling activity. The presence 

of other signaling networks such as MAPK, TGFβ, and Hippo signaling suggests that 

these signaling networks could compensate for the loss of BMP signaling. One 

explanation for the lack of phenotype Bmpr null pre-implantation mouse embryos could 
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be that other signaling networks to some extent were able to modestly promoted cell 

cycle divisions. 

  

6.2: Transcription factor expression dynamics during mouse blastocyst 

development 

 

Expression noise 

Using a systems biology approach we were able to uncover novel design principles that 

govern the level of robustness of the developing pre-implantation mouse embryo. We 

modeled various biological parameters to recreate the mouse embryo through 

simulations and observed that parameters provided by current deterministic models on 

blastocysts formation cannot fully explain the dynamic cellular movement behavior. 

Therefore, we proposed a novel model that incorporates the noise of transcription factor 

expression as actually beneficial during blastocyst formation because the noise seems 

to provide improvement to the segregation of ICM and TE cells.  

 

Our observation, and reports by others, that cells with high CDX2 expression in the ICM 

of early blastocysts suggests that some cells have capability to remain pluripotent for a 

prolonged period of time during early blastocyst formation (McDole and Zheng, 2012). 

We hypothesized that migrating cells that express high level of CDX2-eGFP could alter 

cell fate and down regulate Cdx2 expression while increasing Oct3/4 expression. An 

additional fate for these cells could be that they remove themselves through apoptosis 

because they are in the wrong place and are not needed to generate the ICM. It is most 
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likely that cells are down-regulating the expression of CDX2-eGFP after relocation 

because the nuclei of CDX2-eGFP transgenic embryos do not show obvious 

fragmentation during the time imaged, which is the hallmark of apoptosis. Unfortunately 

in the present analysis, embryos were not imaged past e3.5 stages, and thus we cannot 

be certain that apoptosis of CDX2-eGFP inside cells did not occur during E3.5-4.5. 

 

An experimental approach to determine the fate of cells that down-regulate Tg(CDX2-

eGFP) expression could involve live imaging of embryos harboring both Tg(CDX2-

eGFP) and Tg(OCT3/4- red fluorescence protein (RFP)). With the Tg(CDX2-eGFP, 

OCT3/4-RFP) line and live imaging, we should be able to follow the lineage of relocated 

CDX2-eGFP cells, while simultaneously measuring the relative expression levels of 

Oct3/4-RFP and CDX2-GFP in the same cell. This way we can determine if Cdx2 

expressing cells 1) down regulate Cdx2 expression and/or 2) Oct3/4 begins to be 

expressed in its place.  

 

Lineage differentiation is a gradual process  

A process like pre-implantation development requires timed regulation that prepares 

cells to make the final decision of ICM or TE fate incrementally. Our findings based on 

simulations of pre-implantation development coupled with OCT4 and CDX2 expression 

data highlight that ICM/TE fate occurs gradually. At the 32-cell stage there are a group 

of cells that do not have the expression pattern of high CDX2 or high OCT4 indicating 

that the decision for the population of blastomeres to become ICM or TE is not done 

abruptly. One can argue that the decision begins as early as the 8-cell stage when 
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embryos begin to demonstrate signs of polarity that help them better define their 

location. This polarity is driving the differential expression of key transcriptional 

mediators of ICM and TE fates. These changes occur during the 4th and 5th cell cycles, 

which give rise to a 32-cell embryo with two distinct populations that are starting to 

separate but have not done so completely. There are still some cells that have not 

committed to a lineage, also demonstrated in our simulation studies. We propose that 

there is an additional intermediate stage of development where small populations of 

cells are able to remain pluripotent and choose a fate according to their environment. 

The intermediate stage is accompanied by a level of transcription factor expression 

noise, which regulates the separation of the ICM and TE of cells that are not fully 

committed at this time.  
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Appendix I: Analysis of BMP response element-LacZ activity in the mouse uterus 

during peri-implantation 

(This chapter is in preparation to submit for publication) 

 

A.I.1: Summary 

Eutherian embryonic development differs from other mammalian development because 

it depends on maternal blood to be indirect contact with extraembryonic tissues after 

uterine implantation, or hemochordial placentation. Embryonic implantation and 

placentation are processes that require communication between the embryo and 

maternal tissue. In the mouse, the process of implantation involves endometrium 

restructuring, which begins right after fertilization. Hormones, transcription factors, and 

signaling molecules coordinate the transformation of fibroblast-like cells in the uterine 

stroma to the supporting decidua, which appears transiently and disappears once 

placenta is properly formed. The decidua serves to support trophoblast invasion, secret 

immunosuppressant molecules to protect embryonic cells, and allows nutrient / waste 

exchange of embryos. After the embryo establishes a proper vasculature network, the 

decidua undergoes involution to make room for the growing embryo. The roles of 

hormones such as progesterone (P4) and estrogen and signaling molecules, BMP2, 

that drive decidua formation have been identified.  However little is known about 

regulation of decidua involution. We used BRE-gal reporter mice to examine decidual 

tissues during and post implantation and found a drastic increase of BMP signaling 

activity during the beginning of the involution process. Therefore, here we propose the 

involvement of BMP signaling in decidua involution. 
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A.I.2: Introduction 

Successful mammalian implantation relies on an intricate communication between 

differentiated maternal tissues and the traveling embryo in the uterus. As the pre-

implantation mouse embryo prepares itself for implantation, the endometrium of the 

mother is also preparing for the implantation process.  The spiral arteries, which supply 

blood to endometrium, start releasing hormones that activate the expression of 

transcription factors and signaling molecules, which stimulate endometrium receptivity 

and allow for embryonic implantation (Robertson, 1976). Estrogen and progesterone 

(P4) activate a cascade of gene expression to commence vast proliferation and 

differentiation of decidua cells.  P4 is responsible for activating many genes essential for 

mouse implantation. For instance, Hand2, which regulates Fgf/ERK signaling, is 

modulated by the presence of P4 (Ma et al., 2003; Li et at., 2011).  Additionally, LIF and 

estrogen regulate the expression of MSX1 and 2, which play crucial roles in the 

implantation process by driving the epithelial-mesenchymal interactions required for 

implantation (Daikoku et al., 2011). Lastly, leukemia inhibitory factor (LIF) is essential 

for both human and mouse implantation process because it activates downstream 

targets required for restructuring of the decidua (Stewart, 1992). 

 

In the following paragraph I will discuss the dynamics of decidua formation to provide 

some insight on what is known and needs to be addressed in the field. The newly 

implanted embryo relies on the decidua microenvironment for signaling molecules and 

nutrients that promote growth and immunosuppression necessary for embryo to develop 
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(Figure 26). In successful mammalian in utero development, decidualization, 

transformation of fibroblasts of the uterine stroma into decidua, occurs in a two-wave 

process has to occur. Decidualization is a dynamic process that results in 3 distinct 

decidual tissues: decidua basalis, decidua capsularis, and decidua parietalis (Pensky, 

1982). Polynucleated trophoblastic giant cells in decidua are believed to be the source 

of stem cells, and a portion of the decidua parietalis that fuses with the human chorion. 

Decidua capsularis and parietalis are part of a transient type of tissue located in the 

anti-mesometrium, which disappear to accommodate embryonic growth and 

development (Pensky, 1982). 

 

Figure	27:	The	three	phases	of	Mammalian	Implanta8on:	A	schema)c	
representa)on	of	decidua	forma)on	during	mammalian	implanta)on.	Cross	sec)ons	
show	the	uterine	horn	during	1)	pre-recep)ve,	2)	recep)ve,	and	3)	refractory	phases	
of	implanta)on.		
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Once the placenta is formed, the decidua is no longer required to provide nutrients for 

and to remove cytotoxins from the embryos.  Thus, the decidua disappears and this 

process is known as decidua involution. Decidua involution is at its highest when the 

placenta is established and the embryo relies solely on the placental structures for gas 

exchange and nutrition (Abrahansohn, 1980). During decidua involution, the 

polynucleated decidua begins to activate autophagosome function and causing 

disorganized cellular and nuclear morphology. The nucleuses begin to show chromatic 

clumps and the mitochondria cristae appear as round dilated vesicles. These events are 

subsequently followed by a vast wave of cell apoptosis (Katz and Abrahansohn, 1987). 

The disappearance of the decidua capsularis and parietalis commences during day 7 

when the embryo is at mid to late primitive streak stage and completely disappears by 

day 13 in the mouse (Katz and Abrahansohn, 1987). At present, there is limited 

information on the actual molecules and signaling networks regulating the decidua 

involution.  

 

BMPs are members of the (TGFβ) super family of secreted polypeptide growth and 

differentiation factors (Massague, 1998). These molecules are part of a larger, highly 

conserved signaling pathway that is utilized throughout development, from axis 

patterning in early embryogenesis to the formation of the internal organs, including 

bones and limbs and also involved in morphogenesis by regulating apoptosis (Ahn et 

al., 2001; Kishigami, 2005; Javier et al., 2012). For example BMP signaling is known to 

cause apoptosis in the AER during limb development. Previous studies on BMP 
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molecules have shown that the three type 1 BMP receptors, Alk 2, Alk3, and Alk6, are 

all expressed in the uterus of pregnant mice suggesting an active role in mammalian 
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implantation (Clementi et al., 2013; Paria et al., 2001, Nagashima et al., 2013). In the 

case of BMPR2, Nagashima et al have demonstrated that it is important for uterine 

function, specifically for normal vascular development (Nagashima et al., 2013). 

Additionally, Bmp2 is actively expressed in the decidua stroma during implantation from 

day 4 to day 7, and Bmp7 is expressed only around the cells surrounding the site of 

implantation (Paria et al., 2000). Conditional KO of Bmp2 in the uterine tissues caused 

infertility due to lack of decidual proliferation (Lee et al., 2007). Recently, it has been 

shown that Alk2 null females are infertile due to up-regulation of E-Cadherin, which 

results in lack of blastocyst penetration (Clementi et al., 2013).  

 

Because the Bmp2 and Alk2 null females have phenotypes corresponding to 

requirements at different times but leading to the same outcome there still need to 

investigate BMP signaling in uterine tissues.  Since BMP signaling components are 

expressed during the critical stage of decidua organization, it is important to determine 

the dynamic activity of BMP signaling during and post implantation stages. We used a 

transgenic BMP signaling reporter mouse line to map the spatiotemporal activity of BMP 

signaling in the endometrium of e3.5 to e9.5 pregnant females (Javier et al., 2012). The 

spatial and temporal dynamics of BMP signaling activity shed some novel insight in the 

restructuring of the endometrium before, during and after the implantation process. 

Specifically, our findings suggest BMP signaling has yet another role during embryonic 

development, a role that regulates the maternal environment for properly development. 

 

A.I.3: Results  
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A.I.3.1: Dynamic BMP signaling in the uterine horn of BRE-gal females  

Previously, BRE-gal transgenic mouse model was used to map dynamic BMP signaling 

activity during embryonic development and throughout adulthood (Javier et al., 2012; 

Loan et al., 2012).  The mouse model harbors a reporter gene construct with 7 copies of 

Figure	29:	Appearance	of	ac2ve	BMP	signaling	cells	in	the	endometrium	during	pre-
recep2ve,	recep2ve,	and	refractory	phase.	A).	CD1	e5.5	decidua	sec0on	with	X-gal	
posi0ve	embryo.	B).	BRE-gal	decidua	sagiCal	sec0ons	stained	with	Eosin	Y	and	
hematoxylin.	C).Magnified	images	of	Eosin	Y	and	X-gal+	stain	non-pregnant	uterine	
horn.	Black	arrows	point	toward	X-gal+	cells	in	the	myometrium.	D).	Time	course	
expression	of	ac0ve	BMP	signaling	during	pre	and	post	implanta0on	shown	by	saMgal	
sec0ons	of	BRE-gal	uterine	horns	of	i)	non-pregnant,	ii)	e3.5,	ii)	e3.75,	iii)	e4.0,	iv)	
e4.25,	v)	e4.5,	vi)	e4.75,	and	vii)	e5.0.	Black	circles	highlight	Xgal	posi0ve	cells.		
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BMP-response element (or 7XBREs) fused to the minimal promoter of Inhibitor of 

differentiation-3 (Id3) to drive the expression of the reporter gene, LacZ, with a nuclear 

localization signal (Figure 28A) (Bubnoff et al., 2005). We use the well-characterized 

BRE-gal mouse line and revealed dynamic BMP signaling throughout the implantation 

process. To determine the pattern of active BMP signaling in the endometrium during 

and post implantation, we collected uterine horns of BRE-gal Tg/Tg and non-transgenic 

(wild type) CD1 control females. All females were mated with BRE-gal Tg/Tg males. 

Figure 28B shows uterine horns at e6.5 of BRE-gal and CD1 females.  The BRE-gal 

uterine horns have positive X-gal cells (i.e., active BMP signaling) between the inner 

and outer myometrial layers (Figure 29C). Most interestingly we noticed a 

heterogeneous population of X-gal positive cells on the anti-mesometrium part of the 

decidua directly surrounding the embryo in its implantation site (top side of decidua in 

Figure 28B).  The observed X-gal positive cells are maternal-derived and not zygotic 

because the decidua of CD1 mothers is X-gal negative. In the case that the X-gal 

positive cells were zygotic we would see X-gal positive cells even in the CD1 control 

females because they were mated with BRE-gal Tg/Tg males (Figure 29A). We only 

observe the BRE-gal Tg/wt embryos stain with X-gal and not CD1 maternal tissue. We 

validated the nuclear localization of the X-gal stain of BRE-gal Tg/Tg females by doing a 

hematoxylin and eosin counter stain on uterine cryosections (Figure 29B). We confirm 

that there is dynamic BMP signaling activity in the maternal uteri during post 

implantation stages.  
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A.I.3.2: Dynamic BMP signaling activity in endometrium development 
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We were intrigued by the amount of BMP signaling activity in the decidua (Figure 28) 

and wished to know more about the spatiotemporal expression patterns of BMP 

signaling in the duration of the decidua as BMPs have been implicated in decidua 

formation (Paria et al., 2000; Lee et al., 2007). Paria et al showed Bmp2 transcripts 

expressed in the endometrium surrounding the implantation site as early as day 3 and 

Figure	30:	BRE-gal	Time	course	uterine	horn	sec9ons	(e3.5-e6.5)	Representa*ve	
sec*ons	of	the	top	middle	and	bo5om	of	BRE-gal	Tg/Tg	uterine	horns	sec*ons	every	
18µm.		
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the transcripts became more abundant during the receptive period at day 4.  Bmp2 is 

highly expressed around the implantation site at day 6 (Paria et al., 2000). However 

there is no definitive evidence demonstrating what cells are responding to the BMP2 

signal.  To determine if the X-gal positive cells have a similar pattern in the decidua as 

the ligands, we designed a time course experiment. We began collecting pregnant BRE-

gal Tg/Tg uterine horns every 6 hours during the pre-receptive (e3.5-e4.0), receptive 

(e4.0-e5.0), and refractory (e5.0-e6.5) periods of implantation (Figure 29D and Figure 

30). BMP signaling begins to appear in the endometrium and luminal epithelium starting 

around e3.5 and persist throughout the receptive and refractory period e5.5. The BMP 

signaling active cells are not in clusters of cells; they are individually spread out through 

the stroma in a “salt and pepper” manner. We included sections from a non-pregnant 

BRE-gal Tg/Tg female in our analysis to demonstrate that the cells with BMP signaling are 

linked to implantation. BRE-gal uterine horns of non-pregnant females do not have any 

X-gal positive cells in the uterine stroma or future decidua, but have significant X-gal 

positive cells around the decidua myometrium border and in between the two layers of 

the myometrium (Figure 29C).  To provide a thorough data set for each stage we took 3 

cyrosections sections per BRE-gal uterine horn, which can be found in Figure 30A-C. 

The sections were selected to represent the uterine horn from three regions, top, 

middle, bottom for transverse sections and right, center, left for sagittal sections. These 

findings suggest that the X-gal positive cells in the decidua during implantation may 

have a role in mediating embryonic implantation and/or uterine receptivity (Figure 29). 

This role may be regulation of gene expression or paracrine signaling required for 

maintenance of the mouse decidua.   
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In post-implantation uterine horns, the location and area of X-gal positive cells is similar 

across e5.0-e5.5 (Figure 30). Interestingly, the areas of BMP signaling increase as the 

uterine horn transitions out of the refractory phase (Figure 30, panel B).  By e5.75 the 

area with active BMP signaling increases by about 3.5 times (650% increase, Figure 

31A). The cells with active BMP signaling are present in the top portion of the decidua 

mostly located in the anti-mesometrium and are above the implanted mouse embryo 

Figure	31:	BMP	signaling	ac3vity	increases	in	the	decidua	uterine	horn	in	the	
refractory	phase.	A).	Sagi%al	sec+ons	of	BRE-gal	Tg/Tg	e5.5,	B).	e5.75	and	C).	e6.5	
stained	with	Eosin	Y	and	X-gal.	D).	Bar	graph	and	graphical	representa+on	of	the	
number	of	sec+ons	(Z-axis)	with	X-gal+	cells.	E)	Average	of	5	sagi%al	sec+ons	of	
decidua	length	(from	leN	to	right)	of	e5.75	and	e6.5.	F).	Pie	charts	demonstra+ng	the	
decidua	area	with	and	without	X-gal+	cells.	*p-value	<0.05,	**p-value<0.01.		
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(Figure 31B, C). This increase in X-gal positive cells coincides with the establishment of 

decidua capsularis and parietalis in the anti-mesometrium that are undergoing vast 

proliferation and differentiation.  Careful measurements of the BMP signaling area in 

serial sections between e5.0 and e5.5 decidua allowed us to reconstruct the area 

(Figure 31D).  The area is found 300µm above the embryo, and this area increased 

dramatically in size to ~1300µm at e5.75 and e6.5 (Figure 31D). We measured the 

length of about 5 sections in the center of E5.75 and E6.5 decidua because they are the 

longest at the center and found that at e5.75 and e6.5 UH are significantly different in 

size (Figure 31E). We noticed that the expansion of cells responding to BMP signaling 

precedes growth of the decidua. We see that at e5.75 there is a big area of X-gal 

positive cells surround the embryo implantation site almost like that seem at e6.5. 

Although true quantification of the X-gal positive area is not possible in the decidua 

there is a trend of increasing BMP signaling at e5.75 in all the decidua examined but the 

size of the decidua is similar to an e5.5 decidua. This suggests that BMP signaling may 

be driving decidua expansion at this time because we see the decidua nearly double in 

size while the X-gal+ area only had a 7% increase relative to the whole decidua from 

e5.75 to e6.5, 15% to 22%, respectively (Figure 31F). Comparing transverse and 

sagittal serial sections, we reconstructed the areas of X-gal positive cells surrounding 

the upper portion opposite of where the placental cone, this area appears to be in an 

“umbrella-like” shape.  The X-gal staining intensity appears to be graded in the anti-

mesometrium.  This staining is interesting as in Noggin-LacZ reporter mice showed that 

Noggin-LacZ, is expressed below the implanted embryo on the mesometrium side of the 

decidua of e6.0 (Paria et al., 2000).  Therefore, our finding suggests that the anti-
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mesometrium side is full of BMP signaling, whereas the mesometrium side lacks BMP 

signaling.  

 

A.I.3.3: Patterns of BMP signaling cells in e7.5-9.5 decidua  

All the data published about BMP signaling in uterine horns of mice during pregnancy is 

relating to the implantation process, decidua proliferation, and differentiation. Therefore 

we became interested in how long cells with active BMP signaling persist after decidua 

formation. Next we wished to know whether BMP signaling activity would persist in the 

anti-mesometrium decidua during involution or the destruction of decidua capsularis and 

parietalis. We collected BRE-gal Tg/Tg horns when embryos are at e7.5, e8.5, and e9.5 

(Figure 32). Interestingly the anti-mesometrium contained a more homogenous, clearly 

defined area with high BMP signaling activity at E7.5 (Figure 32A).  For the most part, 

the signal seems to be predominantly confined in the anti-mesometrium at e7.5.  

However, at e8.5 we detect strong BMP signaling activity on the sides of the decidua 

and in portion of the mesometrium (Figure 32B). This time period corresponds to when 

the trophoblasts are migrating forward and spiral arteries of the endometrium to 

establish the placental tissues. The decidua region of e9.5 embryos showed that BMP 

signaling is substantially reduced at the mesometrium side, indicating that BMP 

signaling activity in the mesometrium is highly dynamic. The area of X-gal positive cells 

became elongated along the anti-mesometrium, with restriction to the region of the 

presumed disappearing decidua and right below the interface with the myometrium 

(Figure 32C). We compared tissues of CD1 females mated with BRE-gal Tg/Tg males 

with BRE-gal Tg/Tg at e6.5 and e9.5 to determine if some of the X-gal positive cells were 
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embryonic and possibly from the invading trophopblast. We did not detect any X-gal 

positive cells in the decidua of CD1 females indicating the BMP responsive cells are all 

from the maternal tissue and not from the embryos (Figure 33). 

 

A.I.4: Discussion 

Figure	32:	BMP	signaling	ac3vity	during	decidua	involu3on.	A).	Transverse	sec-ons	
of	BRE-gal	Tg/Tg	decidua	stained	with	Eosin	Y	and	X-gal	at	e7.5,	B).	e8.5,	C).	e9.5.	D-F).	
The	same	images	above	but	taken	at	higher	magnifica-on	(10X)	with	emphasis	on	the	
an--	and	mesometrium.		DB,	decidua	basalis;	EpC,	ectoplacental	cone;	LD,	lateral	
decidua;	LVS,	lateral	venous	sinuses;	Myom,	myometrium;	PDZ,	primary	decidual	
zone;	SDZ,	secondary	decidual	zone;	UL,	uterine	lumen.		
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The role of BMP signaling during the implantation process has been reported (Paria et 

al., 2000; Lee et al., 2007; Clementi et al., 2013). Progesterone receptor-Cre Bmp2 

(cKO) females become sterile due to a loss of cell proliferation and decidua 

differentiation. Because Bmp2 cKO females were completely infertile, any role that BMP 

signaling plays after the implantation will not be uncovered by using this experimental 

model. BMP signaling was also implicated in mediating the regression or disappearance 

of E-Cadherin molecules in the luminal epithelium (Clementi et al., 2013).  In Alk2 cKO 

females immunohistochemistry revealed an accumulation of E-Cadherin in the LE 

where a blastocysts failed to penetrate into the uterine stroma. Therefore, BMP 

signaling has been proposed to be essential for “loosening up” of the luminal epithelium 

to allow the embryo to infiltrate the endometrium (Clementi et al., 2013). Additionally, 

Paria et al demonstrated that BMP2 and 4 may play a role in the spatial arrangement of 

embryos in the uteri during implantation process (Paria et al., 2000).  Beads soaked in 

BMP2 and 4 were transferred to pseudopregnant females, which demonstrated aberrant 

spacing patterns of the beads throughout the uterine horns (Paria et al., 2000). Because 

of this data, it is no surprise that BRE-gal mice detect a subset of cells with very high 

BMP signaling activity throughout the stages of the implantation process. It is tempting 

to say that our BRE-gal model is able to report multiple processes that involve BMP 

signaling because we see high activity during the pre-receptive, receptive, and refectory 

periods of implantation. This population of cells experiencing high BMP signaling in the 

anti-mesometrium of e5.75-e9.5 decidua adds another role of BMP signaling during 

decidua maintenance, which has not previously been reported (Figure 34).  
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Our findings suggest that a subset of decidua cells are extremely responsive to BMP 

signaling, and may participate in the process of decidua involution. With our BRE-gal 

Tg/Tg we are able to detect very high BMP signaling activity beyond e6.5 stages when 

Bmp2 cKO females were examined (Lee et al., 2007). It is difficult to assess if decidua 

involution or any processes occurring after the implantation process proceed as usual in 

infertile females. The appearance of BMP signaling activity in the anti-mesometrium 

decidua coincides with the period when the decidua undergoes extensive 

morphogenetic changes, Katz and Abrahamsohn, (1987) have shown that around e5.0-

e6.0 the mouse decidua begins to expand and by e7.0, decidua involution begins. The 

Figure	33:	No	detec/on	of	X-gal+	cells	in	decidua	of	CD1	pregnant	females.	A).	
Transverse	sec,on	of	CD1	e6.5	and	B).	E9.5	females	mated	with	BRE-gal	Tg/Tg	males	
stained	with	Eosin	Y	and	Xgal.	DB,	decidua	basalis;	EpC,	ectoplacental	cone;	LD,	lateral	
decidua;	LVS,	lateral	venous	sinuses;	Myom,	myometrium;	PDZ,	primary	decidual	
zone;	SDZ,	secondary	decidual	zone;	UL,	uterine	lumen.	
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uterine of BRE-gal mice show dynamic activity changes that corroborate a role of BMP 

signaling in proliferation of the decidua post implantation. During early pre-implantation 

stages, BMP signaling serves as a way to regulate cell cycle and to contribute to the 

second lineage differentiation. Later it plays an essential role of driving apoptosis during 

digital formation (Zou and Niswander, 1996). In adult tissue BMP signaling also may 

induce apoptosis as it has been reported that neural derived stem cells undergo 

apoptosis upon BMP4 stimulation (Gambaro, 2006). Our findings raise an interesting 

hypothesis: we propose that BMP signaling may in part contribute to or activate decidua 

involution. 

 

Figure	34:	Ac-ve	BMP	signaling	in	mouse	decidua	post	implanta-on.	Schema)c	
representa)on	on	the	pa0ern	X-gal+	cells	of	BRE-gal	Tg/Tg	of	e5.75-e9.5	pregnant	
females.	
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The role of BMP signaling, if any, has not been reported nor investigated in the mouse 

decidua at e7.5-e9.5 stages. The only report on BMP signaling regulating tissues within 

the decidua is of trophoblast migration or differentiation in vivo in eqine. BMP4 is 

essential to drive trophoblast differentiation via smad1/5 dependent pathway in the 

eqine chorionic gridle; however, this structure is not found in the mouse (Cabrera-

Sharp, 2014). Additionally, limitations of classical BMP ligand or receptor KO mice lines 

does not allow for investigating BMP signaling pathway in maternal tissues during post 

implantation stages. To further these studies it would be interesting to conduct cKO 

experiments using BMP2 and Alk2 females at around 6 hours before there is a big 

surge of active BMP signaling in the decidua (e5.5). Using the cKO potentially has its 

limitation because the progesterone receptor-Cre system was used in both lines their 

KO has not been tests beyond the receptive period. My prediction would be that the 

decidua in both cKO females will not differentiate in and / or proliferate, leading to 

restricted or compromised development for the embryo because BMP signaling is 

present in essential developmental structures. To determine if BMP signaling has a role 

in decidua involution BMP signaling can be inhibited at the beginning of involution (e7.0) 

using these cKO. My hypothesis is that BMP signaling is required for proper involution 

to occur and predict the decidua to remain intact post involution stages (e9.5). 

 

 A.I.5: Materials and Methods 

A.I.5.1: Tissue Collection 

BMP response element (BRE)-gal reporter mice have been developed for monitoring 

BMP signaling mediated regulation on gene expression (Javier et al., 2012). The mice 
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contain a BRE (7x)-LacZ complex, composed of 7 copies of the BRE followed by a 

minimal promoter of a known BMP target gene (Inhibitor of differentiation, Id3) and the 

reporter gene LacZ. 

 

A.I.5.2: Uterine horn from BRE-gal and CD1 females 

Sexually matured females were set to mate in the evening and carefully monitored for 

vaginal plugs the morning after.  Females with a positive vaginal plug were considered 

0.5 days pregnant.  Uterine horns (UHs) were collected at the desired time point in 

compliance with university laboratory animal resources (ULAR).   

 

A.I.5.3: Time course experiment 

BRE-gal 3-week-old females were superovulated with pregnant mare serum 

gonadotropin (PMSG) and 48 hours later with human chorion gonadotropin (hCG). Each 

female received 5 units of pregnant mare serum gonadotropin (PMSG) or human 

Chorionic Gonadotropin (hCG) via intraperitoneal injections and set for natural matings 

after hCG injections. We monitored for vaginal plugs the morning after. Females with a 

positive vaginal plug were considered 0.5 days pregnant or e0.5. For our time-course 

experiment we began collecting UHs during the middle of the pre-receptive period 

(e3.5) and continued to collect UHs every 6 hours until e6.5. Immediately after 

collection, UHs were rinsed in 1X PBS and fixed in 4% paraformaldehyde (PFA) for 45 

minutes at 4°C. All the UHs were X-gal stain at the same time and treated with a 

sucrose gradient (15%, 20%, 30%) before freezing in optimal cutting temperature media 

(OCT). Collection of e7.5-e9.5 UHs were performed in the same manner  
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A.I.5.4: Tissue Sectioning 

After sucrose treatment, we separated the right and left UHs and mounted them for 

traverse sagittal sections, respectively.  All UHs were placed in the same orientation in 

order to keep track of the mesometrium and anti-mesometrium location. UHs were flash 

frozen in OCT molds placed in isopentane surrounded by liquid nitrogen. The frozen 

blocks were stored in -80°C before cryosectioning. UHs were sectioned using a Leica 

cryostat (Leica CM 3050 S) and each section was uniformly placed on the microscope 

slides (Fisherbrand: Colorfrost Plus Microscope Slides). Sections were primarily 18µm 

thick. Slides were stored in -80°C freezer after UHs were sectioned.  

 

 A.I.5.5: Tissue Histology and Imaging 

Once all UHs had been sectioned, the OCT was dissolved from all the sections by 

immersing slides in water for 5 minutes then stained with Eosin Y solution (Fisher) for 5 

minutes followed by another water rinse. A cover slip was mounted using cytoseal 

(Thermo Fisher). Images of sections were taken using an Olympus 8490 – 07018 

microscope and a SPOT Flex Mosaic 15.2 Camera. Camera settings were set to the 

following values: gamma = 1.05; contrast = 0.09; saturation = 1.5; color temp = 5000; 

exposure = 8.5019; gain = 1. 
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Appendix II: Use of Fluorescence Lifetime Imaging Microscopy (FLIM) to analyze 

health status of pre-implantation mouse embryos. 

 (This chapter is in preparation to submit for publication) 

 

A.II.1: Summary  

The application of assisted reproductive technologies (ART) has increased dramatically 

since the first “test tube” baby was born in 1978. Despite current clinical technological 

advances women still have to undergo multiple ART cycles to yield successful live 

births. One approach to improve the low success rate is to transfer multiple embryos 

into host mothers; however this leads to multiple births, which increase physical stress 

to mother and babies, and may create long-term monetary constraints for families. 

Ideally, one embryo transferred should result in one live birth also known as the 

“singleton effect”.  Current techniques for assessing embryo viability are limited, 

invasive, and subjective; therefore, much improvement is needed in assessing embryo 

viability. Taking advantage of the embryos intrinsic relationship between metabolism 

and viability, we created lifetime metabolic trajectories of pre-implantation mouse 

embryos by combining non-invasive imaging techniques and the phasor method for 

fluorescence lifetime imaging microscopy (FLIM). We report that lifetime trajectory of the 

8-cell stage mouse embryos can be used to determine pre-implantation embryo viability.  

 

A.II.2: Introduction 

A critical challenge in ART is to develop a non-invasive screening method for selecting 

healthy and viable embryos for implantation. Currently the most prevalent method to 
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assess embryo quality is to categorize the morphology of developing embryos 

throughout pre-implantation stages. First, zygotes are assessed for the physical 

appearance and the number of pronucleoli found in each pronucleus (De Sutter et al., 

1996; Scott and Smith, 1998). As the embryo develops into a blastocyst the location 

and size of the inner cell mass (ICM), the blastocoel cavity size relative to the whole 

embryo, and the trophectoderm (TE) are measured (Gardner et al., 2000). These 

embryo morphology-scoring practices continue to be the gold standard for assessing 

embryo viability. The approach is time-consuming and requires a highly skilled and 

experienced technician to accurately score embryos and yet embryo morphology may 

not provide direct indication on its physiological state. Thus, there is a need for a more 

objective and quantitative approach for the assessment of embryo quality. 

 

Figure	35:	Metabolism	of	preimplanta6on	mouse	embryos.	Transmission	images	of	
the	development	of	2-cell,	8-cell	stage,	morula,	early	blastocysts	(blast)	and	
blastocyst.	The	type	of	metabolism	is	represented	in	the	bo>om	por?on	of	the	figure	
in	which	pyruvate,	lactate,	and	glucose	are	highlighted	as	sources	for	energy	
projec?on	via	oxida?ve	phosphoryla?on	and	/	or	glycolysis.	The	red	do>ed	line	
indicates	very	low	levels	of	glucose	catalysis.		
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In contrast to embryo morphology, researchers have focused on the relationship 

between metabolism and survival potential to assess pre-implantation embryo health. 

The pre-implantation embryo utilizes metabolic processes to generate energy and 

compounds for biosynthesis during development (Figure 35). Therefore, measuring the 

nutrient uptake and secretion by the embryo is powerful method to determine the 

physiological state of individual embryos. Glucose, phospholipid platelet-activating 

factor (Paf), Leptin, and soluble human leukocyte antigen G are such molecules 

because of their role or need for the human pre-implantation embryo to development 

(O-Neill et al., 1984; Gonzalez et al., 2000; Sher et al., 2004). Other methods used to 

assess embryo viability such as genetic testing are invasive and time consuming. 

Although measuring nutrient uptake for assessing embryo were useful in livestock and 

human assisted reproduction procedures they have not dramatically changed the 

success rate of ART (Ly et al., 2011). There is great potential to improve non-invasive 

approach to identify embryos having healthy metabolic states.  

 

In this study, we report a “viability index” from a set of intrinsic fluorescence parameters 

that can be measured non-invasively to follow the unique intrinsic fluorescence lifetime 

trajectories read through fluorescence lifetime imaging microscopy (FLIM). We coupled 

FLIM with two-photon excitation to create a spectroscopic method to assess the 

metabolic state of embryos during in vitro development. In living tissues a combination 

of intrinsic fluorescent species such as free and bound nicotinamide adenine 

dinucleotide (NADH), nicotinamide adenine dinucleotide phosphate (NADPH), folate, 

retinoic acid, and lipid oxidation by-products are present. The major physiologically 
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Figure	36:	Schema0c	for	FLIM	data	collec0on	on	preimplanta0on	mouse	embryos.	
A).	Experimental	set	up	for	collec5ng	FLIM	data	from	preimplanta5on	mouse	
embryos.	B).	Pipeline	for	the	project	star5ng	with	conversion	of	life5mes	to	phasor	
plots	(i),	valida5ng	embryos	were	not	harmed	while	imaging	(ii),	manipula5ng	
metabolism	(iii),	and	using	the	distance	program	to	predict	viability	(iv).	
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relevant molecules that can be excited using two-photon excitation at non-UV excitation 

wavelength (710-900nm) are NADH and NADPH (virtually undistinguishable) and folate 

(Zipfel et al., 2003; Stringari et al., 2012; Stringari et al., 2013; Tyagi and Penzkofer, 

2010). Lifetime values reported in the literature for NADH and folate range from 1.4 to 

9ns and 0.013 to 2.6ns, respectively, due to different protein binding and 

microenvironment (Jameson et al., 1989; Tyagi and Penzkofer, 2010). With our imaging 

parameters (740nm excitation and 420-500nm emission filter used) we collected 

lifetimes of molecules whose activity is highly corrected with metabolic output of cells 

and tissues (Stringari et al., 2012; Pate et al., 2014).  

 

The lifetimes of embryos from each embryonic stage obtained from FLIM 

measurements can be considered as individual “biomarkers” when mapped using the 

phasor analysis of each pixel of the embryo lifetime images. Each phasor distribution 

provides the average fluorescence decay at each pixel giving a spatial fingerprint of the 

fluorescence biomarkers of the embryos at any given stage. These measurements 

allowed us to construct a “spectroscopic trajectory” characteristic for each embryo, 

which contains information about the spatial location and relative abundance of intrinsic 

fluorescent biomarker (Ma et al., 2016). The phasor analysis is conducted by 

transforming fluorescence decays at each pixel into a single point on the phasor plot, 

each pixel can be considered as a fingerprint for each lifetime collected. The phasor plot 

therefore contains many points (about 10^5) and it is generally shown as a 2D plot 

pseudo-color coded for abundance of species with a given spectroscopic property 

(Digman et al., 2008). The phasor plot can be plotted as a 3 dimensional histogram with 
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peaks and valleys that convey information regarding the abundance and lifetime values 

or biomarkers that are in general dependent on the specific developmental stage of the 

embryo. The phasor trajectory can be measured as a time-lapse sequence. 

 

Conceptually, the information contained in each phasor plot could be compared to the 

information produced in a biochip. In our case the phasor plot maybe seen as a biochip 

with 256*128 micro-spots. Ideally, a point in the phasor histogram could represent an 

independent molecular species; although it’s possible this is not always the case. 

Additionally the spatial location of the biomarker lifetime is preserved and can be 

identified for each cell or regions of interest within the embryo. Thus with our approach 

the cells retain their morphology and their unique spectroscopic signature can be 

directly recovered or identified from the phasor plot. This presents a unique 

characteristic feature of the phasor analysis that is lost using conventional biochips or 

the flow cytometry methods where the cell spatial location is lost under testing. The flow 

for our experimental procedure and analysis of embryo health to predict viable embryos 

using a “viability index” is depicted in Figure 36.  

 

A.II.3: Results  

A.II.3.1: Lifetime population trajectory of pre-implantation mouse embryos  

We first obtain the spectroscopic trajectory from FLIM images of the developing embryo 

during the early stages of development. The phasor trajectories for healthy embryos 

during the early stages of development starting at 2-cell stage to late blastocyst stage in 
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both non-inbred mouse strain Crl:CD-1(ICR)(CD-1) and an inbred strain(C57BL/6) are 

shown in Figure 37. The FLIM images (Figure 37A, third row) are pseudo-colored by 

two fluorescence lifetime trajectories, blue to red and yellow to green respectively. If we 

only consider the shift in the average position, the phasor plots of the 2-cell and 8-cell 

stage embryos (blue arrow, Figure 37B) are in a unique trajectory compared to the 

		
Figure	37:	Life-me	popula-on	trajectory	of	preimplanta-on	mouse	embryos.	A).	
Transmission	(top	row),	fluorescence	(middle	row)	and	FLIM	(bo=om	row)	images	of	
preimplanta@on	mouse	embryos	star@ng	at	2-cell,	8-cell,	morula,	early	blastocyst,	and	
blastocyst	stage.		B)	Phasor-plots	of	the	g	and	s	with	popula@on	life@me	trajectories	
of	throughout	the	developmental	@meline.	C).	Sca=er	plot	of	g	and	s	of	CD1	and	D).	
C57BL/6	embryos.		
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morula-blastocyst stages (red arrow). The location of the phasor trajectory 

corresponding to the red arrow is similar to the “M-Trajectory”, or metabolic shift, 

previously observed and interpreted in terms of physiological changes (Stringari et al., 

2012; Pate et al., 2014). The phasor-plot on Figure 37B shows the distribution 

throughout representative CD-1 embryos from 2-cell stage embryo to late blastocyst 

stage embryos. We speculate that this change in phasor trajectory is due to the 

fractional contribution of three possible biomarkers originating from the free and bound 

forms of NAD(P)H as well as the production of oxidized lipids during the morula stage 

(Figure 38). These major trajectory changes seen between 8-cell and blastocyst stage 

could have a physiological interpretation since they correlate with the onset of glycolysis 

as a means for the pre-implantation mouse embryo to generate adenosine triphosphate 

(ATP) while transitioning from cleavage to blastocysts stage (Barbehenn et al., 1974). 

Additionally, the rate of fatty acid oxidation increases dramatically from the cleavage 

stage embryo to the blastocysts stage presumably due to increasing synthesis of 

plasma membrane demands. Interestingly the lipid droplet size and number in the 

embryo increase between morula and blastocyst stages, which may contribute to the 

change in the direction of the trajectory in the phasor plot (Hillman and Flynn, 1980; 

Watanabe et al., 2010). For a closer view we generated individual phasor-plots for each 

population of fluorescence lifetime trajectories starting at 2-cell embryos through late 

blastocyst stage (Figure 38C). We see distinct changes in the phasor plot of embryos 

between all stages collected, from 2-cell to late blastocyst for both CD-1 and C57BL/6 

mice. The embryos from 2-cell (N=29), 8-cell (N=11), morula (N=33), early blastocyst 

(N=50) and late blastocyst stage (N=35), for CD-1 were imaged from 4 experiments 
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(Figure 37C). In addition, 2-cell (N=25), 8-cell (N=22), morula (N=21), early blastocyst 

(N=38) and late blastocyst stage (N=42) for BL6 mice were imaged from 3 experiments 

(Figure 37D). 

 

Lifetime fingerprints of pre-implantation mouse embryos for throughout our work were 

collected using the non-inbred mouse strain, CD-1 (Crl:CD1(ICR)). Therefore we were 

interested to determine if the observed lifetime biomarkers correspond to embryonic 

stage and are not unique to a genetic background. We also used an inbred strain 

(C57BL/6) to validate the spectroscopic trajectory throughout mouse pre-implantation 

stages (Figure 37C and D). Although some slight variations on the average lifetimes per 

stage, these results validate that each stage of the pre-implantation moue embryo has a 

unique lifetime trajectory of pre-implantation mouse embryo.  

	

A.II.3.2: Intrinsic lifetime trajectory of pre-implantation embryos predicts viability 

NADH auto-fluoresces only in its reduced state, which makes it possible to distinguish 

between NAD+ and NADH states since the lifetime varies between the pure free 

reduced state NADH and the protein bound NADH. Recently Stringari and co-workers 

(2012) have used the phasor-FLIM approach to map the fractional contribution of free 

and bound NADH in cancer and stem cells and were able to isolate the NADH signal by 

selectively using the two-photon excitation at 740nm and collecting mainly the blue 

emitted light (Stringari et al., 2012; Pate et al., 2014; Krasieva et al., 2013). Datta et al. 

(2015) demonstrated that oxidized lipids, such as oleic acid, become endogenously 

autofluorescent and have a unique long lifetime of 7.89 ns under similar imaging 
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conditions. It is reasonable to consider that the fluorescence lifetime trajectory of pre-

implantation embryos in part represents fatty acid oxidation and NADH lifetimes. 

Therefore, we hypothesize that the unique phasor distribution of embryos can be used 

to determine individual embryos’ physiological metabolic states.  

 

Next we examined whether the lifetime trajectory is distinguishable between embryos 

that are kept under healthy conditions and those in media lacking nutrients, what we call 

“high stress” conditions. The rationale behind this experiment is that embryos in “high 

stress” conditions have altered metabolic phenotypes due to forced adaptation (Briggers 

Figure	38:	The	phasor-approach	to	FLIM	in	preimplanta:on	mouse	embryos.	A).	The	
phasor	plot	of	the	fluorescence	intensity	decay	of	the	raw	data	(in	red)	transformed	
by	a	Fast	Fourier	transform	(FFT)	method	using	Fourier	sine	vs.	the	Fourier	cosine,	
replo?ng	the	data	on	S(ω)	and	G(ω)	coordinate,	respecCvely.	B)	Pure	lifeCmes	of	
autofluorescence	species	including	free	NADH	in	soluCon,	bound	NADH	in	the	
presence	of	lactate	dehydrogenase	and	a	long	lifeCme	specie	derived	from	lipid	
droplets	found	in	human	embryonic	stem	cells	hESCs	(DaKa,	et	al.	2014).	C)	Phasor-
plots	of	populaCon	lifeCmes	of	embryos	in	the	2-cell,	8-cell,	morula,	early	blastocysts,	
and	blastocyst	stage.	
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et al., 2005). Thus, the spectroscopic trajectories may identify the metabolic 

perturbations in embryos under stress conditions. We cultured 2-cell (E1.5) and 8-cell 

(E2.5) embryos in vitro in normal KSOMaa (a standard mouse embryo culture media), in 

flushing and holding media (FHM, DMEM-pyruvate free with HEPES) and saline 

solution (PBS) for 24 hours (Figure 39A and E). The phasor plots of embryos cultured 

were collected starting 3 hours after initial culture. Two-cell stage embryos cultured 

under FHM and PBS conditions failed to reach 8-cell stage and the number of cells per 

embryo of both groups significantly decreased when compared to KSOMaa controls 

(Figure 39B). Embryos kept in either FHM or PBS media for a short period of time (2-3 

hours) already showed distinct shifts in the phasor position (lower g and s value) when 

compared to those of KSOMaa cultured embryos (Figure 39C and D). There are similar 

shifts toward the longer lifetime trajectory (shift left to the left side of the plot) in E2.5 

embryos kept in “high stress” conditions, a shift toward the longer lifetime trajectory and 

toward the left side of the phasor plot (Figure 39G and F). On the other hand, a few of 

the embryos that managed to survive the high stress of the FHM and PBS treatments 

displayed normal phasor-FLIM fingerprints for NADH (data not shown). Previous reports 

have demonstrated that lifetime fingerprints of tissues with high Reactive Oxygen 

Species (ROS) have similar long lifetime shift (~7.89 ns) in the phasor plot (Datta et al., 

2015). We speculate that embryos in “high stress” conditions, i.e., under nutrient-

deprived culture media, results in endogenous ROS can be identified using 

fluorescence lifetime imaging. In support of our view we confirm with 2’,7’-

dichlorofulorescin diacetate (DCF-
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Figure	39:	Intrinsic	life2me	trajectory	of	preimplanta2on	embryos	predicts	viability.	
A).	Experimental	schema3c	for	2-cell	(E1.5)	embryos	placed	in	KSOMaa,	FHM,	or	PBS	
for	24	hour	in	vitro	culture.	B).	Bar	graph	with	the	average	number	of	cells	per	
embryo	aLer	the	culturing	period.	C).	ScaNer	plot	of	g	and	s	of	life3mes	collected	
from	all	embryos	at	3me	point	1.	D).	Representa3ve	transmission	and	FLIM	images	of	
embryos	at	3me	point	1.	E).	Experimental	schema3c	for	8-cell	(E2.5)	embryos	placed	
in	KSOMaa,	FHM,	or	PBS	for	24	hour	in	vitro	culture.	F).	Bar	graph	with	the	average	
number	of	cells	per	embryo	aLer	the	culturing	period.	G).	ScaNer	plot	of	g	and	s	of	
life3mes	collected	from	all	embryos	at	3me	point	1.	H).	Representa3ve	transmission	
and	FLIM	images	of	embryos	at	3me	point	1.	*p-value	<0.05,		**	p-value	<0.001			
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DA) staining that there is active ROS throughout pre-implantation stages (Figure 40). 

Unfortunately, currently we do not have a method to quantify ROS in pre-implantation 

mouse embryos cultured in PBS of FHM. 

	

A.II.3.3: Validating the safety of FLIM-imaging of pre-implantation mouse embryos 

The penetration of two-photon imaging into tissue is much deeper and the 

autofluorescence background is greatly reduced, leading to improved signal-to-noise 

ratio (Squirrell et al., 1999). The advantage of multi-photon imaging is a safe 

noninvasive technique and it has been shown to permit long-term interval imaging (over 

24 hours) of pre-implantation embryos without compromising developmental (Squirrell 

et al., 1999). Although we used very low laser power and optimal imaging conditions, 

there is a possibility that the embryos incur photo damage. During each time course 

experiment we kept non-imaged control embryos cultured under the same culture media 

to assess any damages occurred during laser exposure. Both non-imaged and imaged 

Figure	40:	Detec.on	of	reac.ve	oxygen	species	in	preimplanta.on	mouse	embryos.	
2',7'-dichlorodihydrofluorescein	diacetate	(DCF-DA)	stain	across	preimplanta>on	
mouse	embryos.	
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embryos were kept in culture for about 24 hours after imaging and their morphology was 

carefully assessed (Figure 41). We confirmed that two-photon imaging at low laser 

powers ~3.5mW did not cause nuclear damage as detected by visual inspection of 

individual nuclei of both groups. Apoptosis was undetectable by terminal 

deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) staining of 8-cell 

stage and blastocysts stage embryos (Figure 41B). We examined embryos for 

activation of the DNA repair pathway by conducting an immunofluorescence experiment 

for anti-phosphorylated Histone 2AX (H2AXs139). In both our non-imaged and imaged 

(at ~3.5mW of near infrared power) embryos were indistinguishable without any positive 

signal of DNA repair pathway activation. We included a control group of embryos 

imaged with high laser power (10mW) to cause DNA damage (Figure 41C). The percent 

(%) development of 2-cell (E1.5) and 8-cell (E2.5) stage embryos was compared 

between the non-imaged and imaged embryos in CD1 and C57BL/6 24 hours later at 

E2.5 and E3.5, respectively. Embryos imaged at E2.5 from both strains and only 

C57BL/6 mice imaged at E1.5 did not have any significant developmental delay (Figure 

41C). However CD1 embryos imaged at the 2-cell stage displayed significant 

development delays. We used a 3D segmentation pipeline to reconstruct embryos and 

count individual cells to compare the number of cells per embryo in both groups of 

embryos. There were no statistical significant differences in total cell number per 

embryo between the non-imaged and imaged embryos at the blastocyst stage for both, 

CD1 and C57BL/6 pre-implantation mouse embryos (Figure 41D, imaged n=24). 

However, at the 2-cell stage mouse embryos are most vulnerable to laser exposure and 
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we found that the cell cycle was significantly slowed only in CD1, but not in C57BL/6 

mice. With inspection of the DNA in individual nuclei, negative tunnel results, and 

comparable number of cells per embryo in imaged embryos we are a confident that our 

imaging parameters did not cause any detectable damage.  

 

A.II.3.4: The metabolic interpretation of the lifetime trajectories 

Figure	41:	Valida/ng	the	safety	of	FLIM-imaging	of	preimplanta/on	mouse	embryos.	
A).	Images	of	embryos	at	the	beginning	of	the	culture	period	and	24	hours	later.	B).	

Hoechst	(blue)	and	TUNEL	(green)	stain	at	E2.5	and	E3.5	embryos	imaged	and	

cultured	for	24	hours.	C).	Immunofluorescence	for	anG-H2AXs139	(red)	and	Hoechst	

(blue)	stain	of	imaged	and	non-imaged	at	2-cell	(E1.5)	and	8-cell	(E2.5)	stages.	D).	

Assessment	of	embryonic	development	aOer	imaging	and	24	hour	in	vitro	culture	
reported	as	percent	development.	E).	Bar	graphs	with	average	number	of	cells	per	

embryo.	*p-value	<0.05,		**	p-value	<0.001.	
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To further evaluate the physiological interpretation of the spectroscopic trajectories and 

their correlation with embryo viability we used the projection of the trajectories on a 

particular axis that we call the “NADH bound and free axis”. Taking advantage of the 

existing literature about the relationship between metabolism and viability in the 

embryos, we analyzed the NADH bound-free projection in terms of embryo viability. The 

metabolic coenzyme NADH plays a critical role in cellular metabolism by donating 

electrons for oxidative phosphorylation and accepting electrons during glycolysis. It is 

an electron donor during both pyruvate and fatty acid oxidation (Macfarlane and 

Macfarlane, 2003). Through fatty acid oxidation the TCA metabolite Acetyl CoA is 

generated and at the end NADH receives electrons, which is able to donate to the 

electron transfer chain (ETC). Britton Chance and colleagues pioneered methods for 

detecting intracellular NADH via their implementation of advanced fluorescence imaging 

technologies for monitoring metabolic activities and for detecting mitochondrial 

dysfunctions (Chance et al., 1962; Hamaoka et al., 2007). Recently others have shown 

that the real-time monitoring of metabolism and redox state can be achieved by 

measuring the ratio of the free and protein bound forms of NADH (Bird et al., 2005; 

Skala et al., 2007; Stringari et al., 2011). The bound form of NADH is mostly in complex 

with Complex I of the electron transfer chain, which mediate electron transfer from 

NADH to O2 producing ATP. Therefore the bound form of NADH is linked to energy 

production and oxidative phosphorylation whereas the free form of NADH is associated 

with glycolysis. The relative fractional contributions of the free and bound forms can be 

used as an index to monitor metabolic state of cells (Lakowicz et al., 1992; Bird et al, 

2005; Wu et al., 2006). We are taking into consideration free/bound NADH and other 
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biomarkers as contributors to lifetime fingerprints in healthy pre-implantation mouse 

embryos. 

 

 

Figure	42:	Rela.onship	between	life.me	trajectory	and	metabolism.	A).	
Experimental	schema3c	of	oxida3ve	phosphoryla3on	inhibi3on	using	rotenone	and	
an3mycin	A	(R	&	A)	for	4	hours.	B).	ScaBer	plot	of	g	and	s	of	life3mes	collected	from	
control	(gray	circles)	and	R	&	A	treated	embryos	(white	circles)	and	the	average	of	
each	group	can	be	found	in	the	solid	black	circles.	C).	Fluorescence	and	FLIM	imaged	
indica3on	a	shiJ	from	long	to	short	life3mes.	D).	Experimental	schema3c	of	glycolysis	
inhibi3on	using	2-Deoxyglucose	(2-DeoxyG)	for	24	hours.	E).	ScaBer	plot	of	g	and	s	of	
life3mes	collected	from	control	(gray	circles)	and	2-DeoxyG	treated	embryos	(white	
circles)	and	the	average	of	each	group	can	be	found	in	the	solid	black	circles.	F)	
Fluoresce	and	FLIM	imaged	indica3on	a	shiJ	from	long	to	short	life3mes.	The	red	
arrows	indicate	the	shiJ	in	g	and	s	(life3me)	values.	
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We hypothesized that if the collected lifetime fingerprint of pre-implantation mouse 

embryos provided a readout of metabolism, altering metabolism would shift the lifetime 

towards either a more glycolytic state or a more oxidative phosphorylation. To test this 

we used known biochemical inhibitors of the oxidative phosphorylation and glycolysis to 

treat embryos and collected their lifetime fingerprint. A cocktail of rotenone and 

antimycin A (R&A) inhibits complex I and III of the ETC stopping protons from 

generating membrane potential for ATP production, thus rendering oxidative 

phosphorylation inactive. 2-Deoxy-D-Glucose (2DeoxyG) is a glucose molecule has 2-

hydroxyl group replaced by hydrogen, so that the embryos cannot further undergo 

glycolysis after treated. It is well established that in early cleavage stages of mouse 

development the essential nutrients for in vitro culture are pyruvate, lactate, and glucose 

(Gardner and Beddington, 1988; Brown and Whittingham, 1991) . These metabolites are 

differentially utilized throughout pre-implantation stages and their requirements are 

shared among most tested species (Krisher and Prather, 2012). Nonetheless there are 

significant differences, for example, in bovine, sheep, and mouse cleavage stages 

pyruvate metabolism is higher than in the pig, which relies on glycolysis for energy 

production (Leese and Barton, 1984; Thompson et al., 1991). Once the cleavage 

embryo begins to compact and enter morula stage, an uptake of glucose coincides with 

increase of hexokinase activity indicating that glycolysis is now an additive source of 

energy for the preimplantation mouse embryo (Gardner et al., 1996). The cleavage 

stage mouse embryo heavily relies on oxidation of pyruvate for meet it’s energy needs 

therefore we will inhibit oxidative phosphorylation during this time.  
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Embryos collected at 8-cell stage (E2.75) were cultured in 500nM of R&A cocktail for 4 

hours then transferred to control media for imaging (Figure 42A). The lifetime fingerprint 

of embryos cultured in R&A on a phasor plot shifted towards a shorter lifetime, which 

suggests that embryos are more glycolytic when compared to controls (Figure 42B). 

The shift towards more glycolytic metabolism is seen in a dose dependent manner (not 

shown) indicating embryos cultured in R&A have decrease oxidative phosphorylation 

activity when compared to KSOMaa controls. The number of cells was also decreased 

between control and R&A treated embryos indicating embryos affected by the metabolic 

modification were not able to undergo the 4th cell cleavage (Figure 43A). Additionally, 

we tested the glucose and lactate levels in embryos treated with R&A and saw expected 

decrease in glucose levels and a significant increase in lactate, validated the oxidative 

phosphorylation was inhibited (Figure 43B). Embryos begin to uptake glucose and 

initiate glycolysis at the morula stage therefore we cultured embryos starting at the early 

blastocysts stage (E3.5) for 24 hours in 1mM 2-Deoxyglucose (2-DeoxgyG) (Figure 

42D). As early as 8 hours after initial incubation we could detect glycolysis inhibition in 

pre-implantation mouse embryos. There is a shift of the lifetime trajectory towards 

longer lifetimes on the left side of the phasor plot, indicating oxidative phosphorylation 

as the main source of energy production (Figure 42E-F). We quantified the total cell 

number between treated and non-treated groups and found embryos under glucose 

inhibition had a decrease number of cells from an average of 64.8 ± 7.5 cells per 

embryo to 39.8 ± 4.3, control to 2DeoxyG treated respectively (Figure 43C). The 

glucose levels slightly decreased and we found a slight increase in lactate levels in 2-

DeoxyG treated embryos (Figure 43D). These findings suggest that glycolysis under our 



 181 

experimental conditions has been in part suppressed in e3.5 mouse embryos. Inhibition 

of oxidative phosphorylation and glycolysis provided evidence that at least in part the 

lifetime trajectories we collect across pre-implantation mouse embryos are a reflection 

of metabolic activity.

 

 

Figure	43:	Valida/ng	oxida/ve	phosphoryla/on	and	glycolysis	inhibi/on	in	
preimplanta/on	mouse	embryos.	A).	Bar	graph	with	average	number	of	cells	per	
embryo	in	control	and	R	&	A	treated	embryos.	B).	Bar	graphs	with	Glucose	and	lactate	
levels	between	control	and	R	&	A	treated	embryos	reported	as	%	Control.	C).	Bar	
graph	with	average	number	of	cells	per	embryo	in	control	and	2-DeoxyG	treated	
embryos.	D).	Bar	graphs	with	Glucose	and	lactate	levels	between	control	and	2-
DeoxyG	treated	embryos	reported	as	%	Control.		*p-value	<0.05,		**	p-value	<0.001			
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A.II.3.5: In depth analysis of spectroscopic trajectories using the Distance 

algorithm 

The phasor fingerprint of pre-implantation mouse embryos was easily distinguished 

between those in good conditions and those in high stress conditions. However, a 

realistic application of spectroscopic trajectories to determine embryo viability will not be 

using embryos in high stress conditions. A combination of nutrient rich media, 

atmospheric CO2, O2, and N2 content is considered during in vitro cultures; therefore we 

aim to distinguish between viable embryos that develop to blastocyst stage and 

nonviable embryos arrested during development cultured in the same conditions. To 

build separation model for the viable and nonviable group embryos, we developed a 

program, Distance, which can be used to derive and predict an index for embryo health 

(i.e. embryo viability index, EVI).  

 

The purpose of this program is to compare two (or more) sets of lifetime trajectories to 

find parameters most suited to distinguish between viable and nonviable embryos. In 

our case, the embryo signature measurement are divided into two groups that we call B 

(control group has FLIM signature from the embryos developed to the blastocyst stage) 

and M (sample group has FLIM signature from the embryos arrested at morula stage or 

even earlier). The distance algorithm can generate a “spectra” f (i,k) from the 24 given 

parameters of phasor FLIM distributions that each embryo from group B and M has. The 

24 parameters are 2 coordinates for the center of mass g and s, 2 second moments 

after diagonalization a and b, the angle of the distribution from the diagonalization) and 

the total number of pixels in the phasor plot from the 4 slices of the 3D phasor 
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histogram (Digman lab, unpublished results). For each parameter set we calculate the 

average of the parameters and the standard deviation. Then we construct a function 

that we call “distance” in which we calculate the difference of the average of the two 

sets weighted by the variance of the parameter in each set as shown in equation 1.1 

and 1.2 for the group B, where the sum is over the N points of the spectrum and k is the 

index for a given measurement.  

!"! ! = (!!"! ! !!(!,!))!! !
!

                                 (Equation 1.1) 

!"! ! = (!!"! ! !!(!,!))!! !
!

                             (Equation 1.2) 

The same calculation is performed for the members of group M so that we will have the 

distance DMB and DMM. The weights w (i) are quantities that can vary between 0 and 1 

and they are normalized so that the sum of all weights is a constant. By minimizing the 

distance of the spectra, D (equation 2) of the same group of embryos and maximizing 

the distance of the spectra from different groups, we can get the best parameters for the 

simulation model to separate the healthy and unhealthy embryo groups.  

! = min (!"!! ! + !
!"! !

+!"! ! + !
!"! !

         (Equation 2) 

where w(i) are weights to be determined by the minimization algorithm. If w(i)=0, the 

corresponding spectral point does not influence the distance D. If w(i) =1 it has a 

maximum influence. What this algorithm achieves is to find the parameters w(i) for the 

training set than minimize the distance between the points of a set from the average of 

the set and maximize the distance from the average of the other set. The operator can 

set some of the weights to zero effectively removing that spectral point from D. After 



 184 

Figure	44:	Life,me	trajectory	of	8-cell	stage	preimplanta,on	mouse	embryos	
predicts	embryo	viability.	A).	Schema+c	of	the	work	flow	for	the	Distance	program	
analysis.	Transmission	images	of	undis+nguishable	8-cell	stage	embryos	(leB).	Posi+ve	
endogenous	fluorescent	signal	collected	with	our	imaging	parameters	(center).		B).	A	
bar	graph	with	the	embryo	viability	index	(EVI),	indica+ng	clear	separa+on	of	embryos	
that	developed	into	blastocysts	by	then	end	of	the	3-day	imaging	period	(right).	Plot	
of	embryo	viability	index	from	4	individual	experiments.	Viable	embryos,	B;	Non-
viable	embryos,	M.	Area	under	the	curve,	AUC.	
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minimization, we have the values of the weights that best separate the two groups of 

the training set.  

 

Using the model, finally an embryo viability index (EVI) is calculated (equation 3) that 

will place each experiment of a set according to the distance from the average of the 

set. 

!"#(!) = 10 ∗ (!"! ! −!"! ! )/(!"! ! +!"! ! )         (Equation 3) 

where X is a measurement to be qualified. In our case, negative EVI means viable 

embryo(B), positive EVI means the nonviable embryos(M) (Figure 44).  

 

We designed an experiment to collect FLIM imaging and time-lapse imaging of embryos 

placed in normal culturing conditions (37 °C, 5% CO2) starting from the 2-cell (E1.5) 

stage for ~60 hours (Figure 44A). We took advantage of the fact that about 95% of 

embryos successful developed into blastocysts during pre-implantation development to 

identify those that were stuck in the morula stage (Paria and Dey, 1990). Retroactively 

we compared the lifetime trajectories of all embryos starting from the 2-cell stage. A 

phasor plot of each embryo is obtained every 4 hours during development providing a 

very large set of data points and these data points are uploaded to the distance 

program, which compares different data sets and extracts the significant differences. 

For visualization of these differences, we need to reduce this information to a few 

parameters that we call the “spectroscopic trajectory” of the embryo development. The 

receiver operating characteristic curve generated for the classification model of each 
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embryonic developmental stage indicate that the spectroscopic signature of 8-cell stage 

embryos has the best accuracy to separate embryos that developed into blastocysts 

and those did not (Figure 44B and Figure 45). During 4 different experiments the 

distance program is able to successfully predict ~87% of the fate of embryos when 

using lifetime trajectories of embryos that do not show any gross morphological 

phenotypes (Figure 44B). The dashed lines show the histogram of EVI of the viable 

embryos developed to blastocyst after 60 hours imaging (B), and the solid lines is the 

histogram of EVI of nonviable embryos arrested at morula stage (M). This indicates that 

pre-compaction stage is a promising time to perform FLIM imaging to establish 

parameters that can be used to predict embryo viability using our Distance program 

(Figure 44). This method is robust, fit-free and requires little expertise in computing the 

results. Together, distance analysis can be used to identify the embryo viability by 8-cell 

stage. 

 

A.II.4: Conclusion 

Embryo morphology assessment is the current preferred method used in clinical 

settings to assess viability of in vitro cultured embryos. Although varied criteria for 

assessing embryo morphology has been adopted in the 460 ART practicing clinics in 

the U.S., there is a lack of quantitative consensus on which embryo morphology 

parameters should be used to assess viability. The number of live births generated 

through ART by using embryo morphology as readout of viability has increased; 

however, multiple embryos are still transferred based on these subjective morphological 

procedures. An alternative approach to assess embryo health is to use non-invasive 
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spectroscopic imaging methods. The purpose of this study is to discover specific 

spectroscopic signatures that can be correlated with healthy embryo development.  

 

Our approach to improve ART is to identify physiological process, such as metabolic 

activity of pre-implantation embryos as a means to assess viability. We consistently 

collected unique lifetime trajectories that may in part reflect metabolism within pre-

implantation mouse embryos without causing any developmental damage. With our 

manipulations of metabolism in the embryo we were able to highlight the parallel 

between lifetime trajectories collected and the M-trajectory identified by others, thus 

creating a robust method of learning about the embryos vital physiology with safe 

noninvasive approach. Lastly the novel application of the fluorescent lifetime coupled 

with the phasor-provides a non-subjective tool to assess embryo viability. Our approach 

is safe and noninvasive and is capable of identifying viable embryos in high stress 

conditions or bad embryos in normal conditions in an objective manner. Overall, this 

work has the potential to change the ART field directly or by providing a foundation for 

future work that will take advantage of technology in ways that we have not done 

before. 

 

A.II.5: Methods 

A.II.5.1: Animals 
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 Animals were treated according to standards set by UC Irvine’s University Laboratory 

Animal Resources (ULAR). CD1 and C56BL/6 females were purchased from Charles 

River Laboratories.   

 

A.II.5.2: Pre-implantation mouse embryo collection 

 Females are 24 days old were superovulated with PMSG (Sigma) and hCG (Sigma) 

and mated as previously descripted. A vaginal plug was considered 0.5 days post 

fertilization and embryos were collected at desired stage by flushing oviducts or uterine 

horns.  For our time course collection superovulation and matings were staggered and 

all the embryos were collected the same day. 

 

A.II.5.3: FLIM 

Fluorescence lifetime images of the pre-implantation embryos were acquired on Zeiss 

LSM710 (Carl Zeiss, Jena, Germany), a multi-photon microscope coupled with a 

Ti:Sapphire laser (Spectra-Physics Mai Tai, Mountain View, CA) with 80 MHz repetition 

rate.  The FLIM data detection was performed by the photomultiplier tube (H7422p-40, 

Hamamatsu, Japan) and a320 FastFLIM FLIMbox(ISS, Champaign, IL) The 

preimplantation embryos were excited at 740nm, an average laser power 3.5 mW was 

used. A Zeiss 20x 0.5 NA objective (Cart Zeiss, Jena, Germany) was used. The 

following settings were used for the measurement: image size of 256x256 pixels, scan 

speed of 25.21µs/pixel. A dichroic filter at 690nm was used to separate the fluorescence 

signal from the laser light. An average power of about 3.5mW was used which 

characteristic used for the live cells and tissue. And the emission signal is split with 
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496nm LP filter and detected in two channels using a band pass filter 460/80 and a 

540/50 filter. Every FLIM image was acquired for 50 frames of the same field of view. 

Only the bule channel data was shown in this study. FLIM calibration of the system was 

performed by measuring the known lifetime of the fluorophore with a single exponential, 

in our case, Coumarin 6 dissolved in Ethanol (τ=2.5 ns). FLIM data were acquired and 

processed by the SimFCS software developed at the Laboratory of Fluorescence 

Dynamics. 

 

A.II.5.4: Inhibition of oxidative phosphorylation and glycolysis 

 Embryos were placed in 25µl microdroplets of KSOMaa (Invitrogen) with the 

appropriate inhibitors covered in mineral oil (Sigma). Both used rotenone and antimycin 

A cocktail and 2-Deoxy glucose were dissolved in KSOMaa for a final concentration of 

100nM and 500nM, and 2µM and 2nM, respectively. KSOMaa was used a solvent and 

all culture control embryos were in KSOMaa. 

 

A.II.5.5: Detection of glucose, pyruvate, and lactate 

 After FLIM imaging embryos were transfer to microcentrifuge tubes in about 2µl of 

culture media.  We used about 5 embryos per reaction and had a minimum of 3 

reactions per condition. For glucose detection we used Glucose assay detection Kit 

(Sigma-Aldrich, cat# GAHK-20), each reaction was 220µl and measured at absorbance 

340nm.  Both pyruvate (Sigma-Aldrich, cat# MAK071) and lactate (Sigma-Aldrich, cat# 

MAK065) detection reactions were conducted at 50µl and measured at 570nm and 

450nm absorbance respectively. 
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A.II.5.6: DNA and Tunnel staining 

 Embryos were collected after incubations and rinsed with Tyrode’s acid (Sigma) 3 

times, placed in holding and flushing media for 5 minutes for acclimation before fixing in 

4% paraformaldehyde for 30 minutes on ice.  Embryos were permeabilized using 0.2% 

triton-100 (Fisher) before Tunnel and DNA stain. If embryos were Tunnel stained they 

were incubated with Tunnel for 1 hour at 37°C. Washed in 1X PBS three times before 

placing them in Hoechst (Sigma) for 10 minutes incubated to stain the DNA. Finally the 

embryos were rinsed and imaged in 1X PBS using 780 Zeiss microscope and Zen2012 

software. Embryos that were not Tunnel stained were placed in Hoechst right after the 

permeabilization step. 

 

Figure	45:	Receiving	opera2ng	characteris2c	curve	of	2-,	4-,	and	8-cell	stage	
embryos.	Plot	of	true	posi.ves	versus	true	nega.ves	of	FLIM	signatures	used	to	
predict	viability.	Area	under	the	curve,	AUC	
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A.II.5.7: Image analysis 

 We used a 3D segmentation pipeline describe in (Chiang, 2015) to do a 3D 

reconstruction of embryos and conduct cell number analysis. Software Zen2009 and 

SimFCS was used for image analysis and making our figures. Given that the free form 

of NADH exhibits a compact structure with a low fluorescence quantum yield (ϕ=0.019) 

and a short lifetime of 0.4ns and the extended form of NADH bound to lactate 

dehydrogenase with a much higher quantum yield (ϕ= 0.099) with a longer fluorescence 

lifetime up to ~3.4ns, the lifetimes of these two states can be easily distinguished (Scott, 

1970; Skala, 2007). In the time domain of FLIM, an ultra-fast pulsed 2-photon laser is 

used to measure the intensity at short time windows (time arrival of the photons) as a 

function of time. Instead of fitting the decay curve into an exponential equation, the raw 

data (intensity at each pixel) is transformed into polar coordinates by plotting the sine 

and cosine using the Fourier transformation. Thus, the phasor approach is a fit-free 

analysis of FLIM imaging, and the g and s coordinates represent the decay curve at 

each pixel of the image. Therefore, a phasor analysis transforms complicated spectrum 

and decay into a unique position on the phasor plot. Phasor fingerprint of pure intrinsic 

biomarkers of free NADH in solution, bound NADH in the presence of lactate 

dehydrogenase, and a long lifetime species derived from lipid droplets. Based on the 

law of phasor addition, any sample contains the combination signature of these three 

species will fall within the triangle joining the three phasors.  




